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The development and application of local gas-fraction and velocity 

measurements in two phase pipeflow in laboratory and microgravity 

conditions - Kamp, A.M., graduation report, Institut de Mécanique des Fluides, 

Toulouse, France I Eindhoven U niversity of Technology, Holland, 1991. 

Abstract - With the aim of local characterization of bubbly gas-water flow in a 40 mm 

diameter tube, local velocity and void fraction measurements have been carried out. For the 

latter a resistivity probe has been developed. Radial distributions of mean and fluctuating 

liquid-phase velocity and void fraction were determined in severallow void fraction flows, 

both in 1-g conditions (concurrent upward flow) and in microgravity during parabolic flight 

experiments in a Caraveile aeroplane. Conservation of liquid flow rate and global void 

fraction were compared with global measurements in order to validate the measurement 

techniques. A peak in bubble concentration near the wall was found for the upward flow but 

appeared to be absent in 0-g. Furthermore visualizations were made by high speed video 

(1000 frames/s) permitring the determination of bubble-size distribution. 

Key-words: bubbles, coalescence, hot-film anemometry, microgravity, pipe 

flow, resistivity probes, surfactants, two-phase, void fraction 

De ontwikkeling en toepassing van gasfractie- en snelheids-metingen in 
twee-fase pijpstroming in laboratorium- en microzwaartekrachts
omstandigheden. 

Samenvatting - Met als doel plaatselijke karakterisatie van waterstroming met gasbellen 
in een buis van 40 mm. diameter, zijn locale snelheids- en gasfractie-metingen uitgevoerd. 
Voor laatstgenoemden is een locale gasfractie sonde ontwikkeld. Radiële verdeling van 
gemiddelde- en fluctuerende-snelheid van de vloeistof-fase zijn bepaald in enkele stromingen 
met een lage gasfractie, in zowel 1-g condities (opwaartse stroming) als in micro-zwaarte
kracht tijdens parabool vluchten in een Caravelle vliegtuig. Behoud van het vloeistof debiet 
en van de gemiddelde gasfractie zijn vergeleken met globale metingen om de meet
technieken te verifieren. Een piek in de bel concentratie ter hoogte van de pijpwand werd 
gevonden in de opwaarte stroming, maar bleek afwezig in 0-g. Verder werden visualisaties 
uitgevoerd met behulp van hoge snelheicts video (1000 bcelden/s), o.a. voor de bepaling van 
de belgrootte-verdeling. 
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groupe interface 

Preface 

This report has been written in the framework of a graduation project to obtain the 

degree of technica! physics engineer of the Eindhoven University of Technology in Holland. 

The experimental work has been performed with the financial support of an Brasmus 

scholarship of the European Community at the 'Institut de Mécanique des Fluides de 

Toulouse'. This is the fluid-mechanics laboratory of the 'Ecole Nationale Supérieure 

d'Electrotechnique, d'Electronique, d'Informatique et de Hydrolique de Toulouse' 

(E.N.S.E.E.I.H.T.), which is part of the 'Institut Nationale Polytechnique de Toulouse 

(I.N.P.T.). It is also associated to the 'Centre Nationale de la Recherche Scientifique' 

(C.N.R.S.). 

The laboratory situated in the city of Toulouse employs 180 persons: 51 permanent 

researchers, 80 doctoral students or part-time researchers and 52 clerical staff and 

technicians. The C.N.R.S. (28,5 %), the ministry of education (19,2 %) and contract

research (52,3 %) serve as financial sources. 

The laboratory consists of four research groups, of which the group 'Interface' 

conducted by Prof. J. Fabre, is the one in which the presented research took place. The 

research subjects belong to the vast field of two-phase flow, a domain in which the 

coexistence appears of classica! turbulent flow problems and interfacial physics. The 

emphasis is laid on the mechanisms of transfer of mass, momenturn and energy through 

interfaces, and to the structure of the interface itself, theoretically, numerically, and by 

experimental investigations. 

Covered by this report is a project that is part of the research programme on two phase 

flow at 0-g conditions, carried out in cooperation with the Chemical Engineering Department 

of the University of Rouston (Prof. A.E. Dukler). This programme is financially supported 

by the N.A.S.A. in the United States, and for the french part by the E.S.A. and the 

C.N.E.S. -'Centre National des Etudes Spatiales'-, which permits in our case the use of a 

Caravene aeroplane, to obtain the necessary microgravity condition for the experiments [REF 

IMFf91]. 

I 



The report starts with a short introduetion on the subject (chapter 1), foliowed by some 

theoretica! considerations (chapter 2). Chapter 3 deals with the measurement facilities, and in 

chapter 4 the results will be presented and discussed. Chapter 5 finally gives the conclusions 

and the prospects of future research in the domaio concemed. Following chapter 5 a list of 

the variables used is included, as well as literature references. V arious detailed considerations 

are inserted as appendices. 
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chapter 1: Introduetion 

Chapter 1 Introduetion 

Studies related to the subject of two-phase systems like bubbles or drops in a turbulent 

liquid flow in a microgravity environment have been emerging rapidly in the past few years. 

The frrst reason for these developments is a fundamental interest arising from the desire of a 

better understanding of the various contributing terms in the description of the interaction 

between the bubbles or the drops and this turbulent flow. Experimentsin the absence of 

gravitation can by comparison with results obtained in laboratory conditions provide a better 

insight into the con tribution of the related term in the total picture. 

A second, more practical, reason is cooling, climatization, and energy production in 

systems operating outside the influence of our terrestrial gravitational field, such as space

shuttles or -stations. Due to the anticipated high-power-level demands for thermal 

management, active methods of transporting heat are pursued, and a two-phase (boiling) 

system is considered an excellent alternative to the conventional single-phase system in 

providing large energy levels at a uniform temperature, regardless of variations in the heat 

load. Terrestrial experiments have shown that heat-transfer coefficients and frictional 

pressure-drop in two-phase systems depend to a large extend on the distribution of the 

phases. And this distribution is likely to be different in microgravity. 

The approaches in this field of research can be divided in two groups: ground-based 

research and flight experiments. The first group uses incHnation of the test-section, 

extension of available correlations for 1-g situations, and experimental work with equi

density liquid-liquid systems. The second group can be divided in drop-tower experiments, 

parabolic flight experiments, free-fall experiments in rockets, and orbital experiments in for 

example satellites. A review of the results obtained by ground- and flight research is given 

by Rezkallah [REF Rez90]. 

In the case of flight experiments a choice between the various possibilities can be 

made, based upon the necessary measurement time, the obtained level of microgravity, the 

mass of the test unit, and of course the costs of the campaign. In our case parabolic flight 

experiments appeared to be the only convenient possibility [REF Col90, p. 4.7]. 

For a description of transport properties of such two-phase flows the exchange 

coefficients and the interfacial surface area are of importance. The latter is controlled by the 

break-up and coalescence that determine the size of the bubbles. These processes however 

appear to be greatly influenced by gravitation. 

1 



chapter 1: Introduetion 

The effect of break-up in dispersed pipe flow at microgravity conditions appears to be 

negligable. But the effect of coalescence has an enormous influence on the bubble size 

evolution in the flow [REF Col90, p. 4.36]. Justas it is illuminating to eliminate the effect of 

gravity, so it would be useful to be able to eliminate the effect of coalescence, at least in 

initial studies, the phase and velocity distri bution are investigated. 

One of the main dangers of influencing the mechanisms of coalescence or ropture is 

that care has to be taken not also to change the interaction between the liquid phase and the 

bubble. For example the addition of surface active compounds can block film drainage, as 

will be explained in chapter 2, but can in addition immobilize the surface of the bubble with 

regard to the main flow, causing the bubbles to behave as rigid particles. Other problems are 

related to a possible disturbance of measurement equipment or rapid corrosion, as is likely to 

occur when an electrolytic surfactant is added. 

The combination of bubbles and liquid make the fluid dynamic problem much more 

complicated than in the case of a single phase flow. We are confronted with this 

complication on several fronts, some of them more essential, and others more of a practical 

nature. One of the most essential phenomena of a two-phase flow is that the turbulence is no 

longer only generated by the shear stress in the mean flow, but also is the result of 

dissipation of energy generated by the bubble movement. Taking in account that the 

description of turbulence in a single phase is already a very complicated problem, it is not 

surprising that two phases with the corresponding interfacial interaction are still harder to 

describe. 

This is one of the problems to face. An other problem, one of a more practical kind, is 

the effect that the presence of two different fluid phases has on the principle of measurement 

techniques. Laser Doppier measurements for example are much more difficult to apply when 

the signal is disturbed by the passage of bubbles. Often the measured signals have to be 

processed to suppress the disturbance caused by the bubbles. 

Faced with this problem it is important to try to adapt measurement methods to make 

them suited for two flow measurements. And when the flow is significantly disturbed by the 

introduetion of a measurement probe, it must be tried to minimize this di stortion as much as 

possible, and when possible correct the measured signal for the disturbance. 

Another problem is related to the interpretation of the results. In 1-g for example a 

measured turbulent intensity consistsof real turbulent intensity plus a pseudo turbulence, 

which is the result of the velocity fluctuations in the continues phase caused by the bubble 
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chapter 1: Introduetion 

movement doe to buoyancy. In 0-g this effect is less important, but even in this case a small 

pseudo turbulence is present. 

Which quantities are important to be measured ? In order to answer this question we 

will divide them in two categories. Firstly, the quantities that concern global flow 

characterization, such as the injection pressure of the gas, the superficial veloeities of liquid 

and gas, the mean bobbie size and gas fraction (void fraction) and the pressure drop. The 

second category consistsof the local quantities in the flow. How does the void fraction ( the 

time fraction of presence of gas in a measurement point) for example vary locally in a pipe 

flow, as a function of the distance of the pipe-axis. And what do the velocity and turbulent 

intensity profiles look like ? 

The equations that follow from con servation of mass, momenturn and energy describe 

the relations of these local properties, and the effect that they have on each other. With help 

of local measurements, in both 0-g and 1-g conditions the validity of existing numerical 

methods can be tested, especially in regard to the modelling of the influence of the 

gravitation force. 

These considerations together with the recent progress in this area provide the frame 

work for the presented research. 

As already brought forward in the preface this research is a part of a project started 

with the intention to contribute to the description of turbulent two-phase flow, mainly by the 

quantification of the part that the gravity force plays in the whole picture. The presented 

work concerns mainly the application of local measurement techniques to the investigated 

pipe flow, and to the solution of the associated probieros due to the two-phase nature of the 

flow, in order to obtain radial distributions of loc al parameters. 

Our research has been restricted to the behavior of dispersed air-bubbles in a pipe-flow 

of tap-water, vertically for upward flow in laboratory conditions and 'horizontally' in micro

gravity conditions, with the aim of developing and applying velocity and void fraction 

measurements. The obtained profiles of velocity, turbulent intensity and void fraction are 

compared with literature references and with global values measured by other measuring 

techniques. 

3 



chapter 2: Theoretica/ considerations 

Chapter 2 Theoretical considerations 

However it is not the intention of this project to contribute to the explanation of two

phase phenomena, but rather to develop and apply two phase measurement methods, we will 

pay some attention to the existing two phase flow theories. We will start with some 

definitions of characteristic flow variables based on flow rates, pressure drops and void 

fraction. In the paragraph that follows the forces that govem the radial distribution of 

bubbles will be considered, and some recent developments will be summarized. 

The third part of this chapter contains some ideas about the description of the effect 

that surface active compounds have on the coalescence of bubbles. Our interest in this matter 

is mainly due to the wish to suppress coalescence for bubbles larger than a eertaio critica! 

bubble size. 

§ 2.1 Typical quantities of two-phase flow 

2.1.1 Veloeities and void fraction 

One of the quantities that can directly be measured in a two phase flow system is the 

flow rate of the liquid phase. This can easily be done, as in our case for example, by an 

electromagnetic flow rate device, or by measuring the pressure drop over an orifice. The 
measured flow rate can directly be translated in a superficialliquid velocity ULs . 

4QL 
ULS =--2 [2.1.1] 

1tD 

where D is the pipe diameter. 

Because of a pressure gradient in the water column, the pressure in the bubbles will 

not be constant but will depend on the position in the tube - in the stream wise direction - , 

so that the volume of the bubbles will not be constant. But the mass flow rate will be 

conserved so that the superficial gas velocity can be expressed in the mass flow rate of gas 

u _ 4 Q0 _ 4 m 0 r T 
GS - 1t D2 - p 1tD2 

[2.1.2] 

where r is the ratio of the gas constant R and the molar mass M of air: r = R I M. T is the 

temperature in Kelvin, D the pipe diameter, and P the pressure. 
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chapter 2: Theoretica/ considerations 

The void fraction c:x(r) can be defined as the time fraction in which the gas phase is 

present in a point, which can be shown to equal the volume fraction of gas in the flow. We 

will use the notation <<X> to indicate the void fraction averaged over a pipe cross section. To 

avoid confusion it should be noted that in this section and in the following section the 

veloeities represent mean values, averaged over a pipe cross section. They are indicated with 

capital subscripts. The mean liquid velocity and the mean gas velocity can than be 

expressed as 

[2.1.3] 

[2.1.4] 

The mixture velocity will be defmed as the sum of both gas- and liquid superficial veloeities 

[2.1.5] 

And the difference between gas velocity and mixture velocity will be called the drift velocity 

UMG 

[2.1.6] 

In terms of gas- and liquid veloeities it equals 

[2.1.7] 

Appearing in this equation is the difference between local gas- and liquid velocity that will be 

called slip velocity ULG 

[2.1.8] 

Expressing [2.1.7] in [2.1.8] the relation between drift velocity and slip velocity is found 

[2.1.9] 

Multiplying the drift velocity with the void fraction we obtain a parameter that we will call 

the drift flux <l>a 
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chapter 2: Theoretica/ considerations 

cl> a = U Ma <<X.> [2.1.1 0] 

which can also be expressed in the slip velocity 

cl>a =<<X.> (1-<a.>) ULS [2.1.11] 

The ratio between drift flux and mixture velocity is called the relative drift flux cl>d UM and 

from equation [2.1.1 0] and [2.1.6] it follows that 

~=~-<Cl> 
UM UM 

[2.1.12] 

Another parameter- used by for example Serizawa [REF SKM75]- related to the liquid and 

the gas velocity is the parameter called quality X, defined by 

ma and mL are the mass flow rates, so that expressed in veloeities one obtains 

Pa Uas 
x=--~'--'"""-""--

Pa Uas + PL ULs 

which for Pa << PL can be approximated as 

Pa Uas PaUa <a.> 
Xz-u--=--

PL LS PLUL 1-<<X.> 

The ratio U as I UM is called the injection ratio X 

u 
X -~ -u 

M 

[2.1.13] 

[2.1.14] 

[2.1.15] 

[2.1.16] 

In microgravity the slip velocity will be weak because of the absence of the buoyancy force. 

[2.1.15] and [2.1.16] than transform to 

Pa <<X.> X=---
PL 1-<<X.> 

u 
x= <Cl> ifi 

L 

[2.1.17] 
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chapter 2: Theoretical considerations 

2.1.2 Pressure drop, shear stress and an non-dimensional description 

When in addition to the gas- and liquid flow rates and the void fraction also the 

pressure drop in the pipeis measured, one can calculate the shear stress. In steady flow, 

supposing that PaiPL << 1 the shear stress is balanced by convective- , gravitational-, and 

pressure forces: 

[2.1.18] 

and thus follows for the shear stress 

[2.1.19] 

The velocity UL refers to an average value over the pipe cross section. In a single 

phase flow the last term on the right hand side of this equation will be zero, because the 

absence of acceleration in the liquid phase. In a two phase flow however the pressure 

gradient can cause a velocity gradient. It can be shown that the resulting force will be inferior 

to 0.3 % of the combination of the other terms (see for example Colin, [REF Col90] ) , so 

that the shear stress equals 

[2.1.20] 

The friction factor finally follows from the shear stress 

[2.1.21] 

In 0-g conditions the shear stress can also be calculated by [2.1.20], where the gravitational 

term has to be omitted. 

From the shear stress a characteristic velocity can be defined, called thefriction velocity 

[2.1.22] 

This velocity can be used to non-dimensionalize the turbulent intensity and the local mean 

flow velocity as a function of the radial coordinate 

U+_ u 
- * u 

[2.1.23] 
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chapter 2: Theoretica/ considerations 

* * + ..Y_.!!_ (R-r) u 
y = = 

V V 

For a one phase flow several experimental and theoretica! relations exist that express 

(-)1/2 
the meao flow and the turbulent intensity, defined by u'= u2 where u is the 

fluctuating velocity, as a function of the radial distance. It can easily be shown that both 

close to the pipe wall by simple suppositions about the shear stress and the spatial 

distribution of turbulent energy a universallogarithmic velocity law can be obtained 

1 
u+ = -ln y+ + c [2.1.24] 

1( 

For high Reynolds numbers, in the range of 4.103 to 3.106 this approximation provides a 

good description of the reality for y+ < 300. Forsmaller Reynolds number rather a power 

law should be used 

U (R -r)l/n 
u--=~ 

max 
[2.1.25] 

with U the velocity at the pipe axis, R the pipe radius, r the radial coordinate, and n a 
max 

coefficient which depends on the Reynolds number . This ratio between the meao velocity U 

and the maximum velocity at the pipe axis can than be shown to be 

U 2n2 
umax = (n+ 1) (2n+ 1) 

[2.1.26] 

Infigure 2.1.1 the dependenee of non the Reynolds number, and the relation [2.1.26] are 

shown. 
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Fig 2 .1.1 n as function of the Reynolds number, and the ratio U maxi U fora power law 
approximation in turbulent mono phaseflow (after Schlichting, [REF Sch/79]) 

Por the turbulent intensity a law has been proposed by Bayazit: 

u•+ = 3.7- 0.39 ln y+ [2.1.2] 

(see Bayazit, [REP Baya76]). 

§ 2.2 Recent developments in two-phase bubbly pipe-flow 
description 

The modeHing of two-phase turbulent flow is a very complicated business, as already 

has been pointed out in the chapter 1. Por this reason, it is not astonishing that various 

different approaches have been proposed, leading to the same variety of results. One of the 

main reasons for the difficulty that one encounters during the attempt to describe two-phase 

phenomena is the great number of variables that intervenes, and their complicated 

interacri ons. 

A very simple, but subtle, example is the comparison of the Navier-Stokes equation 

and the conservation of mass in a single phase pipe flow, combined with the powerlul tool 

of similarity analysis. Let us consider the case of isothermal flow of an incompressible 

liquid. When velocity, pressure, time and place are put in a non dimensional form with the 

help of the pipe diameter and the bulk velocity, a solution is obtained that gives similar 

solutions for the veloeities in case of equal Reynolds numbers. For example the wall shear 

stress can than be put in dimensionless form by the Reynolds number. 

9 



chapter 2: Theoretical considerations 

But in the simplified case of two-phase flow without mass transfer at the interface, 

instead of one equation for the conservalion of mass, one for momentum, and one boundary 

condition, eight equations are obtained. Two mass conservation equations, two momenturn 

equations, two boundary conditions, one interface condition for the velocity, and one jump 

condition at the interface. Now there is no possibility to hide the gravitation force in a 

pressure term, so that besides the two Reynolds numbers two Froude numbers, one Weber 

number due to the interfacial tension, and a density ratio will be obtained. This brings the 

total at six insteadof one (see for example Fabre [REF FAB92a]). Although this example 

does not show the whole picture, it does give a good example of the complexity of the 

problem. 

A description like the one above is based on a model known as a two-fluid model , 

which is together with another important approach, the ditfusion model, presented in a 

report by Ishii, [REF Ish75]. This report is a quite complete collection of two-phase flow 

equations, and is often cited as basic reference. 

The two-phase flow equations are build upon two important quantities, the velocity 

and the void fraction. The main problem is however that they are inseparably related toeach 

other, such that no velocity description can be made without consictering the spatial variation 

of the phases, and vice versa. 

As early as 1964 attempts have been made to explain the often found saddle shaped 

void fraction profile with peaks near the wall. Several mechanisms that have been proposed 

to explain this remarkable effect are given by Zun [REF Zun80]. 

The main force that govems the void fraction distri bution is thought to be the lift force. 

This approach uses the circulation of liquid around the bubble, caused by the liquid velocity 

gradient, to explain the force in the radial direction. 

To explain this force we will consicter a bubble in a flow with mean velocity gradient, 
and to contrast with the global variables used in the preceding paragraphs (UL and U5) we 

will indicate the local mean veloeities of gas and liquid by respectively Ug and U1 (see 

figure 2.2.1 ). 

JO 
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profile 

direction of bubble motion 
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Fig. 2.2.1 Schematic explanation ofthe mechanism ofthe liftforce 

for a bubble in a pipe flow 
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chapter 2: Theoretical considerations 

A bubble placed in such a flow will experience a force due to the fluid moving around it. 
Suppose that it has a velocity relative to the liquid Ulg• then, seen from a moving frame 

connected to the bubble it will "feel" the influence of a corriolis force: 

[2.2.1] 

where CL is a constant of order unity, a the local void fraction, and ro the angular velocity of 

the moving frame relative to the liquid phase, due to the rotaring liquid: 

ro =V x U1 [2.2.2] 

In case of pipe flow, which is two-dimensional, only a lateraland a radial direction rernain, 

indicated by x and r, so that the lift force equals: 

(
au1 av •) 

PL CL Ulg ar - ax [2.2.3] 

with U1 the velocity in the x-direction, and V1 in the r-direction. This force is directed 

towards the pipe wall for U1g positive (upward flow), and will be directed towards the centre 

for U1g negative (downward flow). In 0-g the influence of this force can be expected to be 

much less important because the relative velocity of bubbles to the liquid will also be much 

smaller. 

This lift force will thus intervene in the equation of radial motion of the bubble, 

together with for example the drag force, the added-mass force, the force of Basset, and 

Tschen' s force (see for example Bel Fdhila [REF Bel91]). The radial equation of bubble 

movement in a steady pipeflow will become 

[2.2.4] 

A: advective forces, and forces due to the turbulent gradients, 

B: force due to the bubble concentration distribution, 

C: lift force, 

Lr: drag force, added mass force, Basset force, Tchen force. 
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with: 

[2.3.5] 

B = -PL <v 1 >1 - + <u •v e1 -
( 

'2 a a ' ' a a ) 
ar ax 

[2.3.6] 

[2.3.7] 

When neglecting the term Lr (in 1-g) (see for example Bel Fdhila, [REF Bel91]), and 

supposing that we are talicing about an established pipe flow, this transforms to: 

A+B=C [2.3.8] 

with the terms: 

(a .2 .2 .2 ) <V 1 )1 <V I )1-<W 1 )I 
A=pL(l-a) + 

ar r 
[2.3.9] 

[2.3.10] 

[2.3.11] 

As can be seen from this equation the radial void distri bution also depends on the degree of 

anisotropy of the liquid turbulence, which appears to be somewhere between isotropie and 

the anisotropic turbulence found in single phase turbulent pipe flow. To avoid the problem 

of the lack of information about the turbulent structure a model bas been developed by Drew 

and Lahey [ REF DL 79] that requires less information about this structure. Their model 

explains to a good approximation the phenomena of void coring in downward flow- and 

saddle-shaped profiles in upward pipe flow, but doesnotseem to be directly applicable in a 

0-g situation. 

In this part of chapter 2 we have seen some definitions of characteristic two-phase 
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flow parameters. Especially the slip velocity, the injection ratio, the void fraction and the 

superficial and mean phase veloeities will play an important role in the description of the 

experimental conditions. Furthermore it has been explained that the lift force intervenes in 

the radial equation of bubble motion, and that this force will push the bubbles to the pipe 

wall in upward flow. This force will be less important in 0-g. In the last paragraphof this 

chapter some attention will be paid to the coalescence of bubbles, and the influence of 

surfactants on this. As was explained in chapter 1, we are interested in possible suppression 

of coalescence in order to control the bubbles sizes in the flow. 

14 
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§ 2.3 The influence of surfactants on coalescence 

§ 2.3.1 Coalescence at microgravity 

Earlier obtained measurements [REF Col90] show that the coalescence process in a 

bubbly pipe flow is strongly influenced by the gravitation force. Simple reasoning leads to 

the thought that bubble coalescence in the absence of gravity might be less then in in 

laboratory experiments where this force is present, since in microgravity no buoyancy force 

is exerted on the bubbles. This means that that the bubble velocity in this case equals the 

liquid velocity, which is not the case in laboratory experiments. Por upward flow the bubble 

velocity depends on the bubble size and exceeds the water velocity because of the buoyancy 

force thus increasing the collision probability between bubbles. It can however be shown 

that the time necessary for film drainage is proportional to the relative velocity of two 

colliding bubbles (see for example [REF Ches91] ). This means that despite the higher 

collision frequency in laboratory conditions often less coalescence appears. 

This reasoning gives a qualitative description in the case of flows with a low void 

fraction. Por higher void fractions turbulence increases, as does the collision frequency. Big 

bubbles that rise faster than little bubbles sometimes get the small ones trapped against the 

tube wall, and in this case the interaction time is often sufficient for coalescence to appear. 

This might cause the presence of big bubbles or plugsin the 1-g situation with little bubbles 

following in their trail. 

To permit comparable experiments in both microgravity and laboratory surrounding it 

is desirabie to have uniform bubble sizes. The description above shows that even an 

injection system that generates bubbles of nearly uniform diameters is not sufficient to obtain 

a uniform diameter distribution near the measurement section, about three meters 

downstream the injector. So to control bubble sizes the coalescence process has to be 

influenced. A way of doing this is affecting the surface tension of the liquid phase by the 

actdition of a surfactant. But in our attempt to influence the coalescence process we must not 

forget to pay attention to the interaction between the flow and the dispersed phase which 

depends on the degree in which he surface is immobilized. By the use of surfactants it is 

possible to affect the coalescence behavior from quick coalescence as in pure water to 

drastically coalescence restraining in the case of little added surfactant. 

§ 2.3.2 Practical knowledge of surfactant influence 

Measurements representing the influence of the surfactant concentration on the 

bubble size, measured in a bubble column for aqueous solutions of as well electrolytes as 

organic solutes are reported by Keitel and Onken [REF K082]. They measured in a 3 m. 
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long, 0.2 m. diameter bubble column at an air flow rate of 0.450 m3!h (equivalent to 0.4 

crn/s superficial velocity) bubble diameters as function of the added surfactant quantity. 

As characteristic diameter the Sauter mean diameter is used, defined by 

[2.3.1] 

with ni the number of bubbles in size class i ( size di ). 

The surfactant concentration is measured directly in the number of moles per liter. 

Where it concerns electrolytes however, use is made of the ionic strength I defmed as: 

[2.3.2] 

The sum represents a summation over the number of ions i, where ei represems the 

concentration of the respective ions and zi the number of respective charges they contain. 

The results of these experiments are shown infigure 2.3.1. 

In pure water they measured bubble sizes of 4.1 mm Sauter diameter. 

It should be noted that for increasing turbulence the effect of surfactant addition 

diminishes. Higher gas loads for example, give rise to higher turbulence, which will tend to 

influence the coalescence process implying a lesser influence of surfactant addition [REF 

K082]. 
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Fig 2.3 .1 Measured Sauter mean diameter as function of the added quantity of swfactant 

for organic and electrolyte swfactants. (after Keitel & Onken, [REP K082]) 
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§ 2.3.3 The two dimensional gas law 

The retarding of coalescence is based on the immobilization of the bubble-water 

interface in the film between two colliding bubbles as a result of a difference in surface 

tension that is imposed. This difference in surface tension can be thought of as a 2-

dimensional pressure with dimension N/m, and will be indicated by the parameter ll. It will 

be defined by 

ll=cr-cr p [2.3.3] 

where crp represents the surface tension in pure water, and a the surface tension in water 

plus added surfactant. 

For low values of ll, surfactants will display gaseous behavior, and a two

dimensional equivalence of the ideal gas law applies, with analogous to the pressure the two

dimensional pressure ll, and analogous to the volume the surface A 

llA=n RT. [2.3.4] 

Risthegas-constant (J mor1K-1), T the temperature (K) and n the surfactant concentration 

(mol). 

The swface concentration, or surface excessof surfactant, r, will be defined by 

so that the combination of [2.3.4] and [2.3.5] yields 

n=rRT 

(see for example [REF Hie86, p.365, p.387] ). 

[2.3.5] 

[2.3.6] 

Surface tensions for the interface between air and aqueous solutions generally display 

one of the three forms schematically displayed infigure 2.3 .2 [REF Hie86, p. 391] ). 
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1 

Fig. 2.3 .2 Variation of a-<JP with the concentration of surfactant for ( 1) simple organic 

solutes, (2) simple electrolytes, and (3) amphipathic solutes. 

For the cases of weak solutions of surfactants we thus can write 

-n = m c ' m = constant 

which can be translated by help of [2.3.6] in 

r =kc , k = -mI R T. 

[2.3.7] 

[2.3.8] 

The parameterkis thus positive in the case of surface tension lowering substances 

such as organic molecules and is negative in the case of electrolytes that raise the surface 

tension. Physically seen when a bubble element 8S is considered the value of k is the 

thickness of a layer that contains the number of molecules to get the equilibrium excess of 

surfactants. In the case of k positive (organic surfactants) the surface excessis thus positive, 

and in case k is negative (electrolytes) the surface excess is negative, and thus the 

concentration at the surface is than lowered compared to the initial concentration in the bulk. 

§ 2.3.4 A mechanism for the description of the influence of surfactauts on 

the surface mobility (Gibbs-Marangoni effect). 

A way of descrihing the influence of surfactants on coalescence of bubbles in water is 

the Gibbs-Marangoni effect. This mechanism is globally based on differences in surface 

concentration of surfactant in the film between "colliding" bubbles. Film drainage, causing 

growth of the surface per unit film, leads to a decrease in the population of surfactant 

molecules in the film. lf radial diffusion into the film is slow a deficit of surfactant surface 

concentration near the film centre compared to the outer region appears. This way a 

surfactant gradient pointing away from the film centre is established, and thus also a 

interfacial tension gradient pointing in the direction of the film centre. Because of this a force 

opposing film drainage is the result. 
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In order to calculate the necessary quantity of surfactant to be added we need to know 

the difference in surface tension between the film centre and the bulk liquid that's required to 

retard the coalescence process. This difference will be called ~a. and thus if the surface 

tension of the continuous phase plus surfactant equals a a surface tension of a+ ~a will be 

established at the film centre. This difference in surface tension will equal the two

dimensional pressure TI if the surfactant concentratien at the film centre has been lowered 
sufficient for the surface tension to be approximated as that of pure water ap. 

To quantify the effect of the addition of surfactants we will simplify the case to a film 

in which the flow caused by the film drainage can be considered plug flow. Further we will 

assume that the film is very thin compared to the bubble radius. The diffusion will be ruled 

by lateral diffusion processes, and radial diffusion will be considered negligible, which can 

be proven afterwards by comparing a characteristic diffusion time to the actual interaction 

time. 

In the case that the film drainage comes to a halt the inertia terms will be zero so that 

the tangential shear stress in the liquid film and the surface tension gradient will balance the 

shear stress in the bubble, the latter being close to zero because of the low gas viscosity 

[2.3.9] 

A force balance on an infinitesimal film element willlead to 

t = ~ Wr· [2.3.10] 

The pressure gradient can be estimated by the difference between the pressure in the 

film centre and that in the bulk divided by the film radius a, and this pressure difference at its 

turn can, because of the flat film interface, be estimated by the difference between the 

pressure in the bubble and that in the bulk, 2o/R, so that an expression for t can be obtained 

ah 
't ""a R 

which can be inserted in [2.3.9]. 

[2.3.11] 

The surface tension gradient featuring in equation [2.3.9] will be estimated by the 

difference in surface tension between film centre and bulk, that's to say ~a. divided by the 

film radius a so that an expression for !!.a results 

[2.3.12] 

From this equation we can estimate a value for !!.a. To prevent film ropture the value 
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of h must not be less than a critica! ropture thickness that we will indicate by hcrit so that in 

case of a bubble size of 3 mm., and a characteristic critica! ropture thickness of w-8 m. for 

fl.a will be obtained 

A -7 10-2 p 10-8 m. 2 10-7 p oO' • a.s 3 - . a.s. 
3.10- m. 

Now to derive an expression for the concentration gradient we will consider a film 

element with surface BS and thickness h. An initia! surfactant concentration c0 will be 

divided over the film surfaces and the volume so that a lower surfactant concentration c will 

be the result 

2 <>s r + h <>s c = h <>s c0. [2.3.13] 

Dividing by BS and using the linear law [2.3.8] the expression for the equilibrium 

concentration as function of h yields 

c 1 
= 

c0 1 + 2k 
h 

[2.3.14] 

With help of [2.3.8] this can be translated in arelation for r, and then again with 

[2.3.6] a relation for the two-dimensional pressure TI results which gives a direct relation for 

the surface tension in terms of the film thickness h 

2k 
haP+ ao 

a= 2k 
1 + h 

[2.3.15] 

§ 2.3.5 The addition of organic surfactauts 

Organic molecules such as alcohols are likely to be adsorbed by the bubble surfaces, 

leading toa positive value of kin the expression [2.3.8]. Having a closer look at [2.3.14] 

it's easy then to realize that fora decreasing value of h the concentration of surfactauts in the 

film will gradually diminish from an initial value of c0 for h >> k to a value of c0 2hk for h 

<< k. In this case where the surfactant concentration is restricted by the film thickness it will 

be very much lower than in the bulk and will nearly equal that of pure water crp. Then fl.a = 
a - a0 = crp- a0 = TI0 so that combining [2.3.12], [2.3.8] and [2.3.6] directly a expression 

for the concentration follows 

ha c -----
0-kRRT [2.3.16] 
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In the case that no bubbles less than 3 mm. should be present the necessary 

concentration to be added is 

10-8 m. 7.10-2 Nm- 1 
10

-4 I -3 
c0 > = mo.m 

10-6 m. 3.10-3 m. 8.3 Jmor 1K- 1 293 K 

in the case that k = 10-6 m. For h a characteristic ropture thickness of hcrit = 10-8 m. is used. 

Comparing this value to the experiments done by Keitel & Onken (seefig 2.3.1) we 

see that in practice the necessary value of c0 to obtain bubble sizes of maximum 3 mm. is 10-

2 mol m-3. Thus the concentration leading to complete suppression of coalescence fur 

bubbles bigger than 3 mm. is 102 times the calculated concentration for which the effect of 

immobilization has to be taken in account. 

§ 2.3.6 The Addition of electrolytes 

The influence of electrolytes on surface tension is the inverse of which is obtained 

when organic molecules are added, in the sense that the surface tension in the film is not 

lowered, but increased. The electrolyte molecules are surrounded by the polar water 

molecules, and because of this there are strong electromagnetic forces that make it 

energetically defavorable to take up residence at the bubble interface. Thus a thin layer 

around the bubble with a low ion-concentration will be the result, which leads to an 

increased electrolyte concentration in the film compared to the bulk. As already appeared in 

figure 3 .1.2 electrolytes consequently go along with negative surface excesses, and 

corresponding negative values of k. But this surfactant concentration also causes surface 

immobilization because not only the concentration gradient is reversed, but also the influence 

on the surface tension is reverse compared to the case for organic molecules. This makes that 

the same kind of film drainage opposing force results as in the organic case. 

lf for example as electrolyte KCI is considered a characteristic value of the surface

tension-lowering relative topure water, as a function of the concentration, is TI!c = -1.4 

Nm2mor 1 , which corresponds to a value of k of -5.6 10-10 m. 

A deduction similar to that in the preceding paragraph can be used, leading to the same 

h,k-dependence for c/c0, r,tr0 and TI!TI0 as in equation [2.3.14]. From this relation and the 

definitions of ~cr--cr0-a and 7t=O'p-O' the following equation follows: 

2k 
h 

~a= 2 k no. 
1 + h 

[2.3.17] 

Because the characteristic values of k, in case of electrolytes, are in the order of several 
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w-10 meters the fraction 
2
hk generally will be much less than 1 for values of h larger than a 

characteristic rupture thickness so that can be written 

2k 
/).cr "" 11 1to. [2.3.18] 

For the necessary concentration to be added to immobilize the bubble interfaces in the film 

the following relation can be found 

h2o: 
c = 0 0 2~RRT. 

[2.3.19] 

In the case of KCl with a k value of -5.6 w-IO m., a cr0 nearly equal to that of pure 

water 7. 10·2 N m·1 , a typical value of h for which rupture occurs of 10·8 m., and a 

maximal obtainable bubble size of 3 mm. the concentration to be added is 

Because of the small value of k the concentration of electrolytes needed to block the 

process of coalescence bas to be much bigger than the one in case of an organic surface 

active substance. Compare the value above for example with the one calculated beneath 

equation [2.3.16]. 

The value experimentally found by Keitel & Onken for NaCl which bas a kof -6.7 

10·10 m. is 50 mol m·3. So the surface immobilization is, theoretically shown to leave its 

marks for concentrations higher than 2 mol m·3, complete a concentration of 50 mol m·3. 

§ 2.3. 7 Absorbed quantity of added surfactant 

In case of the actdition of a certain concentration of surfactant a part of this quantity is 

absorbed by the bubble surfaces. This means that the initia! concentration decreases until an 

equilibrium is reached. For low void fractions and predominantly big bobbles (R>>k) 

however the difference between these concentrations will be small, as can easily be seen 

from a comparison between surfactant layer thickness with characteristic length scale k, and 

mean bubble distance L. In case of mean bobbles size 2R the void fraction can be written as 

a.= 2R I (2R+L) so that the ratio of k and L equals 

k k a. 
---(-) 
L -2R 1-a. 

[2.3.20] 

As a more detailed consideration shows the relative absorbed surfactant concentration 

is proportional to kiL in equation [2.3.20], and thus negligibly small for void fractions in the 

23 



chapter2: Theoretica/ considerations 

order of 10%, and kvalues much smaller than the mean bubble sizes. 

§ 2.3.8 Immobilization of the bubble surface 

Besides immobilizing the bubble-water interface in the draining film, surfactant 

actdition can also cause immobilization of the bubble surface, as seen by the main flow. This 

has to be avoided because when superficially immobilized the bubble will behave as perfect 

spheres, which drastically changes the interaction with the turbulent structures in the liquid 

phase. 

This immobilization occurs as result of the formation of a shear stress gradient caused 

by a surfactant gradient on the initially mobile surface (see ft gure 2.3 .3 ), that at its turn is 

established by the mean flow round the bubble. Complete immobilization can however never 

be the case because once immobilized, the surfactant molecules will not be taken along the 

moving surface, so that a new distribution over the surface will be established. 

Fig. 2.3.3 Established surfactant gradient of a bubble moving relative to the dispersed 

phase 

The shear stress can be estimated by 

au u 
t=Tt- -Tt-ax öh 

[2.3.21] 

with U the mean flow velocity and öh the hydronamic boundary layer thickness. The latter 

can be estimated from the Navier-Stokes equation 

u2 u --v-
R Öh2 

[2.3.22] 
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(see for example [REF TL90] ) which leads to 

~- <'J) 1/2 

and combining [2.3.21] and [2.3.23] to 

vu 
t- 1/2 

(vRJU) 

This shear stress is opposed by the surfactant gradient so that also can be written 

~(J 
t -R 

and thus the surface-tension difference over the bubble is found to be 

1/2 
~a- <11 p u3 R) 

[2.3.23] 

[2.3.24] 

[2.3.25] 

[2.3.26] 

As earlier mentioned the thickness of the layer close to the surface with strong 

influence of surfactant adsorption or desorption is determined by diffusion, and a 

characteristic thickness is 

[2.3.27] 

with D the diffusion constant (see for example [REF Hie86,p. 81,101]), and t the available 

time for diffusion. 

Estimating t as t - R/U the adsorbed layer has a mean thickness of 

RD 1/2 8-<u-) [2.3.28] 

For bubbles of 3 mm, a diffusion constant of 1 o-9 m2s -1, and a relative velocity of 0.2 

ms-1 the diffusion thickness is about 4 11m. Depending on which one of k or 8 has the 

smallest value, ~a can be written as respectively kRTc or 8RTc so that with help of 

[2.2.26]. 

u2 llP 1/2 
c--(-) 

RrD 

(k<Ö) 

(diffusion limited case, k>Ö) 

[2.3.29] 

[2.3.30] 

where c indicates the concentration necessary for the main flow to immobilize the surface. 

For electrolytes the values of k are generally much smaller than a characteristic 
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diffusion length. This case can bedescribed by equation [2.3.29] and fora k-value of 5.10-

10 m. a surfactant concentranon of 104 mol m-3 is found necessary for the surface to become 

immobilized. Blocking of the film drainage process is not likely to disturb the bubble 

interaction with the mean flow. 

Organic surfactants, having much higher k-values, approaching the range of the 

diffusion limited case, risk surface immobilization by the mean flow at concentrations higher 

than 0.5 molm-3 (for U = 0.2 ms-1 ). However a little more likely, this immobilization 

probably will not take place for the concentrations needed to block film drainage as 

calculated in§ 2.3.6. 
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Chapter 3 Description of the experiments and the 
test facility 

§ 3.1 The test facility 

The experimental instaHarion used in laboratory as well as at microgravity conditions 

has been developed during the doctoral thesis of C. Colin [REF Col90] and is explained 

schematically infig. 3 .1.1. It consists of a test-section, water and gas-supply systems and a 

measurement- and control-chain. In the following discussion these sections will be 

discussed separately and the parts indicated in fig. 3 .1.1 will be referred to by the 

corresponding number between right-angles brackets. 

46 

49 
~IA'\ 

- water-supply circuit 
air-supply circutt 
measurement circuit 

40 

Fig. 3.1.1 Scheme ofthe testfacility 

§ 3.1.1 The gas-supply 

31 

0 

39 

As a gas-source, bottled gas is used, at a pressure of 200 bars [12], successively 

reduced to 30 bars by a first pressure red u eer [ 13], and to an in let pressure between 3 and 

27 

9 



chapter 3: Description of the experiments and the test facility 

15 bars u pstteam of one of the three sonic nozzles [ 19,20,21] by a second pressure reducer 

[14]. These sonic nozzles supply a constant gas flow rate in the range of 0-4 g/s, nearly 

independent of the downstteam pressure variations. The actual gas flow to the gas-injection 

system [3] can be determined with the aid of calibrated orifices [25,26,67] and the pressure 

upstream the sonic nozzles [19,20,21]. In order todetermine the air mass flow rate, absolute 

ambient pressure [35], pressure-difference across the orifice [34] and temperature of the gas 

[ 45] are measured. 

§ 3.1.2 The water supply 

• 
Because of the high water demands the water in the system has to be recirculated to 

make operation in an airplane possible. A part of the loop of circulating water is diphasic. 

The circulation is taken care of by a stainless steel centrifugal pump [2], with a capacity of 

200 Vminute at a pressure difference of 1.5 bar. A 501. vessel [1], located between the gas

liquid separator [5] and the pump is included to prevent excessive temperature increase 

caused by the energy released by the pump. The water flow rate can be controlled by a 

control valve [11] and by a bypass [10], and is measured by a differential pressure gauge 

[38] over an orifice [37]. This mass flow is also measured by an electromagnetic flow 

measurement device [37], and the water temperature is determined with the aid of a 

thermocouple [46]. 

§ 3.1.3 The two-phase part 

Water and gas come together in the injection system [3]. The water is forced through a 

Venturi-tube with a diameter decreasing from nearly 54 to 20 mm, where the gas is injected 

at the tube wall by 8 holes of 1 mm diameter. In the diverging part turbulent mixing of 

bubbles and liquid takes place. The initial bubble size is among others controlled by the 

liquid velocity in the nozzle. 

Downstteam the injection system, the bubbly flow proceeds in a 40 mm diameter 

Plexiglass measurement tube, with a totallength of 3.2 m. This tube, vertically during the 

laboratory measurements, "horizontally" during the flights, consists of separate parts whose 

order can be adapted to the desired ex perimental situation. 

Two test sections, one at each extremity of the tube, are included for visualization 

[ 47 ,48]. It concerns parallelepipeds made up of transparent Plexiglass which surrounds the 

test-section. Pilled with water, the boxes minimize the distortion of the images due to 
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refraction of light at the tube wall. High speed video pictures, taken at 500 framesis [55,56] 

can be used to observe flow behavior and coalescence processes between the bubbles. They 

also offer, by image processing, a way to obtain bubble-size distributions. 

Global void-fractions can be determined by means of two conductive probes [41,42], 

each of them consisting of three pairs of electrodes flush mounted inside the pipe wall, each 

electrode being a quarter of a cylinder. The main electrodes, 3 cm of height can be placed 

between two secondary guard probes of 1 cm height. The electrodes are supplied with an 

alternating current of 10 kHz. In order to eliminate the influence of the water-temperature 

and conductivity, reference electrodes are placed in the water supply line [43]. 

Finally one sectionis equiped with a radial displaceable carriage [44] to which void 

fraction and hot film probes can be connected. This system makes the measuremesnt of 

radial void fraction, velocity and turbulent intensity-profiles possible. The probes concemed 

will bedescribed in detaillater on. 

Between the inlet and the outlet test-seetion the conneetion is provided for by a 2 m. 

long, 4 cm. diameter central tube [4]. Pressure over the tube and halfway are measured with 

differential pressure transducers [39,40], and the absolute pressure [36] is also measured. 

At the end of the outlet test section the two-phase mixture is led to a rotaring gas-liquid 

separator. Inside an extemal cylinder (25 cm inner diameter, 40 cm height) a second coaxial 

cylinder, rotatingat 1200 rpm, causes the axially injected mixture to separate in a central gas 

core, whereas the water is forced by the centrifugal force through holes in the inner cylinder 

to the outer region where it is collected and recycled. The air in the central column leaves the 

separator by an axial hole in the system (1 bar in laboratory, 0.8 bar in microgravity 

condition). The separator has been developed to treat air/water flows up to 2 1/s, and 

eliminates all bubbles with a diameter inferior to 100 J.lm. A variabie reservoir [7] is 

connected to the separator to compensate water volume variations in case of air injection. 

Between the separator and the reservoir [ 1] an electro-pneumatic valve [8] is included, 

closing the circuit when the separator is not rotating. 

§ 3.2 Voidfraction measurements 

Considerable experimental and analytica! work has been performed in the study of 

two-phase gas-liquid flows, and although some consideration was given totheir statistica! 

characteristics nearly three decades ago by several authors, it was only middle seventies that 
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attention was paid to the inherent discreteness of two-phase systems. A review by Delhaye 

[REF JD76] already summarizes the additional difficulties due to the presence of a second 

phase, such as 

(i) the deformation of the interface at a sensor leads to a lag between the occurrence and 

the detection of the event due to a hydrodynamic response time. 

(ü) bubbles or droplets, even at rather low concentranon prevent a light-beam from 

crossing the flow directly. 

(iii) an in-stream probe or a wall pressure tab may destroy a metastable equilibrium. 

Difficulties, that even now often cause considerable problems. To characterize two

phase flows various local parameters have to be measured. Among them the distribution of 

the two phases, the bubble-velocity and it's spectrum, a fluctuating liquid velocity, shear

stress and turbulent transport characteristics of heat momenturn and bubbles. In the 

following sections attention will be paid to two of them, which are the velocity in axial 

direction and the void fraction. 

§ 3.2.1 Void fraction measurement techniques 

Of many local parameters the void fraction is the most important quantity for 

engineering use. Especially in applications where heat-transfer is concemed, the presence of 

for example bubbles in a flow is interesting to be quantified (e.g. nuclear reactors, steam

boilers, refrigerating equipment). It will modify for example the wall transfer. 

Due to the statistica! nature of two-phase flow, all successful methods are basedon 

either a lengthor a time-averaging concept. The review by Delhaye [REF JD76] summarizes 

the applicability of the most often used methods in the wide range that consists: optical 

probes, hot-film anemometry, electrical probes, photon attenuation technique (gamma-ray 

transversing) and laser-Doppier anemometry. 

Of these techniques the latter is so far only applicable in cases where the discrete phase 

is sufficiently dilute, which is not the case for our measurements. The disadvantage of 

gamma-ray transversing is that it only yields a chord-averaged value of the void fraction. 

Note however that these two techniques meet the ideal situation of the absence of 

obstructions in the flow-channel. 

Hot-film anemometry is an interesting alternative, especially for what concerns the 

flight-experiments, where time and storage capacity are valuable matter. It does however 
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involve several difficulties. Firstly, the probes are often large compared with the bubble 

diameter. This is the case for conical probes, but still more for the type that uses a wire with 

a surface film deposit, which is not at all applicable for precise local void fraction 

determination. Secondly, it's often difficult to extract the void fraction from a hot-wire 

measurement. This is the case for in example flow with strong velocity fluctuations where 

the signal changes due to bubbles are swamped with the turbulent signal. Besides, the 

problem of detecting a bubble-start and -stop is difficult. Even in the case that the bubble

passage is attended with a brute signa! change, as will be shown in the part conceming hot

film measurements. 

This leaves the techniques of electrical and optica! probes. The latter has the advantage 

of being a very precise measuring technique. The earlier noted problem of interface 

deformation does not cause any significant delay of bubble-detection in this case so that the 

void fraction can be accurately measured. Disadvantages are however the relatively high 

costs involved, the fragility of the probe, and the size of most optical probes preventing 

measurements close to the wall. A zone particularly interesting because of the appearance of 

a a peak in the gas-fraction in many situations of an upward bubbly two-phase flow. 

Less fragile, easy to use, and much less expensive, the resistivity probe is a choice 

that's nowadays often made, and that also in our case appeared to bethebest solution. 

§ 3.2.2 Voidfraction measurements with a resistivity probe 

Before descrihing the resistance probe technique more extensively the definition of the 

void fraction will be recalled. A formal definition is give by Ishii [REF Ish75] by using the 
state density function Mg of the gaseous phase. He assumes that the interfaces between the 

two phases are not stationary and do not occupy a location x0 for finite time intervals. The 

void fraction is defined as the Eulerian time averaged phase density function: 

[3.2.1] 

where 8 is the thickness of the interface. Notice that the true time averaging is defined by 

taking the limit ~t ~ oo which however is only conceptual. 

It can be shown that this equals the time fraction of the presence of the gaseous phase 
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[3.2.2] 

where tgi and T are respectively ga~-presence period and total sampling time. Physically a. 

represems a probability of finding the gaseous phase, thus it expresses the geometrically 

(statie) importance of that phase. 

The resistivity probe metbod is based on the difference in electrical resistivity between 

the liquid and the gas phase. In an air-water flow the air can be considered as electrically 

insulating, whereas the tap water used has a resistance of 3.4 w-5 n m-1. In principle the 

probe behaves like a switch yielding a two-state signal. But in practice the interaction of a 

bubble with the probeis much more complicated due to the fini te size of the probe tip. 

Firstly, because of the finite size of a probe tip, the measured resistance will gradually 

increase while the bubble interface passes the conducting part of the probe. For a conical 

probe the resistance will increase as the square of the passed distance. For a cylindrical 

probe there will be an abrupt resistance change related to the interface passing the probe 

extrernity, foliowed by a linear resistance increase. 

Secondly, there will be an effect of film drainage between the bubble and the probe 

tip.The drainage of this film will slow down the bubble, and maybe even deform the 

bubble. Possible is a deformation of the part of the surface of the bubble in contact with the 

probe, forrning locally a dimple, but equally well possible is a complete deformation of the 

bubble caused by the inertia of the water surrounding it, which may cause the measured 

chord length to dirninish. 

The resistance measurement will thus depend on the wettability of the probe surface 

and the drainage of the liquid film, which is among others governed by the bubble velocity 

and the curvature of the probe surface - high curvatures causing easy film rupture - . 

A third effect is the dewetting time of the probe tip when a bubble is passing, causing 

also a signal delay. This dewetting time is however notpresent in the phase change from 

gaseous to liquid phase. It can be expected that in this case the corresponding signal decrease 

will be more rapidly. 

Minimalization of this delay, i.e. approximadon of a square wave shape, is desirabie 

for further processing, and may be obtained by a proper design of the probe tip. However, 

to obtain a true square wave electtonic signal processing or numerical treatment of a sampled 

signal is also required. 

32 



cl~apter 3: Description ofthe experiments and the testfacility 

Several different probe designs can be found in the literature. Three examples of probe 

geometry reported by van der Welle [REF Wel85], Jones and Delhaye [REF JD76] and 

Serizawa et al. [REF SKM75] are shown infig. 3.2.1. 

glass 

1 mm. 

wire _{_~ 

-f;o~o~m. 
[A] [B] 

Tungsten 

Epoxy 
resin 

stainless steel 

stainless steel 
isolated by Enamel 
coating 

electricall y 
conducting 

[C] tip 

Fig. 3.2 .1 Three examples of conductivity probes reported in the literature 

[A] van der Welle [REF We/85], [B] Jones & Delhaye [REF JD76] 

[C] Serizawa [REF SKM75] 

§ 3.2.3 Resistivity probe design 

The requirements that have to be taken into account for what the probe design is 

concemed are: 

- rapid dewetting of the probe tip 

- a sharp tip to achieve quick film rupture and little bubble deformation 

- the probe must be as small as possible to mini mi ze the disturbance of the flow 

- a streamlined probe in order to create only small transverse velocity gradients in the main 
flow that might change the bubble trajectories. 

- maximization of performance-costs ratio 

- easy to operate (for example not too fragile) 

In our case we have tried to develop a probe which is easy to realize at relatively low 

costs, with a reasonable solidity and a satisfactory measurement precision. U se is made of a 

copper wire of 0.15 mm. diameter, coated with Teflon, which is inserted in a 0.6 mm. 

diameter stainless steel tube, officiaring as second electrode. 

33 



cl~apter 3: De scription of the experiments and the test facility 

A schematic explanation is given infig. 3.2.2. 

r------ Teflon coated 
copperwire 

~--- glued joint 

stainless steel 

(a) (b) 

Fig. 3.2.2 Schematic drawing ofthe developed resistivity probe 

(a) original design (b) improved design with streamlined tip 

As current supply several methods are possible. A direct current supply avoids signal 

treatment problems related to alternaring signals, such as capacitive effects. It may however 

be troublesome due to electrochemical deposits caused by the polarization, especially for low 

flow veloeities insuffiently strong to clean the sensor. A second possibility is a alternating 

current supply, with a frequency significantly different from the observed phenomena. The 

frequency has to be much higher than the reciprocal time of bubble passage, but not too 

high, to assure eperation in the resistive domain. Frequencies low relative to the bubble 

passage are also possible. 

A frequency of 200 kHz was chosen, largely sufficient for the used probe dimensions 

at flows of about 1 m/s superficial water velocity. This choice for an alternating souree 

directly limits the minimization of the conductor surface of the probe tip. The reason for this 

is that the signal has to be compensated for capacitive effects caused by the co-axial 

conneetion cables ( with a capacity of about 300 pF for 3 meter cable length). In the 

compensation circuit a self appears, with a quality proportion al to the resistance of the probe. 

For high probe resistances it is difficult to find a suited self. 

For what concerns signal treatment two methods have been used. One method is a 

direct analog method, based on comparison of the analog signal with a certain threshold 

level. All signal values superior to this threshold are supposed to be corresponding to 
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passing bubbles. In this way a square signa! is produced, and a temporal average of this 

signa! which in fact is the phase distribution function yields directly the void fraction. The 

second metbod is basedon sampling of the signa!, and numerical treatment afterwards. The 

acquisition and the treatment in this case takes place with a HPlOOO-system of Hewlett 

Packard, and Leuven Measurements & Systems acquisition chain. 

§ 3.2.4 Signal Processing 

For what the detection of bubble induced signa! changes is concemed, there are several 

methods possible, based on a threshold level on the signal amplitude or on its derivative, or 

directly on its probability density function. 

(i) A threshold level on the amplitude 

A threshold is chosen close to the liquid voltage. When the signa! amplitude exceeds 

this voltage a bubble passage is detected. The problems of this metbod are the fact that often 

the threshold level cannot be decreased sufficiently to detect the frrst part of the signal change 

because care have to be taken not to respond to fluctuations due to the altemating nature of 

the supply concemed, and to signa! changes caused by noise and conductivity variations. 

A second difficulty is whether or not to take into account the fall of the signa! 

corresponding to interface passage at the 'end' of a bubble. In the theoretica! case of signal 

changes only govemed by the spatial extent of the sensor, it can be assumed that a bubble 

should be detected where the signai-change begins, up to the moment where the voltage 

decreases again. 

The time associated to the signal fall at the 'end' of a bubble passage can be eliminated 

from the processed signal when the processing takes place with two thresholds levels. One 

close to the liquid voltage, and one close to the gas-voltage. This metbod is not applicable in 

case of bubbles with a passage time of the same order as the response time of the probe 

because they will be represented by sharp peaks where the gas-characteristic voltage is often 

not reached. 

In order to choose a threshold level that gives a correct representation of the gas-phase 

density functions also several methods are possible. The level of the threshold can be chosen 

by comparison of the visualized signals before and after treatment; simple, but also 

subjective. A more objective metbod is to deduce the threshold level from an amplitude 

distribution function or a histogram. In the case where often the characteristic probe 

resistance in air is present in the signal, two peaks will appear in the histogram. One peak 
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corresponding to the liquid voltage, and one peak corresponding to the gas voltage. The 

threshold can than be chosen in the flat between the two peaks, close to the liquid peak. In 

case of a two-thresholds technique, one of them will be close to the liquid peak as to detect 

the bubble start, and one close to the gas peak to detect the bubble end. 

(ii) A threshold level on the signal derivative. 

A detection method applicable in case of numerical treatment is the evaluation of the 

signal derivative. In case of no dominant signal-noise-associated derivatives being present, a 

simple threshold on the derivative can be used to detect a bubble. U se of a second threshold 

permits a bubble-end to be found, just as the signal starts to fall. 

(iii) Voidfraction obtainedfrom the amplitude probability density 

When a histogram of the signal amplitude is plotted often two peaks will appear, as 

pointed out earlier. In case of small fluctuations in the water phase the void fraction can 

directly be deduced from this probability density function by taking the ratio of the surface 

corresponding to the bubble passage and the total surface (including the liquid peak) of the 

distribution. In case the void fraction is low and the fluctuations in the liquid phase are small 

the liquid peak will however be very pointed, which increases the needed 'number of 

channels', in ordertopreserve the precision of the determination of the liquid surface peak. 

In our experiences we have used a simple threshold level in the case of an analogie 

signal treatment because it is electronically easy realizable by the use of a simple signal 

comparison. Figure 3.2.3 shows schematically the signal processing (see also [REF 

AB89]). 

The integrated output corresponds directly to the gas fraction as measured by the probe. 

By help of an analogue-digital conversion system the direct output is digitized, and 

transfered to the HPIOOO system, where the data are numerically treated. 

For the numerical treatment a method basedon two thresholds on the signal derivative 

are used. This makes the early detection of a bubble possible. The bubble end was chosen at 

the beginning of the signal decrease which is correct in the case that the decrease is governed 

by the finite extent of the sensor. Figure 3.2 .4 shows a signal before and after treatment, 

andfigure 3.2 5 shows the treatment algorithm. 
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External Threshold 

I ntegrated Output 

Fig. 3.2.3 Analoguesignalprocessing [REFAB89] 

Direct Output 

It should be noted that the resistivity probe method, as wellas other probe methods, is 

valid only in the case when the sampling time is sufficiently long to allow the statica! 

treatment of bubbles. Sampling times reported are in the order of 1 minute. In our case we 

used a sampling time of 40 seconds, which seems to be sufficient as can be seen from the 

convergence of measured values. Also, the sampling frequency should be sufficiently high 

with regard to the mean passage time of bubbles. A sampling frequency of 4 kHz, 

corresponding to a sampling period of 0.25 ~s, has been used, sufficiently high taken in 

account the passage time of the bubbles which is in the order of several ms. 
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Fig 3.2.4 Voidjraction signa! befare and after treatment 
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Fig 3.25 Flowchart of the signa/ processing used to obtain the voidfraction. 
The nature of the phase at the start of the signa/ is evaluated, and the complete 
signa/ is treated, suppressing the bubbles. Care is taken notto tieteet oscillations 
as bubbles by eliminating 'bubbles' of three samples and less. 
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§ 3.3 Velocity measurements 

§ 3.3.1 Velocity measurement techniques 

For local turbulent velocity measurements a variety of more or less complicated 

methods are available. Some of them are only applicable in particular situations for 

environments that fulfill the need of eertaio electrical or chemical properties, and actually 

only few of them are widely used for measurements of mean velocity and turbulent intensity 

in turbulent flows. The best known examples are hot film or hot wire anemometry, laser 

anemometry and tracer based visualization technique. 

The last mentioned technique often causes difficulties that are hard to resolve. There 

are difficulties associated with very rapid changes according to both time and place that 

necessitate practically instantaneous recordings. The treatment of the obtained signals is very 

laborious and remains even for powerful image analysis techniques often an enormous 

challenge. Many difficulties are associated with the correlation of the tracers in the time, and 

moreover, the three dimensionality of turbulent motion does not make the interpretation any 

simpler. Although eneauraging results appeared recently in literature, this technique is still in 

its infancy for what quantitative two phase measurements are concemed. 

The second technique in the list can only be used for flows that consists of one phase, 

or for two-phase flows with very low void fractions, because dispersed phases cause the 

laser signal to be scattered and obstructed. 

This leaves as possibilities hot wire and hot film anemometry. 

§ 3.3.2 The principles of hot wire and hot film anemometry 

Hot wire anemometry is basedon the influence that flow velocity has on the exchange 

of heat between a short roetal wire which is heated by an electric current, and its 

environment. For hot film anemometry the heated wire is replaced by a thin filmdepositon 

the surface of a conical point or a thin wire. This reduces the volume of the heated element, 

and limits inertia in the energy exchange. 

Two different measurement methods are possible: the constant current metbod and the 

constant resistance method. In the first case the temperature-changes, caused by a change in 

the velocity cause a resistance change. Because of the constant current this is translated in a 

fluctuating voltage. In the second case the electric current fluctuates to keep the resistance 

and the temperature of the wire at changing flow veloeities constant. In both cases use is 
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made of a Wheatstone bridge to control the voltage supply. In the constant resistance case 

also a feedback system is needed to compensate resistance changes. This method, which has 

basic advantages over the other with respect to the measurement accuracy, has for a long 

time been hard to realize because of the inherent instability of the feedback system. 

Nowadays however, stabie operating feedback systems are build, which makes use of the 

constant resistance method more attractive. 

Hot wire measurements are not very suited for use in fluid flows. Compared to the 

gas flow situation a much sturdier construction is necessary, using thicker and stronger 

wire, which has an adverse effect on the sensitivity of the wire and the time constant, so that 

for the two-phase flow type essentially hotfilm techniques are used. 

In the following we will in short describe the basic physical conceptsof anemometry. 

For a more complete description is referred to other literature. For example in the book of 

Hinze [REF Hin59] an extensive description of this matter can be found. 

When a sensitive element with resistance Rw is heated by a current I a power 

Q=Rwi2 

is generated. 

[3.3.1] 

By means of a heat-transfer balance the generated heat is compensated by conductive, 

conveelive and radiative heat transport. Radiation appears to be negligibly small compared to 

the other effects, and it can be shown (see for example Hinze [REF Hin59]) that free 

convection can also be neglected for veloeities that are not extremely small. Supposing that 
the element has a temperature T w , and the environment a temperature T F the overheat 

coefficient or overheat ratio is defined as 

Tw-TF 
a= T 

F 
[3.3.2] 

It can be shown from theoretica! considerations that the heat transfer perpendicular to the 

cylinder can bedescribed non-dimensionally by 

Nu = A (Pr,a) + B(Pr,a) Re 0
• [3.3.3] 

In this equation the temperature intervenes two times. Once by means of the overheat ratio. 

A temperature change in the liquid will cause the wire temperature to change, which causes a 
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change in the Joule heat in the probe. And the temperature changes also the value of the 

Prandl-number. The second effect is not as strong as the first, so that if the coefficients A 

and B show a weak dependance on the Prandl Number, and a is kept constant, King's 

Law is obtained 

Nu=A+B Ren [3.3.4] 

where the Nusselt number Nu is the ratio of the total heat transfer to the heat lost by 

conduction: 

[3.3.5] 

a represents the heat transfer coefficient and Àp the thermal conductivity of the fluid at a 

temperature T F·. 

If the sensitive element is sufficiently small, the thermal inertia can be neglected. We 

will also consictere a case in which there is no influence of the heat transfer to the wire 

supports. Then the combination of [3.3.1] and [3.3.3] yields 

Àp (Tw-Tp) Nu 2 
d =Rwi 

and expressed in the Reynolds number 

Rw 12 = 1t 1 À (Tw-Tp) (A+ BRen) 

[3.3.6] 

[3.3.7] 

The Reynolds-number equals Re = Ud/v and the film temperature is related to the film 

resistance by an approximately linear dependenee 

[3.3.8] 

with <lo the temperature coefficient of electric resistance. 

If the total serlal resistance connected to the probe - with resistance Rw - is called Rs , than 

the supply voltage equals 

[3.3.9] 

and [3.3.7] can be written as a relation between the supplied voltage E , the wire resistance 

and the flow velocity: 
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1t 1 A.p 2 Rw - Rp 
E 2 (Rs + Rw) R (A + B Un) . 

a 0 R0 w 
[3.3.10] 

With help of [3.2.9] the resistance termscan be expressed in the overheat coefficient 

2 Rw - Rp a 2 2 2 2 
(Rs + Rw) ( Rw ) = 1+a Rs + (2RsRF + Rp ) a+ a Rp . [3.3.11] 

The frrst term at the right hand side of this equation will nearly equal aR5 
2, a being close to 

one. We arrive thus at the equation 

E2 = AA(a) + BB(a) un [3.3.12] 

where AA and BB can be expressed in the overheat coefficient by means of 2nd order 

equations. 

The determination of AA and BB takes place by measurement in a mono phase liquid 

flow, where at the axis of the tube the tension displayed by the anemometer is measured at 

known mean flow velocities. By means of a least mean square method the three independent 

variables AA, BB, and n are fitted. In this way a measured voltage can be translated in a 

flow velocity in the measurement point. 

The anemometer can roughly be seen to exist of a Wheatstone bridge connected to an 

operational amplifier, as schematically shown in ft gure 3.3 .1. 

Fig. 3.3.1 

differential 

Anemometer for measurements at constant resistances, consisting of 

a Wheatstone bridge, and a feedback system 
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Initially only a very weak supply current will be used (S2 open, S 1 closed) and R' 

will be adjusted to obtain a balance at T = T F : Rp + Rs = R'. Th en S2 will be closed 

(and S 1 opened) and the chosen overheat coefficient will be established by varying R' to 

obtain a probe resistance of Rw = (1+a) Rp. The feedback system will try to keep the 

bridge balanced during the measurements , so that voltage at the output of the operational 

amplifier is a measure for the instantaneous flow velocity by [3.3.12]. 

In our measurements a DANTEC 55R01 fiber film probe has been used, which had 

been mounted perpendicular to the main flow direction, with its wire axis in radial direction, 

perpendicular to the mean flow. For the measurements of a velocity profile the probeis 

moved in this direction so that in any position the measured velocity corresponds with the 

average velocity over the sensitive fiber length that equals 1.25 mm. This sensitive fiber 

length consists of a Nickel film deposit on a 70 Jlm. diameter quartz fiber. The parts of the 

overalllength (=3 mm.) on both sides of the sensitive lengthare copper and gold plated, and 

the whole wireis electrically insulated by a 2jlm quartz coating. The straight prongs between 

which the fiber is extended are connected toa 1.9 mm. diameter probe support. Seefigure 

3.3.2 .. 

Red: Air use 
Blue: Water use 

,------Jo--~ 
I 

55 RQ I (0.5 ~o~m coating) Stra~ght general-purpose type 
55 R 11 (2 •m coating) 

Fiber-film Probes 
Nick el film deposited on 70 ~ m diameter quartz fiher. 
Overall Jength 3 mm, sensitive film lenglh I 25 mm. 
Capper and gold plated at the ends. Film is protected by 
a quartz cm!lling approx. 0.5 ,.,m or 2 ~m in thicknes..". 

Fig. 3.3 .2 Schematic representation of the used hot film probe 

The serial resistance Rs (see ft gure 3.3 .3 ) can be represented by a part due to the 

resistance of the prongs rp and to the resistance of the conneetion cables re. In our case the 

first one equals 0.5 n, and the second 5.5 n. Measured by the anemometer are the 

uncorrected values of the resistance, indicated in the following by Rw' and Rp', that equal 
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the real resistance increased with the value of Rs. The resistance that is to be set on the 

anemometer, Rw' , follows from 

Rw' = Rw + Rs = (a+1) Rp + Rs 

[3.3.12] 

Rw' = (a+1) Rp'- aRs 

U se is made of a Constant Temperature Anemometer (C.T.A.) of DANTEC. It concerns the 

56COO ANALOG SYSTEM with a 56C17 bridge unit. 

§ 3.3.3 Signal processing for hot film signals 

In case of a bubbly flow the anemometer signal will consist of voltage fluctuations due 

to the turbulence in the continuous phase, and due to the passage of bubbles (see figure 

3.3.4 ). 

6 ~--~--- --------r------ ·;·------ ··----------r--
T-- -- - •---------

---~--_,..---------· ··---------------···-·• ···-----~, --------- ----·;--- ·-·-----r 

0 time (ms) 

Fig. 3.3 .4 Characteristic anemometer signa/ 

When the probe has been calibrated in a single phase flow it will be evident that the 

found relation between the voltage and the velocity only applies for the liquid phase. Thus 

the bubbles will have to be suppressed before the anemometer output is converted to velocity 

values And then the mean velocity and the turbulent intensity can be calculated. Because of 

the non-linearity of the signal it is theoretically notcorrect to calculate directly a mean voltage 

and standard deviation, and to convert these into velocities. The conversion of every point 

takes some time. When for example a sampling frequency of 4 kHz is used, and the 

measurement time is 40 seconds, 1.6.1 06 val u es will have to be converted. 
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In case that the voltage fluctuations are much smaller than the mean voltage, some time 

can be gained by the use of a local linear approximation of the calibration curve. From 

equation [3.3.12] the mean velocity can be expressed in the mean voltage as 

U = r2 ~BAA //n [3.3.14] 

and the turbulent intensity u'= -{7, with turbulent velocity u, equals approximately 

2 E e' e' 
u'= BB un-I n 'E << 1 [3.3.15] 

where E and e' are respectively the mean voltage and the RMS- voltage. Higher order 

relations are, because of the non-linearity of the signal, not possible without rnaicing 

assumptions about the probability density distri bution of the turbulent velocity. 

The form of the signa! is determined by the continuous phase velocity and by the 

interaction of the bubble with the probe. The latter is a combination of heat transfer 

phenomena, and film drainage processes, and as far as we know there are no theoretica! 

descriptions available which permit an explanation of the exact heat transfer as a function of 

the time - and thus of the output voltage of the anemometer - . Some investigations have 

been done by Delhaye [REF Res79] about the signa! response of a conical hot film probe. 

Figlfre 3 3.5 shows a signa! and the corresponding phases of the bubble probe interaction. 

(after Delhaye). The in the literature mentioned treatment methods depend strongly on the 

particular flow configurations and the probe design, so that a number of different methods 

have been reported. 

time 
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Fig 3.3.5 A hotfilm anemometry signa/ during pubbie passage, and the differnt 

stadia of bubble probe interaction fora conical hot film probe 

Much work in this area has been carried out by Delhaye and Resch (see for example 

[REF JD76], and [REF Resch79]). The method used by Delhaye is a little bit particular, 

because it is a method that does not directly use a threshold level on the signal amplitude or 

its derivative. Insteadof suppressing the bubbles in order to obtain only the signal due to the 

water phase, he calculates the amplitude probability density of the signal, numerically or 

either with a multi channel analyzer. An example is shown infigure 3.3.6 

Fig. 3.3 .6 Amplitude probability density fora hot film signa! 

This distribution shows two peaks, one due to bubble passage, and one due to the 

liquid phase signal. The void fraction follows directly from the ratio of the hatched area and 

the total area below the curve. When a flat is found between the two peaks, the hatched area 

can be estimated as the area below the curve RQ and the line element QPN. 

The mean velocitY and the turbulent intensity can be shown to equal 

u=-=-------- [3.3.16] 

46 



chapter 3: Description of the experiments and the test facility 

1/2 

u'= [3.3.17] 

where NOi is the tension of the flat between the two peaks, Ni the number of the points in 

"channel" i, and Ui the mean velocity in the "channel". 

However in many cases very accurate, this method does not work very well in flows 

with very low void fractions and little bubbles. In this case the equilibrium value of heat 

transfer during bubble passage will not be reached, so that the bubble peak will not be 

strongly marked, but rather will be diffuse. Th en the flat part (see figure 3.3 .6 ), will not 

appear. Furthermore in case of low void fractions the water peak will be very high (there 

will be a high probability density 'of finding water' ) so that small "channels" will be 

needed to permit a precise determination of the peak surface. 

The other methods found in literature are all methods based on a threshold level on the 

amplitude or the derivative. Often the velocity signal of the continuous phase shows too 

much turbulence to u se a detection mechanism based on the signal amplitude. But because 

bubble passages are mostly associated with steep slopes, with a higher derivative than that of 

the turbulent fluctuations, the derivative method shows good results. Some methods are 

summarized in an artiele by Hedley and Keffer ( [REF HK74]), who apply the criteria in an 

analogous case, the detection of turbulent bursts. 

(
a 2J2 Lance [REF Lan86] reports the use of a threshold level on the transformed signal ;t 

Resch [REF Res79] compares the difference between two successive extremes with a 

threshold value and detects a bubble when this value is crossed. 

Some articles report the use of the combination of a threshold on both the amplitude 

and the derivative. Thesecondis used to detect the bubble, and the first serves to find the 

begin and the end. 

In our case we chosefora likewise criterion used by Bel Fdhila [REF Bel91]. The 

method of Delhaye was difficult to u se because often no clear bubble peak was found in the 

probability density distribution of the amplitude. 

A problem that all the methods but the Delhaye-method have in common is that the 

actual value of the threshold has to be determined experimentally, and depends in an 
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important degree of the flow conditions. Because of this it is necessary to verify for each 

experiment that the bubbles are correctly detected and suppressed. It would thus be 

interesting to findan- initially- empirica! formula for the value of the threshold. We applied 

a law reported by Bel Fdhila [REF Bel91] that relates the threshold to the RMS -values of the 

amplitude and of the derivative of the untreated input signal. When the threshold is indicated 

by delim the used expression is 

delim = cr (e) + coef * cr (E) [3.3.18] 

with eoefan emperical coeeficient, and cr(E) and cr(e) respectively the mean velocity and the 

turbulent intensity. Infigure 3.3.7 the algorithm used for the signal treatment is shown by 

means of a flow chart. 

A sampling frequency of 4000Hz has been chosen, which permits to observe frequencies 

up to 2000 Hz. The measurement time equaled 40 seconds. 

Now the measurement facility has been explained, and the measurement methods described, 

we will go on the presentation of the results. The results concerning the measurement 

techniques will be presented and discussed, as well as the results concerning mean -and 

fluctuating -velocity and void fraction. 
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Chapter 4 Presentation of the results 

In this chapter the results that were obtained will be presented and discussed. It is 

divided in several parts. The first section, "definition of the conditions", explains what 

rneasurernents have been done, and which quantities have been rneasured. The second section 

comains the results specific to the part signal treatrnent and processing related to the void 

fraction rneasurernents and the velocity rneasurernents. Section three is the cornparison of the 

rneasurernents in 1-g conditions for the several flows concerned, and section four the 

analogue cornparison in the 0-g case. Finally in the fifth section the results obtained in 

rnicrogravity are cornpared to those obtained at 1-g condition in the laboratory. 

§ 4.1 Definition of the conditions 

Both in rnicrogravity and in 1-g upward flow in the laboratory three cases have been 

exarnined, with different cornbinations of the gas and liquid superficial velocities. Table 4.1.1 

specifies these three different conditions 

Case A CaseB CaseC 

ULs (rn/s) 0.27 0.99 0.77 

UGs (rn/s) 0.023 0.023 0.044 

X =UGs!UM 0.0785 0.0227 0.0541 

Table 4.1.1 The different flow conditions concerned 

At these conditions a nurnber of global parameters have been rneasured, such as the 

pressure drop in order to obtain the wall shear stress. In appendix D a tableis included with 

the definitions of the rneasured global quantities, and the values found. 

These global parameters serve as a characterization of the flow conditions, but have 

also been used to verify the local rneasurernents. With the pressure gradient and the global 

void fration, for exarnple the shear stress can be calculated ( equation [2.1.20]). It can be used 

to obtain the friction velocity u* that serves as a parameter needed to scale the velocity- and the 

turbulent intensity profiles. Furthermore the global void fraction can be cornpared with the 

local void fraction averaged over the pipe cross section. And the sarne is true for the 

superficialliquid velocity that should equal the value obtained by the integration over the pipe 

cross section of the product of local rnean velocity (in the axial direction) and the liquid 

volurne fraction (1-a). 
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As already mentioned earlier in this manuscript, low-quality liquid flows, as those 

observed in our experiments, show a strong coalescence at microgravity conditions. It was 

shown in chapter 2, § 3, that the addition of surfactants can inhibit bubble coalescence. 

Because the danger of immobilizing the bubble surface with regard to the mean flow appears 

to be less significant for electrolytes than for organic surfactants we chose an electrolyte, KCl, 

as coalescence blocking substance. 

But, the addition of an electrolyte does not only influence the coalescence process, but 

also changes drastically the conductivity of the water phase, which influences the local and 

global void fraction measurement methods. For KCl (molar mass 74.55 g mor1, k=-5.62.10-

10 m.) the resistivity equals 3.4 kQcm-1 for tap-water, but changes to 1.2 kQcm-1 fora 

6 mol m-3 concentration and to 0.15 kQ cm-1 fora concentration of 50 mol m-3. 

For a local void fraction probe this appears to be very favorable. The output voltage ( a 

measure for the resistance ) decreases for the water phase flow, while the signal in air remains 

constant, thus increasing the dynamic behavior. 

The global void fraction probes, basedon global resistivity measurements in a pipe 

cross section, show, for reasons that are still unclear, a malfunctioning at important salt 

concentrations. For this reason the rather small quantity of 6 mol m -3 KCl has been added to 

the liquid phase before the parabolic flights. This concentration corresponds to the one 

calculated in section 2.3.6, but is order 10 smaller than the value that had been reported by 

Keitel and Onken (see also 2.3.6). 

From visualizations of the bubbly flow during the 0-g conditions, as well close to the 

injection system, as in the visualization section close to the test section, it follows that this 

concentration was not sufficient for the inhibition of coalescence. A detailed analysis of the 

effect of electrolyte addition on the bubble diameter dis tribution has not yet been carried out, 

but it can easily be seen from comparison with pictures from earlier flight experiments that 

both the mean diameter and the diameter range have been significantly reduced. The addition 

of electrolytes leads also to the formation of smaller bubbles at the inlet. Fig 4.4.1 shows that 

the goal of blocking coalescence for bubbles bigger than 3 mm. can not be achieved with the 

added quantity KCl. 
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Fig. 4.4.1 Photo oftypical bubblyf/owatO-g ( 6 mol m-3 KC/ added) 

left : thef/ow at the in/et ofthe pipe; right: thef/ow at the outlet ofthe pipe . 

Bubbles of about 116 of the pipe diameter are present at the out/et, 

which corresponds · to a diameter of 7 mm. 
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§ 4.2 Results concerning the local measurement methods 

4.2.1 Void fraction measurements 

The initially developed void fraction probe was the relative simple and cheap 

construction of a Teflon coated copper-wire, introduced in a small stainless steel tube, as can 

beseen on the left infigure 3.2.2. To detect bubble passage an analogue treatment metbod 

with a simple threshold on the amplitude was used, where the threshold value was set with the 

help of visualization of the signal plus threshold on a memory oscilloscope. Early 

measurements showed that this metbod leaded to an important under estimation of the void 

fraction. Compared to the global void fraction measured, relative errors as high as 40% ware 

found in low void fraction flows (a - 4 %) and 20 % differences for higher void fractions (a 

-40 %). 

This underestimation might have been the result of a combination of several factors. 

Firstly, the size and the construction of the probe. However the diameter of the sensitive 

element is about 10 times smaller than the size of the smallest bubbles that contribute 

significantly to the void fraction, it is nevertheless possible that the somewhat blunt point 

caused a retardation of the bubble movement This retardation bas the ambiguous effect of 

decreasing the chord length of the passing bubble due to the inertia of the continue phase 

surrounding it, which decreases the measured void fraction, but in the same time the bubble 

slow down increases the passage time, and thus the measured void fraction. It can be expected 

that for small bubbles which are relatively rigid the frrst effect is negligible, and that for bigger 

bubbles the deformation plays a more important role. 

Another effect is the hydro-dynamica! interaction of the bubble and the probe. The 

more sharp a probe point is, less difficult it is to break the film during film drainage. This is 

the result of an increased surface tension because of the smaller curvature radius. The surface 

tension gradient that is the result accelerates film drainage. 

A third effect is the transverse gradient caused by the probe, disturbing the main flow. 

This might cause bubbles to rotate around the probe point, causing no film drainage and only 

a slight effect on the output voltage of the probe. Bad film drainage increases the response 

time, and might cause a late dereetion of the bubble passage. 

The possible error in the determination of the global void fraction is not important 

enough to explain the differences found. And a determination of the slip velocity, using 

equations [2.1.8], [2.1.3], and [2.1.4], resulted in a value that is much higher than the 

estimated value 0.25 cm s-1. 

Especially for low void fractions this is a reliable method, because differentiated with 

respect to the void fraction, the slip velocity shows a dependenee inversely proportional to the 
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square of the void fraction, which makes that small errors in the a. value cause important 

errors in the calculated slip velocity. 

To improve the operation of the probes the point has been sharped in order to obtain an 

easier film rupture, thus decreasing the response time. This also diminishes the denvation of 

bubbles. 

To verify the analogue signal treatment also a numerical method, based on a threshold 

on the derivative, has been developed and tested. This method detects a substantial positive 

derivative as a bubble begin, and afterwards a negative derivative below the threshold as 

bubble end. Compared with the detection based on a threshold on the amplitude, this gives 

earlier detection, but this appears to be compensated by the fact that the signal fall at the 

bubble-end is not taken into account, as considered not to be part of the actual bubble passage 

time. 

After the amelioration of the probe design the following results for the measured void 

fractions and the calculated slip veloeities were found (<U> is the void fraction averaged over 

the cross section, Ra the global void fraction). 

<U> (%) ULG (m/s) Ra(%) ULG (m/s) 

Case A 4.2 0.27 5.2 0.04 

CaseB 2.2 0.03 3.2 -0.03 

CaseC 4.4 0.19 5.2 0.03 

Table 4.1.2 Averaged void fractions over a cross section (<a>), global void fraction 

measurements, and the slip veloeities calculated in each case. ( 1-g) 

As from the table above can be seen, the difference between the averaged local void 

fractions and the global void fraction is reduced. The difference that is left can be explained by 

the in-accurateness of the global probes at low void fractions. For the flows where void 

fraction is located near the pipe wall, indeed this global measurement is very sensitive to the 

void fraction. 

4.2.2 Velocity measurements 

A difficulty of the velocity measurements with the hot film probe resides in the 

problem that the temperature in the measurement facility is not controlled, and thus increases 

in the course of time (about 4 K/h). This has its effect on the resistance of the film, and thus 
on the applied overheat ratio. When the same Rw is set, at an increasing Rp (Rp is the 

resistance when the film is not heated, Rw when heated) the overheat ratio decreases. In the 

1-g case this does not cause many problems because there is ample of time before a 
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measurement to measure Rp. and to correct Rw. In 0-g this is not possible because of the 

short interval between two parabolas which does not allow for corrections in between. A 

correction is only possible each 5 parabolas. 

An initia! value of 0.05 is chosen for the overheat ratio. Much higher values, though 

providing better measurement precision, may cause the formation of bubbles at the probe, 

which cause a lessening of the output voltage. When the value of the overheat ratio decreases, 

the precision diminishes. 

To allow a correction for the temperature increase and its effects on the calibration 

curve, several calibration curve have been measured, for different values of the overheat ratio. 

With help of equation [3.3.12] (King's law) the corresponding values of AA, BB and n have 

been obtained. It has been shown in section 3.3.2 that the coefficients approximately depend 

on the overheat ratio by a parabolic relation. The coefficients in this equation have been 

determined by curve fitting, allowing to obtain the correct calibration curve at every overheat 

coefficient. 

The resistance Rp is measured every 5 parabolas. Supposing a linear change in the 

water temperature, and thus also in the resistance, the temperature at any moment can be 

deduced. This makes the calculation of the implied overheat ratio possible, so that for every 

parabola the coefficients in the law of King can be adjusted. 

In appendix B several calibration curves of hot film probes, that have been used during 

the flight, are included, together with the dependenee of the coefficients in King's law on the 

overheat ratio. 

The signal processing that has been used, and that was explained in section 3.3.3, 

proved to be well functioning in case of a not too complicated signal, but has to be improved 

to allow easy application, independent of the exact appearance of the signa!. 

Problems encountered were mainly due to the appearance of an increase of the 

measured velocity before the arrival of bubbles. This effect, that plays a role mainly in 1-g is 

caused by the slip velocity of the bubbles because of the buoyancy force. Because of this 

signal increase a high threshold value is set, which will not be reached at the end of the 

bubble. And this might cause a suppression of a substantial part of the signa! instead of ju st 

the bubble passage. 

In appendix C the time recording for the six conditions in case are shown: the 

anemometer output, the signal after suppression of bubbles and after a correction for an 

eventual off-set value, and the voltage transformed in a velocity signal. The detection criterion 

used by Bel Fdhila [3.3.18] does not facilitate the determination of the threshold value. The 
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coefficient that is used depends also on the experimental conditions, so that it is just as easy to 

introduce directely the value of"delim", the threshold on the derivative. 

A more essenrial problem is the pseudo turbulence caused by the relative movement of 

the bubbles. This causes important fluctuations in the signal that can not be distinguished from 

the turbulent fluctuations. This means however that, to allow comparable experiments, 

attention has to be paid on the signal processing, and notably on the exact moment of the 

bubble start- and stop detection. Because when the signal is suppressed largely around the 

bubble a part of this pseudo turbulence is not taken into account. So either the signal should 

be suppressed amply around the bubble, so that the pseudo turbulence is eliminated- which is 

only possible for low void fractions ! -, or the signal should be suppressed only during 'real' 

bubble passage. The second possibility seems much more correct, because it is independent of 

the extent of the continuous phase velocity, but it makes the signal processing also much more 

difficult. 

A comparison of the the time recordings (included in appendix C) shows that the big 

bumps around a bubble passage in case A in the 1-g case are caused by the pseudo turbulence. 

They are absent in case A, 0-g. Small peaks, that appear just after the bubble passage might 

however also be the result of the response of the anemometer in case of rapid signal changes, 

because they are present in both 0-g and 1-g experiments (see case B ). 
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§ 4.3 Comparison of the results at 1-g 

For the comparison of the results in 0-g and in 1-g the following presentation has been 

chosen: 

case A case B caseC 

ULs (m/s) 0.27 0.99 0.77 

UGs (m/s) 0.023 0.023 0.044 

inj. ratio X 0.0785 0.0227 0.0541 

UGS /ULS 0.085 0.023 0.057 

ReM==UM D/VL 17700 45500 32500 

legend D 0 ~ 

Table 4.3.1 Used legendsin § 4.3 and § 4.4 

The measured void fraction profiles are presented versus the dimensionless radius r+==r/R, 

where R is the pipe radius. They show the same characteristic peak as earlier reported by 

Serizawa [REF SKM75], Beyerlein et al. [REF BCR85], and Zun [REF Zun80], which 

may be partly due to the lift force that pushes the bubbles in the wall direction, as was 

shown in chapter 2 (seefigure 4.3.1). The profiles showed to be axi-symmetric. 
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Fig 4.3.1 Local voidfraction as ajunetion ofthe dimensionless radius ( 1-g.) 
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The saddle shaped profiles were not reported by for exarnple van der Welle 

[REF Wel85], and it bas been suggested by Sekoguchi et al. [REF SFS81] that the type of 

profile found, is governed by the bubble size distribution and the magnitude of the liquid 

velocity. Also the injection ratio can be expected to play an important role. 

As could be expected frorn the injection ratios, case A corresponds to the highest void 

fraction profile, foliowed by case C, and case B. For a higher injection ratio, the void 

fraction maximurn is closer to the pipe centre. The sarne dependenee bas also been reported 

by Serizawa. Local maxima at the pipe centre are not present because of the low void 

fractions. The void fraction, integrated over the cross section (see chapter 4, § 2), has nearly 

the sarne value for case A and C which explains that the peak in case C is very high, whereas 

the peak in case A is less distinct. 

Rernarkable is that the void fraction in case B, with the high superficialliquid velocity, 

and the low superficial gas velocity, is alrnost zero at the pipe centre. This rneans that in this 

case in the rniddle of the pipe the probability of finding a bubble is close to zero. This bas not 

been reported by Serizawa et al. [REF SKM75], their lowest quality being higher than in our 

case. 
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Fig 4.3.2 Meanflow velocity in the axial direction asfunction ofthe dimensionless pipe 

radius (1-g) 
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Taken account of the fact that the mean bobbie diameter is approximately 2mm. ( which 

corresponds to the dimensionless value of 0.1 in figure 4.3.1 ), a substantial part of the 

bubbles will nearly touch the wall, which will have an enormous influence on the heat 

exchange to the wall. This high bubble concentration means also that the available quantity of 

liquid in which viscous energy can be dissipated is smaller. This increases the turbulent 

intensity. In the same way, the corresponding velocity profiles are shown in tigure 4.3.2. 

The mean veloeities in the axial direction appears to be very flat. Because of the size of the 

hot film probe support ( 4mm diameter), it was not possible to measure closer to the wall, 

therefore the decrease in velocity near the pipe wall is missing in the graph. The distributions 

are a little more flat than those found by Serizawa et al., probably because of the bigger pipe 

diameter that was used in their case. The flatness of the measured profile of the liquid 

velocity is perhaps due to the acceleration effect of the more densely concentrated bobbles 

near the wall. 

A better comparison can be made when the profiles are traeed in a non-dimensional 

presentation as shown by figure 4.3.3. 
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Fig. 4.3.3 Local mean veloeities divided by the velocity at the pipe centre vs. the 

dimensionless pipe radius ( 1-g) 

Also by Nakoryakov and Kashinsky [REF NK81] it has been shown that, compared 

to the single phase flow, due to the void fraction peak that appears at the pipe wall for small 

injection ratios, the profile becomes more flat, approaching a uniform distribution. This 

tendency can also be seen on the dimensionless graph (jigure 4.3.4). When the injection 

59 



chapter 4: Presentation of the results 

is still more increased, up to the transition to the slug regime, they report that the profile 

becomes less flat again. Unfortunately, the number of measurements in our case is 

insufficient to verify these observations. 
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Fig 4.3.4 Meanflow velocities, scaled by thefriction velocity, tagether with the 

logarithmic law.) 

Concerning the turbulent velocity u', relatively high value are found in case A (see 

figures 4.3.5 and 4.3.6), which can be explained by the relative importance of the pseudo 

turbulence compared to the low superficialliquid velocity. This turbulence level can also be 

seen in the time recording included in appendix C. It is important to point out that for case A, 

Reynolds number is low (17700). The lowest turbulent intensity can be found in the case of 

the highest liquid flow rate (case B) where the injection ratio is small. The turbulent velocity 

increases when moving in the direction of the pipe wall. For each case, the value of the 

turbulent velocity is almost constant in all the central region (r+<0.5). This value depends 

strongly on the void fraction value in this region. For the greater void fraction (case A), the 

highest value of the turbulent velocity is found. 
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0.15 .---------------------------, 

Fig 4.3 .5 Fluctuating velocity in the axial direction vs.the dimensionless pipe radius ( 1-g) 
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Fig 4.3 .6 Radial dependenee of the axial turburbulent velocity scaled by the friction 

velocity u*, compared with the Bayazit law ( see chapter 2) 

In the following section the corresponding three cases in 0-g will be considered. 
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§ 4.4 Comparison of the results at 0-g 

In this paragraph the same legends as in the preceding paragraph are applied (see 

fig. 4.3.1 ). Figure 4.4.1 shows the local void fraction distribution for the case A, B, and 

C in microgravity. Because of the absence of two measurement points in the void fraction 

close to the middle of the pipe for the upper profile, the profile measured in the rest of the 

cross section has been extrapolated in order to make an estimation of the global void fraction 

possible. 
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Fig. 4.4.1 Local voidfraction as ajunetion ofthe dimensionless radius (0-g) 

1 

The saddle shaped profiles that were found in the 1-g case are replaced with profiles 

that show a tendency of void coring. Integrated over the cross section the mean void 

fractions do not agree with the values measured by the global void fraction probes, and lead 

to an over-estimation of the slip veloei ties, indicating that the measured values of the void 

fraction are too low. This bas probably been caused by a shift in the threshold of the 

analogue treatment metbod due to changes in the temperature, which causes especially 

profile B to be somewhat low. Due toa problem in the recording of the void fraction signals 

during the flights, the treatment could not -except for case C- be verified by the numerical 

treatment of a sampled signal. 

The absence of void fraction peaks close to the pipe wall can probably, at least partly, be 

explained by the lift force that is much less important because of the low slip velocity of the 

bubbles (see equation [2.2.3]). Por the dependenee of the injection ratio the same tendency 
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as in the preceding paragraph is found. The highest curve corresponds to the highest 

injection ratio. 

Infigure 4.4.2 the mean axial velocity profiles are shown. 
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Fig 4.4.2 Meanflow veloeities in the axial direction as ajunetion ofthe dimension less 

pipe radius (0-g) 

Compared to the situation in 1-g, the void fraction profiles did not show the peak near 

the wall, which causes the velocity profiles in 0-g to be less flat. This is mainly pronounced 

in the casesBand C, where the highest void fraction peak near the wall was found in the 1-g 

situation. Velocity gradient are smaller in 0-g, as it can be clearly seen on the dimensionless 

figure 4.4.3 .. 

Infigure 4.4.4 the profiles of axial turbulent velocity are shown. Because of the much 

smaller influence of pseudo-turbulence due to a non-zero slip velocity of bubbles, the 

profile A will be low compared to the other profiles. The axial fluctuating velocity will be 

more close to the single phase case, representing mainly the 'real' turbulence. This might 

explain the order of increasing turbulent veloeities found: case A, case C, case B. 

In the 0-g case the contrary of the 1-g case is true: the bubbles are mainly centered in the 

middle of the pipe, thus the available liquid volume for dissipation of energy is smaller in the 

middle of the pipe. More turbulence will thus be created at the pipe center than is the case in 

a comparable single-phase flow. The increase in fluctuating velocity close to the wall will 

than be less pronounced, so that the distribution will be more flat. A peak in the turbulent 
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velocity near the wallis only present in case B, which resembles the most a single phase 

flow, because of the low injection ratio. 
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Fig 4.4.3 Local mean veloeities divided by the velocity at the pipe centre vs. the 
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Summarizing, two effects might thus play a role: 

(i) The void coring causes a higher bubble concentration in the middle of the pipe so that 

more turbulent dissipation will take place which causes the characteristic increase of 

turbulent intensity near the wall to disappear. This effect is less important if the injection 

ratio is low. 

(ii) The flow Reynolds numbers are in a range where the turbulent intensity increases with 

increasing mean flow velocity. Case B will thus show a higher turbulent intensity than case 

C, and for case A (Remixture-17700) the turbulent intensity will be the lowest. 

In the following paragraphs the same results will be compared per case, to underline the 

influence of the gravitation force on the measured parameters. 
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§ 4.5 Comparison between 1-g and 0-g 

In this paragraph the results of the experimentsin 1-g and 0-g will be compared per 

case. Because this measurements have already been presented in the preceding paragraphs in 

another way, some graphs will not be extensively discussed to avoid repetition, and it is left 

tothereader tolook back to § 4.3 and § 4.4 if necessary. This paragraph is divided in three 

subsections, one for each case. 

4. 5 .1 Case A: low liquid velocity, high injection ratio 

ULS (m/s) 0.27 

Das (m/s) 0.023 

Ra(%) global probe 5.2 

<a>(%) 4.2 

ULG (m/s) from Ra 0.15 

Uw (m/s) from <U> 0.27 

u* (m/s) calculated 0.019 0.020 

error in u* 0.004 0.007 

u* (m/s) measured 0.017 0.019 0.017 

legend * <> • 

Table 4.5.1 Global parameters for case A 

In the table above the following parameters are inserted: superficial liquid velocity 

ULS• superficial gas velocity UGs, the injection ratio x. the over the cross section integrated 

liquid velocity (l/7tR2) f21tU1srdr, the global void fraction RG, the local void fraction a 
integrated over a pipe cross section, the slip velocity ULG calculated from the averaged void 

fraction <U> on one side, and from the mean value measured by the global probe on the other 

side. The friction velocity u* is either calculated from the pressure drop measurements or 
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obtained from fitting of the logarithmic mean-velocity distribution law for low values of y+; 

the error in the calculation of u* is also mentioned. Values, whose determination was too 

inaccurate, have not been inserted the table. It is the case for example for DLG· 

Infigure 4.5.1 the local void fractions for case A are compared in a 0-g and a 1-g 

situation. Because of the low slip velocity in microgravity the global void fraction Ra is in 

this case higher, as can beseen from table 4.5.1. Because the wall-peak is absent a very 

high local void fraction will be obtained in the middle of the pipe. The local void fraction 

profile as only be measured with the analog metbod (see chapter 2), which leads to an error 

on the <CX.>.determination and does not allow the calculation of the slip velocity. 
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Fig 4.5.1 Local voidfraction distributions in 0-g and 1-g (case A) 

The void fraction maximum near the wall in 0-g is not very distinct, and it can be expected 

that the influence of this peak on the mean velocity will be small (seefigure 4.5.2 andfigure 

4.5.3 ). 

67 



axial mean 
velocity (m/s) 

chapter4 Presentation ofthe results 

0.5.-------------------------------------------~ 

0.4 

0.2 0 

0.1 

0 +---~---4----+---~---+----~--4----+----~---
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

dimensionless radius 

1 

Fig 4.5.2 Mean velocity in the axial direction in 0-g, 1-g and single-phaseflow (case A) 

As expected the 1-g profile is just a little bit flatter than the corresponding single-phase 

profile because the small bubble concentratien peak near the wall is not very strong. The 0-g 

distribution seems to besome where in between the single-phase flow, and the upward flow 

in 1-!!. 
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Fig. 4.5.3 Non-dimensional mean velocity in 0-g, 1-g and single phaseflow (case A) 

Non-dimensional, scaled by the friction velocity, figure 4.5 .4 is obtained for the mean 

velocity. For comparison the logarithmic velocity law is traced. 
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Fig. 4.5 .4 M ean flow veloeities, scaled by the friction velocity ( 1-g ,0-g, and sing Ie phase 

flow) (case A), tagether with the logarithmic velocity law. 

Infigure 4.5 .5 the turbulent velocity is shown, and in ft gure 4.5 .6 the turbulent velocity in 

a non dimensional form, scaled by the friction velocity u*. 
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Fig 4.5 .5 Radial dis tribution of fluctuating velocity (0-g, 1-g, and single-phaseflow) 

(case A) 
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Fig 4.5.6 Radial dependenee offluctuating velocity (0-g, 1-g, and single phaseflow) 

(case A) scaled by thefriction velocity u*.For comparison the logarithmic law 

of Bayazit is traeed 

It can beseen fromfigure 4.5.5 that the fluctuating velocity in the case of a low liquid 

velocity (Re""' 12000) and a relatively high injection ratio (-8%) in two phase flow will be 

higher than in the corresponding single phase flow. In an upward flow it is clear that the 

highest fluctuating velocity is found, foliowed by the 0-g flow were the slip velocity of the 

bubbles is much smaller, and lastly by the single-phase flow. Although this seems logical 

this is not always the case, as has already been pointed out by Serizawa et al. 

[REF SKM75]. There will be competition between the following effects: 

(i) decrease in the effective volume of liquid through the introduetion of bubbles, 

which causes the liquid quantity where energy cao be dissipated to decrease, causing an 

increase in the turbulent intensity 

(ii) work done for floating the bubbles - this decreases the turbulent intensity -

(iii) energy dissipation associated with lateral movement and rotation of the bubbles -

this can also decrease the turbulent intensity -

(iv) an energy absorbing character of the bubbles (this combines all other effects that 

are oot included in (ii) and (iii). Included are for example circular motion of gas in 

the bubble, deformation of the bubble and other hydrodynamic effects than those 

mentioned before. 

The high value of the measured turbulent velocity for the upward flow in this case is 

probably due to the important effect of pseudo turbulence. 
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4.5.2 Case B: high liquid velocity, low injection ratio. 

The global parameters that characterize this case are summarized in tab ie 4.5 .2 . The 

explanation of the parameters can be found in the preceding section. 

Case B single phase flow 0-g 1-g 

ULS (m/s) 0.99 0.99 0.99 

Uas (m/s) 0 0.023 0.023 

x 0 0.0227 0.0227 

<Uls> 0.965 0.98 0.94 

Ra (%) global probe 2.2 3.2 

<(l> (%) 0.4 2.2 

Uw (m/s) from <U> 

Uw (m/s) from Ra 0.03 

u* (m/s) calculated 0.050 0.057 0.035 

error in u* 0.004 0.004 

u* (m/s) measured 0.051 0.052 0.057 

legend * <> • 
Table 4.5.2 Global parameters for case B 

Infigure 4.5.7 the local void fractions for caseBare compared. As noticed in the preceding 

paragraph is the measured void fraction for the 0-g case much too small (see also table 

4.5 .2 ) but the comparison serves to obtain a quantitative explanation for the observed 

phenomena. The peak in the void fraction in the upward flow is now much stronger, and 

thus a considerable difference with the single-phase flow can be expected. The nonuniform 

distribution of the 1-g flow leads to some difficulties to obtain the mean void fraction with 

the global probes because they are very sensitive to the void distribution. 

Infigure 4.5.8 the mean velocity is traced, for the 3 situations. In the upward flow the mean 

velocity is somewhat higher near the wall in comparison with the single phase velocity, as 

can be expected from the saddle shaped void fraction distribution. Because the liquid flow 
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rate has to be conserved the velocity at the axis will then also be somewhat smaller. In the 0-

g conditions the reverse effect plays a role. Comparison can also be made from the non

dimensional distributions infigure 4.5.9. 

When we compare this case with the one discussed in the preceding section we will 

see that the 0-g case curve is less flat than both the single-phase flow curve, and the 1-g 

curve, perhaps because of the higher void fraction value in the center. 
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Fig. 4.5.7 Local voidfraction distribution in 0-g and 1-g (case B) 
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Fig 4.5.8 Mean velocity in the axial direction in 0-g, 1-g and single phasejlow (case B) 
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Fig 4.5.9 Non-dimensional mean velocity in 0-g, 1-g, and single phasejlow (case B) 

In this case the velocity is scaled by the friction velocity, and traeed as a function of y+ the 

curves in figure 4.5.10 are the result. The single phase flow follows the expected 

logarithmic law and it is interesting to point out that both the 0-g curve and the 1-g curve 

follow this law for y+ values smaller than 250. 
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Fig 4.5.10 Meanflow velocity scaled by thefriction velocity ( 1-g, 0-g, and single 

phaseflow) (case B), tagether with the logarithmic velocity law. 
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Fig 4.5.11 Radial distribution offluctuating velocity (0-g, 1-g, and single phaseflow) 

(case B) 
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Fig 4.5.12 Radial dependenee offluctuating velocity (0-g, 1-g, and single phaseflow) 

(case B) scaled by the friction velocity u*. 

lnfigure 4.5.11 and figure 4.5.12 the fluctuating velocity component for caseBis shown. 

For case B it tums out that the fluctuating velocity in 1-g is nothigher than in the single

phase equivalent, but much lower. This can be explained by the energy balance of the terms 

mentioned in the preceding sec ti on. The same energy balance favorites also high fluctuating 

veloeities in the 0-g case. The reason for this is not quite clear, but it might be due to lower 

values of the energy absorbing terms that were pointed out in section 4.5.1. (See for 

example the second term). 

Scaled by the friction velocity we can see that the single phase flow still follows the 

logarithmic law proposed by Bayazit, with the same deflection for large values of y + that 

was found in case A. Remarkable is that the curve for upward flow is approximately parallel 

to that for single phase flow, but only some lower. 
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4.5.3 Case C: intermediate liquid velocity, intermediate injection ratio 

The table 4 5.3 shows the characteristic val u es of the third and last considered case . This is 

the case with the highest void fraction peak close to the wall. Compared with case A, the 

void coring in the middle of the pipe in 0-g is also more important . 

Case C single phase flow 0-g 1-g 

ULS (rn!s) 0.77 0.77 0.77 

Uas (m/s) 0 0.044 0.044 

x 0 0.0541 0.0541 

0.76 0.8 0.75 

RG (%) global probe 5.7 5.2 

<a.> (%) 3.4 4.4 

ULG (m/s) from <O.> 0.19 

ULG (m/s) from Ra 

u* (rn!s) calculated 0.039 0.047 0.052 

error in u* 0.002 0.004 

u* (m/s) measured 0.041 0.047 0.048 

legend * 0 • 
Tab/e 4.5.3 Global parameters for case C 

In general the same phenomena are observed as in case B. The 0-g velocity distribution 

shows a high liquid velocity near the center of the pipe, where the bubbles are most densely 

distributed. The same profile shows then a sharper decrease near the wall because the 

average flow rate has to be conserved. Justas does the 0-g curve, the 1-g curve crosses the 

single phase distribution, but in this case with the most important value near the wall. The 

reason for this is that the bubble concentration is high at the region concerned, and that an 

important slip velocity is present, which drags the liquid along with them. 
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Fig 4.5.13 Local voidfraction distribution in 0-g and 1-g (case C) 
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Fig 45.14 Mean velocity in the axial direction in 0-g, 1-g and single phaseflow 

(caseC) 
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This differences in gradient close to the wall can also be seen in the non-dimensional 

presentation of figure 4.5.15. The mean velocity begins to decrease earlier when 

approaching the wall in the 0-g case, and does not reach a gradient as important as in the 

more flat 1-g and single phase flow curves. 
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Fig 45./5 Non-dimensional mean velocity in 0-g, 1-g and single phaseflow (case C) 
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flow) (case C), tagether with the logarithmic velocity law. 

When the mean velocity is scaled by the friction velocity, the graph that is obtained is 

like the one in case B: An approximately logarithmic law for the single-phase flow, with a 

deflecting of the curve for highervalues of y+. The 1-g velocity curve can also be fitted with 

a logarithmic curve, but the dependance for the 0-g case is not clear. 
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Fig 4.5.17 Radial distribution ofthefluctuating velocity (0-g, 1-g, and single phase 

flow) (case C) 
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Fig 45.18 Radial dependenee ofthefluctuating velocity (0-g, 1-g, and single phase 

flow) (case C) scaled by thefriction velocity. 

Concerning the turbulent velocities, the tendencies are the same as for case B: 1-g 

turbulent velocity follow alinea little below Bayazit's law and parallel to it, while 0-g values 

are a little above this law. 

Although this study has been limited to three flow conditions, it allowed to show 

important differences between 0-g and 1-g flows. The most flagrant one probably concerns 

the distributions of the void fraction. The peak at the centre of pipe for the 0-g flow, 

expected after seeing the flow visualizations, has been confirmed by local measurement. 

Unfortunately, the difference is often great between the val u es of the mean void fraction 

determined either by the global probe or by averaging the local profile across the pipe 

section. This inaccuracy could be explained by consictering two effects. One the side, the 

mean void fraction measured by the global probes is very sensitive to the void distribution, 

which leads to difficulties at 1-g conditions, where the void is concentrated near the wall. 

This difficulty seems to be smaller in 0-g.One the other side, the local resistive probe used in 

our experiments as relatively great size and response time (0.5 ms), which prevent for the 

detection ofvery small bubbles. Indeed for case B, bubbles at the outlet were very small (see 

figure A-2) and the local void fraction is largely underestimated. A great effort will have to 

be make in the further experiments to increase the accuracy of void fraction measurement 

with the local probe. If the performances of the resistive probes cannot be ameliorated, 

optical probes will be used. 
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Concerning the velocity measurements, relatively good results have been obtained in 

spite of the drift of the liquid temperature. The measurements have been corrected for the 0-g 

flow by assuming a linear drift, which lead to an inaccuracy of a bout 20% on the velocity 

values. For further experiments this drift will be avoid by using a water cooling system. 

Another remark concerned the geometry of the probe support which is 4 mm in diameter 

preventing for the measurement closer than 2 mm from The pipe wall. We will certainly be 

obliged to use boundary layers probes to solve this problem, because the region near the 

wallis the most interesting to know. 

81 



chapter 5 Condusion & Future prospects 

Chapter 5 Coneinsion & Future prospects 

The final condusion cao be divided in two separate parts, as was done in chapter 4 where 

the results were presented and discussed. One part concerns the application and development of 

the measurement methods, and the other parts the results obtained from these velocity and void

fraction measurements. 

As the measurements showed, the developed void fraction probe leaded to satisfying 

results, with a slight tendency of underestimation. But when the probe point is sufficiently 

sharp, and attention is paid to the treatment methods (assuring early bubble detection), void 

fraction values were obtained that agreed with measurements with global probes within 

measurement accuracy . The calculated slip velocity (in 1-g) corresponds approximately to 

literature values. Both the analogue treatment metbod and the numerical treatment lead under 

these circumstances to the same results. 

Arbitrary remains however the actual moment of bubble passage detection. Which part of 

the signal has to be taken into account to measure the correct passage time of a bubble in the 

liquid? We will notknowit until more precise theoretica! research has been done concerning 

the hydrodynamic effects of this interaction. Mainly about the film drainage between a conical 

probe point, and a bubble, and about the influences that this bas on the measured chord length 

and the resistance-change, virtually no results are known. An explanation of the governing 

mechanisms in order to explain and predict an observes signal will have to be subject of future 

research. If better results are oot obtained with the resistive probe, an optical probe will be 

used, the numerical treatment remaining the same. 

The used hot wire detection algorithm proves to provide correct suppression of the signal 

changes due to bubble passages for most of the signals. In some cases however (notably case 

A; 0-g) problems were encountered with regard to the detection of the bubble end. For this 

inconvenience the algorithm has to be adapted. 

Also in the case of signal processing of a hot wire signal, it is important to define which 

part of the signal has to be taken in account for the measurement of fluctuating velocity. When 

the signal is suppressed largely around the bubble the effect of pseudo turbulence is not 

completely included in the measured turbulent velocity. An elimination of this effect is of course 

also interesting, but this could only be done for very low void fractions where the possibility 

exists of cutting an important part of the signal. In this case also an expression should be 

derived to express the spatial extent of the influence that the bubble slip velocity has on the 

velocity of the continuous phase. 
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For what the interpretation of the measurements resulting from the application of these 

local measurement techniques is concerned ('the second part of the condusion '), the following 

can be concluded: 

In 1-g a saddle shaped void fraction distribution has been found, with the corresponding 

peak near the pipe wall. This peak appeared to be extremely high for low injection ratios, 

resulting in a practically complete absence of bubbles near the pipe centre. This created a more 

flat profile for the mean velocity than in the case of single phase flow. In 0-g the contrary is 

shown to be true. Bubbles are concentrated near the pipe centre (void coring) which appears to 

cause velocity profiles that are less flat than in 1-g and in single phase flow. It is very likely that 

the lift force plays an important part in the explanation of these observations. And in 0-g, where 

the lift force is less important, it is possible that other forces, which might be negligible in the 

1-g case, become predominant. 

In the low Reynolds number case (Remixture - 17700) the influence of pseudo-turbulence 

becomes an important term in the profile of the fluctuating velocity. In 0-g this effect is absent 

(see in this also the time recordings included in the appendix C). The injection ratio will of 

course also play a role in this. 

Another interesting remark can be drawn from the turbulent velocity, traeed as a function 

of the logarithm of an non-dimensional distance, in the 1-g case at the high Reynolds number. 

Both single phase and 1-g curves show a linear behaviour. Because there are practically no 

bubbles in the middle of the pipe this might be explained by the way the flow 'observes' the 

pipe wall, which is changed by the high bubble concentration near the wall. under microgravity 

conditions, the three cases considered do not allow to observe a general tendency in the 

fluctuating velocity , so more measurements will have to be done in different flow conditions. It 

would then be interesting to u se a probe which allows measurements close to the wall. Also the 

possibility of a temperature compensation, either electronically with help of a thermo-couple, or 

by control of the temperature in the measurement facility, has to be considered. 

The next step to make, will be the investigation of downward flow under the same 

conditions, and the test of numerical flow roodels for turbulent two-phase flows, which can be 

checked on the correctness of their rnadelling of the influences of the gravity force. 

About the suppression of coalescence, more precise analysis still remain to be done, as 

well on the experimental side, as theoretically. This is necessary to make it possible to observe 

two-phase flow at 0-g and at 1-g with bubbles of the same sizes. Even without the problem of 

coalescence the description of two-phase turbulent flow is already very complicated. 

The final condusion is that the research in this area is far from being completed. Many 
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questions remain unanswered, and a continuation of the flight experiments, in combination with 

upward- and downward flow experiments and theoretica! insight can contribute to the progress 

in two-phase flow description. Hopefully this will aid us in a better comprehension of the 

reality of everyday. 
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Nomendature 

Nomenclature 

a film radius, overheat coeeficient 

A term in the radial bubble movement equation, surface 

AA coefficient in King's law 

ao temperature coefficient of electrical resistance 

B term in the radial bubble movement equation 

BB coefficient in King's law 

c concentration of surfactant 

ei concentration of ion i 

c0 initial concentration 

C constant, term in the radial bubble movement equation 

CL constant in the lift force expression 

d hot film diameter 

delim threshold on derivate 

d. bubbles diameter of bubble i 
1 

d23 Sauter mean diameter 

D pipe diameter 

n diffusion constant 

E tension 

fp friction factor 

g gravitational force 

h film thickness 

hcrit film thickness 

h0 critical film thickness 

I current 

k constant in logarithmic velocity law, proportinality constant in concentration law 

hot film length 

L mean bubblc diameter 

term in thc radial bubblc movement equation (force de lift) 

m proportinality constant in concentration law 
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Nu 

n 

n. 
1 

p 

Pr 

Q 

~ 

Re 

R' F 

R ' w 

os 

gas mass flow rate 

molar mass 

state density function of gas 

number of samples in a channel 

Nusselt numbcr 

Nomendature 

coefficient in King's law or in the velocity power law, number of moles 

number of bubbles 

pressure 

prandtl number 

power 

gas volume flow rate 

liquid flow rate 

:RI M (M=molar mass), radial distance 

pipe radius, resistance 

initial resistance 

gas constant 

Reynolds number 

resistance of hot film element (when not heated) 

global measured void fraction 

serial resistance 

resistance of hot film element (when heated) 

infinitisimal surface element 

time 

tg i gas contact period of a bubblc 

~t time interval 

T temperature, total sampling time 

u fluctuating velocity 

u' avaragcd fluctuating velocity = RMS (u) 

u* friction velocity 

+ u velocity scaled by friction velocity 
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u 

u 

U0 ,Ug 

U as 

UL' U1 

ULO• Ulg 

ULS 

y+ 

z. 
1 

V 

(I) 

cr() 

Nomendature 

velocity 

mean velocity averaged over the cross section 

mean gas velocity 

superficial gas velocity 

mean liquid velocity 

slip velocity 

superficialliquid velocity 

mixture velocity 

velocity at pipe centre 

radialliquid velocity 

(mass quality) 

distance from the pipe wall (scaled by v/u*) 

number of charges of ion i 

local void fraction, heat transfer coefficient 

void fraction averaged over the cross section 

injecion ratio 

characteristic diffusioin length 

hydrodynamic boundary layer thickness 

surface excess of surfactant 

viscocity 

thermal conductivity 

kinimatic viscocity 

angular velocity 

drift flux 

two-dimansional pressure 

density 

gas density 

liquid density 

surface tension 

iniLial surface tension 

differnce in pressure btetween film centre and bulk 

standard deviation 
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surface tension in pure water 

shear stress 

bubble shear stress 

shear stress 

Nomendature 
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appendix A: Flow visualizations 

Appendix A: Flow visualizations 

Figure A-1: Flow at the outlet sectionfor upwardflow on the left 
andfor 0 G-flow on the right, 

(case A: ULs = 0,27 mis and U es= 0,023 mis) 

A -1 



appendix A: Flow visualizations 

Figure A-2 : Flow at the outlet section for upwardjlow on the left 
andfor 0 G-jlow on the right, 

(case B : ULs = 0,99 mis and U es= 0,023 mis) 
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appendix A: Flow visualizations 

Figure A-3 : Flow at the outlet sectionfor upwardflow on the left 
andfor 0 G-flow on the right, 

(case C : ULs = 0,77 mis and UGs = 0,044 mis) 
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appendix B: Anenwmeter calibrations 

Appendix B Anemometer Calibrations 

To obtain a relationship between the anemometer output voltage and the liquid flow 

velocity the hot film probes are calibrated at known flow velocities. The probes are placed on 

the pipe-axis and for a large range of flow rates the anemometer output is measured. 

It concerns turbulent flow, and as a good approximation the relation between the 

superficial velocity ULs and the maximum velocity at the pipe centre can be obtained from 

the integration of the power law given by equation [2.1.25]. The ratio U I Umax is then 

only dependent on the parameter n which depends on the flow Reynolds. These relation are 
given by tigure 2.1.1, and the ratio U I Umax is then only dependent on the parameter n 

whic~epends on the flow Reynolds. These relations are given by figure 2.1.1, and the 
ratio U I Umax by [2.1.26]. Several values in our typical flow configuration are given below 

in Table D-1. 

U (mis) Re= 
ULsD n Umax I U 

V 

0.2 8.103 6.2 1.254 

0.4 16.103 6.3 1.251 

0.6 24.103 6.4 1.247 

0.8 32.103 6.5 1.243 

1.0 40.103 6.6 1.239 

1.2 48.103 6.7 1.235 

Table D-1 The ratio between velocity at the axe and mean velocity 

for different flow rates. 

For two probes used in the microgravity experiments the calibration curves are shown 

infigure D-1, andfigure D-2. The points indicate the measured values, and the curves are 

obtained by fitting the law of King, equation [3.3.12], at different overheat ratios. The upper 

curve corresponds with the highest overheat ratio. 
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Fig. D-1 Hotfilm eaUbration curvesjor different overheat coejficients (probe 1). 

The legend indicates T wfT F insteadof the used definition of the overheat coejficient 

(Tw-TF)ITF .In the upper figure the square ofthe measured voltage as ajunetion ofthe 

velocity is traced, in the lower the relative error (%) of the measured 

points compared to the curve fit with King's law. 
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Fig. D-2 Hotfilm eaUbration curvefor different overheat coefficients (probe 2). 

Intheupper figure the square ofthe measured voltage as ajunetion of 

the velocity is traced, in the lower the relative error (%) of the 

measured points compared to the curve fit with King's law. 
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appendix B: Anemometer calibrations 

Because of the little time left between each parabola it is not possible to keep the 

overheat ratio constant during the parabalie flights. It has been adjusted every five parabolas, 

but because of the temperature rise in the flow (mainly due to heat transfer from the pump), 

the resistance of the hot film will increase, following the linear dependance of equation 

[3.3.8]. 

A linear dependenee of the overheat coefficient on the time has been assumed - which 

corresponds to a linear relation between temperature and time - . The overheat coefficient can 

than be calculated at every moment during the flights, so that the coefficients in King's law 

than can be adjusted. 

As has been shown earlier on, the coefficients in the Law of King [3.3.12] will 

approximately show a second order dependenee on the overheat ratio. The relations has been 

obtained from fitting second order curves with the data shown infigure D-1, and D-2. Table 

D-2 shows the expressionsof AA and BB in the overheat coefficient, and tigure D-3 the 

comparison of measured values and fitted curves 

lP robe 1 llsso IIBBl IIBB2 

AA=5 

BB=BBO+BB 1 *a+BB2*a*a 46.387 -1647.6 2.6480.104 

n=0.41 

IProbe 2 IIAAO,BBO IIAAl,BBl IIAA2,BB2 

AA=AAO+AA 1 *a+AA2*a*a -13.424 676.02 -6111.6 

BB=BBO+BB 1 *a+BB2*a*a 40.334 -1260.9 2.0330.104 

n=0.38 
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appendix B: Anenwmeter calibrations 

probe 2 

0.042 0.044 0.046 

0.042 0.044 0.046 

0.048 

a 
~ 

probe 1 

0.048 

Measured valued andfitted curves of the parameters AA and BB 

in Kin's law for different overheat ratios 
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appendix C: Hotfilm signals (time recordings) 

Appendix C Hot film signals (time recordings) 

In this appendix for every examined case some characteristic time recordings are 

included. Shown are three single phase velocity signals (case A, B and C), and for the 

measurements in 1-g and 0-g: the voltage signal before treatment, the same signal after 

bubble suppression, and the velocity signal , in every case. The recordings have been made 

at a sample frequency of 4 kHz at 2 mm. from the pipe wall. 

Comparable measurements have been traeed at a comparable scale. Only the voltage 

signals in 0-g before bubble suppression are not exactly comparable with the analogue 1-g 

results because they are output of an analogue multi-track tape recorder and have not yet 

been corrected for the amplification factor of 10, and a little offset voltage. The signals after 

bubble suppression have however been corrected. 

Interesting is for example the comparison of case A in 0-g and 1-g, where in the first 

mentioned situation very big bubbles are present. The signal fluctuations due to pseudo 

turbulence is almost absent in 0-g, whereas in 1-g clearly peaks can beseen before and after 

bubble passage. 

Some other interesting observations have already been discussed in chapter 4, and 

further comparison is left to the reader. 
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single phase velocity signals, case A, B and C 
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appendix C: Hotfilm signals (time recordings) 

Case A (1-g) 
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appendix C: Hotfilm signals (time recordings) 

Case A (0-g) 
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appendix C: Hotfilm signals (time recordings) 

Case B (1-g) 
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Case B (0-g) 
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Case C (1-g) 
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Case C (0-g) 
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appendixD: Global Variables 

Appendix D Global variables 

(measurement characterization) 

This appendix contains tables with the global measurements that characterize the flow 

conditions. The following parameters are shown: 

Ql (Vs) 

M'air (mbar) 

M'col (bar) 

Pair (bar) 

Pair (kgm -3) 

Pinj (bars) 

Pg (kgm-3) 

u ,u ,u 
LS GS M 

LlPl 

LlP2 

LlPl/Llx,LlP2/Llx 

fpl 

fp2 

fp blasius 

RG est. 

liq uid flow rate 

pressure drop across the orifice 

pressure over the sonic nozzle 

air pressure upstream the venturi 

ait density upstream the venturi 

mass flow rate of gas (orifice, sonic nozzle, and average) 

pressure at the injection system 

density in the pipe 

superficial veloeities (see chapter 2) 

pressure drop over pipe length 

pressure drop over half a pipe length (down stream) 

pressure gradient 

shear stress calculated from M'l/Llx and average void fraction 

shear stress calculated from LlP2/Llx and average void fraction at the outlet 

shear stress calculated from Blasius' law (from Re-number) 

esteemed global void fraction 
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appendixD: Global Variables 

Measured values summarized 

Case A Case B CaseC 
slngie-phase Og 1g singie-phase Og 1g slngle-phase Og 1g 

flow flow flow flow flow flow flow flow flow 
Uls(mls) 0,27 0,27 0,27 0,99 0,99 0,99 0,77 0,77 0,77 

Ugs(mls)= 0 0,023 0,023 0 0,023 0,023 0 0,044 0,044 
X: 0,0000 O,Q785 0,0785 0,0227 0,0227 0,0541 0,0541 

Uls (radial integration) 0,255 0,26 0,24 0,96 0,98 0,94 0,76 0,8 0,75 
RG o/o (mean measurement) 7 5,2 2,2 3,2 5,7 5,2 

RG o/o (radial integration) 4,5 4,2 0,4 2,2 3,4 4,4 
Ulg (mis) 0,23 0,27 0,03 0,49 0,19 

u• (mis) (calculated) 0,019 0,020 0,050 0,057 0,035 0,039 0,047 0,052 
error over u• (mis) 0.004 0,007 0,004 0,004 0,002 0,004 

u• (m/s) (measured) 0017 0019 0,170 0 051 0,052 0,057 0,041 0,047 0,048 
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Débls vitesses débitantes G d' ó ra 18flt e oress10n Taux de vide moven 
N" OI M>air Pcol Pair Roalr mg1 mg2 

,:~) Pinj. Rog UI a Uga Um II.P1 II.P2 II.P1/II.X i!.P2111.X fp1 fp2 fp RG1 RG2 RGest. 
Esaal 0/a Cmbl CBsral CBarsl lckoim3 lafs I lafs I caaràr kQ/m3 !mis) Cmtsl Cm/sl Ccml Ccml CPa/mi I Palm) Biaslus {o/ol C%1 C%1 

A1 0,353 11,97 2,334 0,952 1,132 0,038 0,034 0,036 0,639 1,016 0,281 0,028 0,309 1,452 2,362 44,85 127,66 0,0094 0,0075 7,58 
A3 0,344 10,97 2,225 0,938 1,116 0,036 0,032 0,034 0,829 1,004 0,273 0,027 0,300 1,175 1,550 36,28 63,77 0,0080 0,0075 7,49 
A4 0,352 12,30 2,381 0,940 1,119 0,038 0,035 0,036 0,972 1,176 0,280 0,025 0,305 1,394 1,619 43,06 87,52 0,0093 0,0075 6,75 
A5 0,354 12,03 2,363 0,940 1,119 0,038 0,035 0,036 0,972 1,176 0,282 0,024 0,306 1,295 1,540 40,00 63,23 0,0085 0,0075 6,64 
A& 0,345 11,57 2,338 0,942 1,116 0,037 0,034 0,035 0,863 1,045 0,274 0,027 0,301 1,170 1,406 36,12 75,97 0,0080 0,0075 7,47 
A7 0,321 11,43 2,331 0,941 1,115 0,037 0,034 0,035 0,955 1,156 0,255 0,024 0,280 1,129 1,290 34,85 69,74 0,0089 0,0077 7,24 
AS 0,351 11,28 2,323 0,942 1,116 0,036 0,034 0,035 0,967 1,167 0,280 0,024 0,304 1,048 1,293 32,37 69,88 0,0070 0,0075 6,57 
Ae 0,349 11.21 2,315 0,940 1,110 0,036 0,034 0,035 0,828 0,999 0,278 0,028 0,305 1,330 1,340 41,07 72,43 0,0088 0,0075 7,59 

A10 0,338 11,12 2,311 0,940 1,110 0,036 0,034 0,035 0,828 0,999 0,269 0,028 0,296 1,273 1,319 39,29 71,30 0,0089 0,0076 7,79 
A11 0,340 11,55 2,371 0,944 1,112 0,037 0,035 0,036 0,833 1,004 0,270 0,028 0,299 1,189 1.216 36,73 65,73 0,0082 0,0076 7,88 
A12 0,336 11,40 2,357 0,945 1,113 0,036 0,034 0,035 0,967 1,166 0,268 0,024 0,292 1,128 1,282 34,84 69,29 0,0082 0,0076 6,90 
A13 0,334 11,32 2,348 0,946 1,110 0,036 0,034 0,035 0,968 1,163 0,266 0,024 0,290 1,034 1,253 31,91 67,73 0,0076 0,0076 6,93 
A14 0,330 11,24 2,344 0,943 1,107 0,036 0,034 0,035 0,966 1,161 0,263 0,024 0,287 1,172 1,327 36,18 71,73 0,0088 0,0076 6,98 
A16 0,344 11,33 2,367 0,943 1,107 0,036 0,034 0,035 0,832 0,996 0,274 0,028 0,302 1,201 1,178 37,07 63,66 0,0081 0,0075 ·' 7,79 
A17 0,340 11,17 2,352 0,945 1,109 0,036 0,034 0,035 0,960 1,150 0,271 0,024 0,295 1,045 1,149 32,28 62,12 0,0074 0,0076 6,85 
A18 0,340 11,16 2,347 0,941 1,105 0,036 0,034 0,035 0,830 0,994 0,270 0,028 0,298 1,082 1,135 33,40 61,35 0,0075 0,0076 7,83 
A19 0,336 11,12 2,344 0,942 1,102 0,036 0,034 0,035 0,631 0,991 0,268 0,028 0,296 1,162 1,109 35,87 59,93 0,0082 0,0076 7,90 
A20 0,341 11,04 2,340 0,942 1,102 0,036 0,034 0,035 0,961 1,148 0,271 0,024 0,295 1,130 1,108 34,89 59,86 0,0080 0,0076 6,81 
A21 0,339 10,94 2,335 0,941 1,101 0,035 0,034 0,035 0,961 1,143 0,270 0,024 0,294 1,072 1,010 33,12 54,61 0,0077 0,0076 \ 6,84 
A22 0,350 10,92 2,329 0,941 1,101 0,035 0,034 0,035 0,960 1,142 0,279 0,024 0,303 1,198 1,068 37,00 57,74 0,0081 0,0075 6,64 
A23 0,350 10,91 2,325 0,938 1,093 0,035 0,034 0,034 0,956 1,140 0,278 0,024 0,302 1,206 1,117 37,23 60,35 0,0082 0,0075 ' 6,64 
A24 0,349 10,87 2,323 0,936 1,092 0,035 0,034 0,034 0,956 1,139 0,278 0,024 0,302 1,181 1,091 36,47 58,97 0,0080 0,0075 6,64 
A25 0,347 10,78 2,318 0,937 1,089 0,035 0,034 0,034 0,955 1,132 0,276 0,024 0,301 0,988 1,080 30,51 58,35 0,0068 0,0075 6,67 
A26 0,344 10,73 2,314 0,938 1,089 0,035 0,033 0,034 0,956 1,133 0,274 0,024 0,298 1,144 0,966 35,32 52,19 0,0080 0,0076 6,72 
A27 0,341 10,61 2,311 0,939 1,091 0,035 0,033 0,034 0,956 1,133 0,271 0.024 0,295 0,881 0,991 27,22 53,54 0,0062 0,0076 6,76 
A28 0,339 10,60 2,308 0,937 1,089 0,035 0,033 0,034 0,956 1,133 0,270 0,024 0,294 2,641 0,981 81,55 53,05 0,0189 0,0076 6,78 
A29 0,335 10,59 2,305 0,937 1,089 0,035 0,033 0,034 0,954 1,128 0,267 0,024 0,291 2,231 0,987 68,90 53,34 0,0163 0,0076 6,87 
A30 0333 10 56 2302 0936 1 084 0035 0033 0034 0953 1 126 0265 0024 0289 0965 0 534 29 78 28 87 00071 00076 ' ·' '·' 690 
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C') --Gradient de oression Taux de vide moven Cl 
<:;)-

N" OI <~.Pair Pcol Pair Roair mg1 mg2 
c:~~ 

Pinj. Rog UI a U ga Um AP1 AP2 II.P1iii.X II.P2fii.X fp1 fp2 fp RG1 RG2 RGest. 
Eaaal 0/a (mb) I eBaral I !Bars l!kgtm3) (g/sl caisl !Bars Cka/m3l Cm/sl Cmtsl Cm/al Ccml Ccml CPa/ml CPalml Biaslus C%' {%) {%) 

80 1,269 12,71 2,347 0,895 1,047 0,037 0,034 0,036 0,829 0,977 1,010 0,029 1,039 10,994 5,687 339,48 307,40 0,0063 0,0057 0,0055' I . 2,33 
B2 1,242 12,34 2,327 0,895 1,047 0,037 0,034 0,035 0,828 0,975 0,988 0,029 1,017 10,455 5,519 322,63 298,30 0,0062 0,0056 0,0056 2,36 
B3 1,241 12,13 2,319 0,897 1,049 0,036 0,034 0,035 0,830 0,977 0,988 0,029 1,016 10,412 5,891 321,51 318,41 0,0062 0,0062 0,0056 I 2,34 
B4 1,244 11,99 2,313 0,896 1,049 0,036 0,034 0,035 0,964 1,135 0,990 0,024 1,014 10,360 5,259 319,91 284,26 0,0062 0,0055 0,0056 2,01 
85 1,243 11,85 2,300 0,896 1,044 0,036 0,033 0,035 0,828 0,972 0,989 0,028 1,017 10,595 5,542 327,14 299,52 0,0063 0,0058 0,0056 2,32 

e.. 
~ 

Cl ~-t-' <:;)-
tiJ 1'i> til 

"" 86 1,241 11,67 2,291 0,896 1,044 0,036 0,033 0,034 0,960 1,127 0,987 0,024 1,012 10,228 4,977 315,63 269,00 0,0062 0,0053 0,0056 2,00 
B7 1,243 11,67 2,298 0,897 1,043 0,036 0,033 0,034 0,833 0,974 0,989 0,028 1,018 10,162 4,943 313,78 267,16 0,0061 0,0052 0,0056 I 2,30 t:= 
B9 1,235 11,86 2,334 0,899 1,041 0,036 0,034 0,035 0,957 1,115 0,983 0,025 1,008 10,043 4,765 310,12 257,53 0,0061 0,0051 0,0056 I 2,06 

B10 1,233 11,80 2,327 0,898 1,040 0,036 0,034 0,035 0,961 1,120 0,982 0,025 1,006 10,024 4,689 309,54 253,45 0,0061 0,0050 0,0056 2,04 
B11 1,241 11,72 2,322 0,897 1,039 0,036 0,034 0,035 0,960 1,120 0,987 0,025 1,012 10,946 5,623 338,00 303,90 0,0066 0,0059 0,0056 2,02 
B12 1,233 11,66 2,317 0,897 1,039 0,036 0,033 0,035 0,959 1,118 0,981 0,025 1,006 10,705 5,228 330,54 282,59 0,0065 0,0056 0,0056 

l. 
2,04 

B13 1,231 11,61 2,314 0,899 1,041 0,036 0,033 0,034 0,959 1,114 0,980 0,025 1,004 11,127 5,268 343,58 284,74 0,0068 0,0056 0,0056 2,04 
B14 1,232 11,58 2,310 0,897 1,038 0,035 0,033 0,034 0,840 0,976 0,980 0,028 1,008 10,835 2,356 334,57 127,34 0,0066 0,0025 0,0056 2,32 
B15 1,226 11,47 2,309 0,898 1,040 0,035 0,033 0,034 0,839 0,975 0,975 0,028 1,003 10,380 5,297 320,52 286,29 0,0064 0,0057 0,0056. 2,33 

-0 
I 

<r-1 .._.. 

B17 1,230 11,55 2,317 0,896 1,038 0,035 0,033 0,034 0,958 1,110 0,979 0,025 1,004 10,380 5,145 320,51 278,07 0,0064 0,0055 0,0056 ' 2,05 
B18 1,228 11,32 2,291 0,896 1,038 0,035 0,033 0,034 0,958 1,109 0,977 0,024 1,002 10,753 5,596 332,03 302,44 0,0066 0,0060 0,0056 2,03 
B19 1,247 11,46 2,307 0,897 1,039 0,035 0,033 0,034 0,959 1,110 0,992 0,025 1,017 10,456 5,290 322,86 285,91 0,0062 0,0055 0,0056 - 2,01 
820 1,241 11,41 2,301 0,898 1,040 0,035 0,033 0,034 0,959 1,110 0,988 0,025 1,012 10,768 5,681 332,51 307,03 0,0065 0,0060 0,0056 2,02 
B21 1,240 11,34 2,294 0,899 1,041 0,035 0,033 0,034 0,959 1,107 0,987 0,025 1,011 10,314 5,349 318,47 289,12 0,0062 0,0057 0,0056 2,02 
B22 1,239 11,43 2,294 0,895 1,037 0,035 0,033 0,034 0,875 1,010 0,986 0,027 1,013 10,458 5,366 322,94 290,01 0,0063 0,0057 0,0056 2,21 
B23 1,233 11,41 2,294 0,896 1,037 0,035 0,033 0,034 0,951 1,097 0,981 0,025 1,006 10,581 5,477 326,73 296,03 0,0065 0,0059 0,0056 2,05 
B24 1.238 11,30 2,293 0,900 1,042 0,035 0,033 0,034 0,832 0,960 0,985 0,028 1,013 10,572 5,539 326,46 299,40 0,0064 0,0058 0,0056 2,32 
B25 1,242 11,31 2,294 0,899 1,041 0,035 0,033 0,034 0,951 1,094 0,988 0,025 1,013 10,462 5,288 323,04 285,84 0,0063 0,0056 0,0056 2,04 
B26 1,239 11,36 2,292 0,897 1,039 0,035 0,033 0,034 0,829 0,954 0,986 0,028 1,014 9,925 4,728 306,46 255,53 0,0060 0,0050 0,0056 2,34 
B27 1,238 11,37 2,296 0,898 1,040 0,035 0,033 0,034 0,947 1,090 0,985 0,025 1,010 9,986 4,759 308,34 257,25 0,0060 0,0050 0,0056 2,06 
B28 1,234 11,40 2,298 0,899 1,041 0,035 0,033 0,034 0,959 1,103 0,982 0,025 1,007 10,068 4,896 310,88 264,62 0,0061 0,0052 0,0056 2,04 
B29 1229 1146 2 304 0 899 1 041 0035 0 033 0034 0830 0955 0978 0029 1006 10265 4996 316 97 27003 00063 00053 00056 ., .... 237 



Gradienr de oression Taux de vide moven 
N" OI a Pair Pcol Pair Roair mg1 mg2 

,:~I 
Pinj. Rog Uts Ugs Um aP1 aP2 aP1/ax aP21ax fp1 lp2 lp RG11 RG2 RG est. 

Essai R/s limbi lesars I!Bsrs1 koJm3 lnls1 cni81 I!Bsrsl l!kQ!m3) {m/s) '{mis) _lm/~ {cmJ {cm) {Ps/m) !Pa/m1 Biaslus 1%1 1%1 1%1 
co 1.274 33.59 3,764 0,866 1,037 0,061 0,058 0,059 0,834 1,006 1,014 0,047 1,061 12,300 8,734 379,80 472,06 0,0068 0,0084 0,0055 -- - 3,69 
C1 0,983 32,53 3,731 0,876 1,049 0,060 0,057 0,059 0,972 1,172 0,782 0,040 0,822 7,960 5,381 245,80 290,82 0,0073 0,0086 0,0059 4,05 
C2 0,981 31,98 3,709 0,875 1,044 0,060 0,057 0,058 0,971 1,167 0,780 0,040 0,820 7,557 5,646 233,35 305,17 0,0069 0,0091 0,0059 4,04 
C3 0,977 31,50 3,697 0,875 1,045 0,059 0,057 0,058 0,971 1,167 0,778 0,040 0,817 7,851 5,372 242,41 290,34 0,0073 0,0087 0,0059 4,03 
C4 0,975 31,16 3,682 0,876 1,042 0,059 0,056 0,058 0,970 1,162 0,776 0,039 0,815 7,896 5,472 243,82 295,75 0,0073 0,0089 0,0059 4,03 
CS 0,971 30,84 3,670 0,877 1,043 0,059 0,056 0,057 0,831 0,995 0,773 0,046 0,819 8,052 5,396 248,64 291,64 0,0074 0,0087 0,0059 4,67 
C& 0,966 30,51 3,654 0,875 1,038 0,058 0,056 0,057 0,945 1,129 0,769 0,040 0,809 7,450 5,149 230,06 278,30 0.0070 0,0085 0,0059 4,14 
C7 0,964 30,21 3,647 0,877 1,036 0,058 0,056 0,057 0,966 1,150 0,767 0,039 0,806 8,021 5,122 247,67 276,86 0,0076 0,0085 0,0059 4,06 
C8 0,959 30,13 3,640 0,875 1,034 0,058 0,056 0,057 0,964 1,146 0,783 0,039 0,803 7,269 5,211 224,46 281,67 0,0070 0,0087 0,0059 4,08 
C9 0,953 29,88 3,835 0,876 1,032 0,057 0,055 0,056 0,826 0,982 0,759 0,046 0,804 7,133 4,901 220,25 264,90 0,0068 0,0082 0,0059 4,73 
C10 0,971 29,76 3,629 0,875 1,030 0,057 0,055 0,056 0,826 0,982 0,773 0,046 0,818 7,308 5,096 225,67 275,42 0,0067 0,0082 0,0059 4,64 
C11 0,964 29,42 3,620 0,877 1,029 0,057 0,055 0,056 0,963 1,142 0,767 0,039 0,806 7,726 4,796 238,58 259,23 0,0074 0,0080 0,0059 4,03 
C12 0,972 30,16 3,688 0,877 1,029 0,057 0,056 0,057 0,962 1,141 0,773 0,040 0,813 7,882 4,983 243,38 269,33 0,0074 0,0082 0,0059 4,05 
C13 0,967 29,96 3,656 0,876 1,028 0,057 0,056 0,056 0,961 1,139 0,770 0,039 0,809 7,340 4,868 226,66 283,13 0,0069 0,0080 0,0059 4,06 
C14 0,965 29,78 3,652 0,875 1,023 0,057 0,055 0,056 0,956 1,130 0,768 0,040 0,808 7,165 4,945 221,24 267,25 0,0068 0,0082 0,0059 4,08 
C15 0,961 29,56 3,642 0,877 1,026 0,057 0,055 0,058 0,827 0,977 0,765 0,046 0,810 7,286 4,586 224,98 247,86 0,0069 0,0075 0,0059 4,69 
C16 0,959 29,30 3,630 0,878 1,024 0,056 0,055 0,056 0,828 0,978 0,763 0,045 0,808 7,542 4,583 232,90 246,65 0,0071 0,0075 0,0059 4,67 
C17 0,957 29,17 3,624 0,878 1,023 0,056 0,055 0,056 0,827 0,978 0,762 0,045 0,807 7,352 4,393 227,02 237,44 0,0070 0,0073 0,0059 4,67 
C18 0,954 29,02 3,617 0,876 1,021 0,056 0,055 0,055 0,826 0,976 0,759 0,045 0,805 7,024 4,428 216,87 239,31 0,0067 0,0074 0,0059 4,68 
C19 0,950 28,89 3,611 0,879 1,021 0,056 0,055 0,055 0,828 0,975 0,756 0,045 0,801 7,412 4,221 228,88 228,14 0,0071 0,0071 0,0059 4,69 
C20 0,945 28,79 3,608 0,879 1,021 0,056 0,055 0,055 0,957 1.127 0,752 0,039 0,791 5,622 4,168 173,61 225,30 0,0055 0,0072 0,0059 4,11 
C21 0,943 28,64 3,603 0,879 1,022 0,056 0,054 0,055 0,828 0,975 0,750 0,045 0,795 6,388 3,982 197,26 215,23 0,0062 0,0068 0,0059 4,71 
C22 0,951 29,53 3,607 0,855 0,993 0,056 0,055 0,055 0,804 0,947 0,757 0,046 0,803 6,419 4,186 198,21 226,24 0,0061 0,0070 0,0059 4,81 

{l 
~ 

Cl ~ ~ 
en 

~ (t) 

Cl CJ 
S' 

,-.... [ 
0 
I ~ (JQ 

:::!. -- g. 
~ 

"" C23 0,952 29,10 3,596 0,861 1,001 0,056 0,054 0,055 0,811 0,952 0,758 0,046 0,804 7,100 3,966 219,22 214,35 0,0068 0,0066 0,0059 4,77 
C24 0,951 28,75 3,593 0,870 1,010 0,056 0,054 0,055 0,819 0,961 0,757 0,045 0,803 6,104 4,174 188,48 225,58 0,0059 0.0070 0,0059 4,72 
C25 0,950 28.69 3,590 0,870 1,010 0,056 0,054 0,055 0,819 0,961 0,756 0,045 0.801 6,213 4,330 191,85 234,05 0,0060 0,0073 0,0059 4,73 
C26 0,946 28,48 3,584 0,873 1,011 0,055 0,054 0,055 0,822 0,962 0,753 0,045 0,798 6,732 3,762 207,87 203,34 0,0065 0,0064 0,0059 4,72 
C27 0,939 28,41 3,582 0,873 1,011 0,055 0,054 0,055 0,822 0,961 0,748 0,045 0,793 7,054 3,610 217,82 195,10 0,0069 0,0062 0,0059 4,75 
C28 0,959 28,41 3,580 0,871 1,008 0,055 0,054 0,055 0,821 0.957 0,763 0,045 0,808 6,910 3,857 213,36 208,49 0,0065 0,0064 0,0059 4,68 
C29 0.959 28.43 3.576 0,869 1,007 0,055 0,054 0,055 0,819 0,955 0,763 0,045 0,808 6,447 3,729 199,07 201,56 0,0061 0.0062 0,0059 ! 4,69 
C30 0956 28 31 3 574 0 870 1 007 0055 0054 0054 0820 0956 0761 0045 0806 6605 3573 20396 19313 00063 00059 00059 - -- 4 69 



appendixD: Global Variables 

Case A (1-g) 

011 OI äPalr Pcol Pair Roalr mg1 mg2 mg Pin I. äP1 äP2 Paort. Rog UI a Uga2 Um2 äP11äX äP216.X RG1 RG2 Uga21 Ug2 Ug2 RG 
(lis) (llsl lmb) Bars) I I Bars l!kg/Jil3 {gis) (gis) (gis) Bars 1 (cm) 1 (cmJ I(Bars f(kglm3 I (mis) (mis) (mla) (Palm) (Palm) !'~'>) t'l'>l Um (mlsl théo est. 

0,359 0,339 5,06 2,532 1,494 1,724 0,030 0,037 0,033 1,347 11,17 6,43 1,044 1,209 0,278 0,022 0,300 344,76 347,63 3,22 5,44 0,073 0,405 0,547 4,02 
0,353 0,339 5,35 2,567 1,494 1,719 0,031 0,037 0,034 1,346 11,58 6,70 1,043 1,208 0,275 0,022 0,298 357,57 362,08 2,99 5,45 0,075 0.412 0,545 4,12 
0,351 0,336 5,27 2,556 1,495 1,719 0,031 0,037 0,034 1,346 11,79 6,78 1,044 1,209 0,273 0,022 0,295 363,99 366,35 2,76 5,34 O,D76 0,417 0,543 4,11 
0,355 0,339 5,24 2,552 1,493 1,718 0,030 0,037 0,034 1,345 11,58 6,69 1,043 1,208 0,276 0,022 0,298 357,49 361,47 1,87 5,18 0,075 0,43 0,546 4,08 
0,355 0,339 5,30 2,560 1,494 1,719 0,031 0,037 0,034 1,346 11,72 6,74 1.044 1,209 0,276 0,022 0,299 362,00 364,09 1,40 5,27 0,075 0,424 0,546 4,09 
0,351 0,339 5,34 2,565 1,494 1,719 0,031 0,037 0,034 1,346 11,88 6,76 1,044 1,205 0,274 0,022 0,297 366,73 365,37 4,29 5,26 0,076 0,428 0,545 4,13 
0,349 0,333 5,16 2,542 1,493 1,718 0,030 0,037 0,034 1,346 11,76 6,70 1,043 1,204 0,271 0,022 0,293 363,01 362,18 4,20 5,18 O,Q76 0,429 0,541 4,1 
0,356 0,339 5,29 2,553 1,492 1,717 0,031 0,037 0,034 1,345 11,77 6,69 1,043 1,203 0,277 0,022 0,299 363,35 361,48 3,94 5,18 0,075 0,432 0,547 4,1 
0,356 0,336 5,34 2,562 1,493 1,718 0,031 0,037 0,034 1,346 11,84 6,70 1,043 1,204 0,275 0,022 0,298 365,66 362,39 3,71 5,13 0,075 0,439 0,545 4,12 
0,357 0,336 5,35 2,563 1,492 1,717 0,031 0,037 0,034 1,345 11,98 6,74 1,043 1,204 0,276 0.023 0,298 370,02 364,26 3,78 5,25 0,075 0,429 0,546 4,12 
0,350 0,333 5,31 2,562 1,494 1,713 0,031 0,037 0,034 1,346 11,94 6,70 1,043 1,200 0,272 0,023 0,294 366,63 362,34 3,68 5,23 0,076 0,43 0,542 4,15 
0,350 0,336 5,32 2,562 1,493 1,712 0,031 0,037 0,034 1,345 11,99 6,73 1,043 1,199 0,273 0,023 0,295 370,37 363,54 3,63 5,29 O,D76 0.426 0,543 4,15 
0,352 0,336 5,24 2,552 1,493 1,712 0,030 0,037 0,034 1,345 11,88 6,77 1,042 1,199 0,274 0,022 0,296 366,91 365,73 3,48 5,28 0,076 0,425 0,544 4,12 
0,353 0,336 5,29 2,558 1,493 1,712 0,031 0,037 0,034 1,345 11,98 6,80 1,043 1,199 0,274 0,022 0,296 369,95 367,72 3,51 5,30 0,076 0,424 0,544 4,13 
0,351 0,336 5,33 2,562 1,493 1,712 0,031 0,037 0,034 1,344 12,08 6,90 1,042 1,199 0,273 0,023 0,296 372,97 373,02 3,37 5,44 0,076 0,414 0,543 4,15 
0,351 0,336 5,28 2,553 1.493 1,711 0,031 0,037 0,034 1,344 12,00 6,88 1,042 1,199 0,273 0,022 0,296 370,68 371,69 3,24 5,56 0,076 0,403 0,544 4,13 
0,355 0,336 5,29 2,553 1,491 1,710 0,031 0,037 0,034 1,344 11,87 6,88 1,041 1,198 0,275 0,022 0,297 366,50 371,86 3,26 5,68 0,076 0,396 0,545 4,12 
0,352 0,339 5,36 2,562 1,490 1,709 0,031 0,037 0,034 1,343 12,02 6,83 1,041 1,193 0,275 0,023 0,297 371,27 369,16 3,82 5,54 O,D76 0,409 0,545 4,16 
0,354 0,338 5,38 2,567 1,492 1,711 0,031 0,037 0,034 1,344 12,12 6,51 1,042 1,195 0,275 0,023 0,298 374,11 351,60 4,23 5,75 O,Q76 0,395 0,545 4,16 
0,350 0,336 5,39 2,564 1.491 1,710 0,031 0,037 0,034 1,343 12,21 6,28 1,042 1,194 0,273 0,023 0,296 377,02 339,52 4,38 5,85 0,077 0,388 0,543 4,18 
0,360 0,338 5,37 2,562 1,491 1,710 0,031 0,037 0,034 1,344 12,19 6,05 1,042 1,194 0,278 0,023 0,300 376,26 326,81 4,61 4,84 0,075 0,468 0,546 4,13 
0,359 0,338 5,44 2,567 1,491 1,709 0,031 0,037 0,034 1,343 12,21 5,86 1,041 1,194 0,278 0,023 0,300 376,87 316,81 4,56 4,87 0,076 0,467 0,548 4,15 
0,358 0,338 5,39 2,564 1,491 1,709 0,031 0,037 0,034 1,343 12,19 4,93 1,041 1,194 0,277 0,023 0,300 376,45 266,49 4,10 4,88 0,076 0,465 0,547 4,15 
0,360 0,338 5,40 2,563 1,491 1,709 0,031 0,037 0,034 1,343 12,15 4,84 1,041 1,194 0,277 0,023 0,300 375,28 261,67 4,06 4,92 O,D76 0,461 0,548 4,14 
0,358 0,338 5,43 2,567 1,491 1,709 0,031 0,037 0,034 1,343 12,27 4,59 1,041 1,194 0,277 0,023 0,300 378,77 248.02 4,07 4,98 0,076 0,456 0,548 4,15 
0,356 0,336 5,39 2,564 1,491 1,709 0,031 0,037 0,034 1,343 12,18 4,45 1,041 1,194 0,275 0,023 0,298 376,19 240,31 3,96 4,88 0,076 0,465 0,546 4,16 
0,358 0,336 5,35 2,557 1,491 1,709 0,031 0,037 0,034 1,343 12,22 4,24 1,041 1,194 0,276 0,023 0,299 377,37 229,25 3,71 4,90 0,076 0,462 0,546 4,14 
0,356 0,335 5,35 2,561 1,491 1,709 0,031 0,037 0,034 1,343 12,21 4,07 1,041 1,194 0,275 0,023 0,298 377,17 219,94 3,56 4,89 O,Q76 0,463 0,545 4,15 
0,347 0,335 5,40 2,564 1.490 1,709 0,031 0,037 0,034 1,343 12,25 3,54 1,041 1,194 0,271 0,023 0,294 378,16 191,45 3,26 4,84 0,077 0,469 0,542 4,19 
0,343 0,333 5,34 2,555 1.491 1,709 0,031 0,037 0,034 1,343 12,27 3,56 1,041 1,194 0,269 0,023 0,292 378,74 192,50 3,39 5,00 0,077 0,452 0,54 4,19 
0,342 0,338 540 2,564 1,490 1,709 0,031 0,037 0034 1,343 12,29 3,63 1,041 1,193 0,270 0,023 0293 379,60 19609 334 5,00 0,077 0,454 0,541 4,2 

Case B (1-g) 

011 OI äPalr Pcol Pair Roalr mg1 mg2 mg Pinj. äP1 äP2 Psort. Rog Uls Uga2 Um2 äP11äx á.P2/6.X RG1 RG2 Ugs21 Ug2 Ug2 RG 

lllsl lllsl (mb) !(Bars Bars IU<QI!113 (!liS) !als) lala) ltBars (cm) (cm) I!Bars) l!l<glm3 imlsl !mis) (mis) !Palm) (Palm) (%) !'~'>) Um (miS) théo est. 

1,003 0,956 21,67 4,045 1,381 1,604 0,061 0,062 0,061 1,252 3,83 2,44 0,941 1,090 0,760 0,045 0,824 118,37 131,68 4,43 5,25 0,054 0,85 0,907 4,92 

1,008 0,959 21,84 4,057 1,379 1,591 0,061 0,062 0,061 1,252 4,07 2,32 0,942 1,090 0,782 0,045 0,827 125,69 125,21 3,71 5,46 0,054 0,817 0,909 4,91 

1,004 0,956 21,57 4,046 1,382 1,595 0,060 0,061 0,061 1,253 4,02 2,18 0,943 1,093 0,780 0,044 0,824 124,00 117,76 3,34 5,28 0,054 0,84 0,907 4,89 

1,000 0,950 21,91 4,070 1,380 1,592 0,061 0,062 0,061 1,254 4,18 2,26 0,944 1,090 0,776 0,045 0,821 129,03 122,13 3,18 5,53 0,055 0,809 0,904 4,95 

1,001 0,950 21,71 4,065 1,384 1,597 0,061 0.062 0,061 1,255 4,12 2,20 0,945 1,091 0,776 0,045 0,821 127,35 118,96 3,43 5,57 0,054 0,801 0,904 4,93 

1,012 0,962 21,74 4,066 1.384 1,598 0,061 0,062 0,061 1,256 3,94 2,19 0,946 1,092 0,785 0,045 0,830 121.64 118,37 3,05 5,69 0,054 0,785 0,912 4,89 

1.002 0,956 21.74 4,064 1,384 1,597 0,061 0,062 0,061 1,256 4,14 2,22 0,946 1,092 0,779 0,045 0,824 127,85 120,13 2,57 5,63 0,054 0,792 0,907 4,92 

1,003 0,956 21,31 4,039 1,386 1,599 0,060 0,061 0,061 1,257 4,06 2,12 0,947 1,090 0,779 0.044 0,824 125,26 114,49 2,40 5,63 0,054 0,787 0,907 4,89 

0,995 0,950 21,74 4,070 1,385 1,599 0,061 0,062 0,061 1,257 4,36 2,29 0,947 1,089 0,774 0,045 0,818 134,68 123,94 2,48 5,79 0,055 0,772 0,902 4,96 

1,004 0,956 21,26 4,040 1,386 1,600 0,060 0,061 0,061 1,258 4,13 2,06 0,948 1,091 0,780 0,044 0,824 127,64 111,54 2,25 5,67 0,054 0,781 0,907 4,88 

0,998 0,953 21,36 4,047 1,386 1,600 0,060 0,061 0,061 1,258 4,15 2,10 0,948 1,091 0,776 0,044 0,821 128,19 113,45 2,10 5,71 0,054 0,777 0,904 4,9 

0,998 0,947 21,36 4,047 1,386 1,600 0,060 0,061 0,061 1,258 4,15 2,10 0,948 1,091 0,774 0,044 0,818 128,19 113,45 2,10 5,71 0,054 0,777 0,902 4,91 

0,992 0,947 21,15 4,031 1,386 1,599 0,060 0,061 0,061 1,257 4,32 2,18 0,948 1,087 0,772 0,044 0,816 133,37 117,70 1,71 5,67 0,054 0,782 0.9 4,92 

0,992 0,947 21,88 4,090 1,387 1,600 0,061 0,062 0,062 1,258 4,57 2,30 0,948 1,087 0,771 0,045 0,816 141.14 124,27 1,71 5,77 0,055 0,78 0,901 5 

0,990 0,944 21,35 4,045 1,387 1,601 0,060 0,061 0,061 1,258 4,50 2,31 0,949 1,088 0,769 0,044 0,814 138,84 124,86 1,70 5,85 0,055 0,76 0,899 4,95 

0,988 0,944 21.29 4,044 1,387 1,600 0,060 0,061 0,061 1,258 4,47 2,22 0,949 1,088 0,769 0,044 0,813 137,95 120,24 1,17 5,54 0,055 0,802 0,898 4,94 

0,992 0,947 21,36 4,050 1,386 1,600 0,060 0,062 0,061 1,259 4,39 2,16 0,949 1,088 0,771 0,044 0,816 135,58 116,72 1,63 5,81 0,055 0,766 0.9 4,94 

0,990 0,947 21,69 4,077 1,386 1,594 0,061 0,062 0,061 1,259 4,53 2,21 0,949 1,089 0,771 0,045 0,815 139,92 119,43 1,58 6,05 0,055 0,74 0.9 4,97 

0,987 0,944 21,10 4,032 1,387 1,596 0,060 0,061 0,060 1,259 4,39 2,14 0,949 1,089 0,768 0,044 0,813 135,88 115,63 1,10 6,04 0,054 0,731 0,898 4,92 

0,990 0,944 21,39 4,056 1,388 1,596 0,060 0,062 0,061 1,259 4,51 2,18 0,950 1,089 0,769 0.044 0,814 139,26 117,82 0,78 6,03 0,055 0,736 0,899 4,94 

0,985 0,944 21,44 4,060 1,387 1,596 0,060 0,062 0,061 1,259 4,56 2,24 0,949 1,089 0,768 0,045 0,812 140,93 120,99 0,64 6,21 0,055 0,716 0,897 4,96 

0,987 0,941 21,46 4,061 1,386 1,594 0,060 0,062 0,061 1,259 4,51 2,17 0,950 1,089 0,767 0,044 0,811 139,21 117,52 0,96 6,23 0,055 0,714 0,897 4,96 

0,985 0,941 21.22 4,047 1,388 1,597 0,060 0,061 0,061 1,260 4,57 2,19 0,950 1,089 0,766 0,044 0,811 141.21 118,51 0,71 6,13 0,055 0,722 0,896 4,94 
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appendixD: Global Variables 

Case C (1-g) 

Ql1 Ql A Pair Pcol Pair Roair mg1 mg2 mg PinJ. AP1 AP2 Paort. Rog Ula Ugs2 Um2 AP1/Ax AP21AX RG1 RG2 Uga21 Ug2 Ug2 RG 
11/s) 0/s) lmbl I!Bars Bars katm3 (a/8) la/el I la/a) IIBara (cm) (cm) I!Bare) kalrn3 I !mlal I tm/al I tm/al ltPa/ml ltPa/ml 1%1 1%1 Urn I <ml•l théo eet. 

1,288 1,231 5.41 2,390 1,390 1,598 0,030 0,035 0,032 1,290 ·3,68 ·1,89 0,972 1,118 1,002 0,023 1,025 ·113,64 ·102,25 -0,96 3,14 0,022 0,729 1,068 2,14 
1,283 1,222 5,31 2,376 1,385 1,593 0.030 0,034 0,032 1,289 ·3,61 ·1,91 0,972 1,114 0,997 0,023 1,020 ·111,62 ·102,97 ·1,12 3,13 0,022 0,729 1,063 2,14 
1,298 1,228 5,25 2,376 1,390 1,599 0,029 0,034 0,032 1,291 ·3,59 ·1,97 0,974 1,117 1,001 0,023 1,024 ·110,80 ·106,21 ·2,46 3,33 0,022 0,681 1,067 2,13 
1,284 1,225 5,21 2,367 1,388 1,597 0,029 0,034 0,032 1,292 ·3,58 ·1,92 0,974 1,117 0,998 0,023 1,021 ·110,50 ·103,65 ·2,77 3,07 0,022 0,736 1,065 2,12 
1,281 1,222 5,56 2,402 1,381 1,588 0,030 0,035 0,032 1,292 ·3,39 ·1,87 0,975 1,118 0,996 0,023 1,019 ·104,72 ·100,88 ·2,62 3,30 0,023 0,699 1,063 2,17 
1,280 1,219 5,34 2,368 1,377 1,584 0,030 0,034 0,032 1,293 ·3.37 ·1,89 0,976 1,119 0,994 0,023 1,017 ·103,94 ·102,01 ·3,27 3,23 0,022 0,702 1,061 2,13 
•1,287 1,228 5,52 2,392 1,378 1,585 0,030 0,035 0,032 1,295 ·3,37 ·1,91 0,978 1,121 1,001 0,023 1,023 ·104,03 ·103.46 ·2,94 3,33 0,022 0,689 1,066 2,1! 
1,282 1,222 5,32 2,365 1,377 1,584 0,029 0,034 0,032 1,294 ·3,39 ·1,98 0,977 1,120 0,996 0,023 1,019 ·104,66 ·106,75 ·3,30 3,24 0,022 0,697 1,063 2,12 
1,281 1,219 5,18 2,364 1,387 1,596 0,029 0,034 0,032 1,294 ·3,30 ·1,97 0,977 1,120 0,995 0,022 1,017 ·102,01 ·106,28 -3,14 3,28 0,022 0,684 1,062 2,12 

1,276 1,219 5,15 2,369 1,392 1,597 0,029 0,034 0,032 1,294 -3,07 ·1,87 0,977 1,113 0,993 0,023 1,015 ·94,74 -101,31 ·2,73 3,36 0,022 0,673 1,06 2,13 
1,273 1,219 5,36 2,383 1,384 1,587 0,030 0,034 0,032 1,294 ·3,04 ·1,84 0,977 1,113 0,992 0,023 1,015 ·93,97 ·99,57 ·2,64 3,28 0,023 0,698 1,059 2,16 

1,269 1,216 5,51 2,419 1,394 1,598 0,030 0,035 0,033 1,294 ·2,82 ·1,80 0,978 1,114 0,989 0,023 1,012 -86,94 ·97,24 ·2,67 3,38 0,023 0,687 1,057 2,2 
I 

1,302 1,216 5,01 2,394 1,379 1,613 0,029 0,035 0,032 1,276 -4,01 ·2,46 0,958 1,124 1,002 0,023 1,024 ·123,81 ·132,84 6,47 3,23 0,022 0,699 1,067 2,11 

1,304 1,222 4,89 2,410 1,388 1,623 0,029 0,035 0,032 1,285 ·3,91 ·2,48 0,968 1,136 1,005 0,022 1,028 ·120,65 ·133,99 4,47 3,18 0,022 0,702 1,07 2,09 
1,303 1,222 4,80 2.405 1,392 1,623 0,028 0,035 0,032 1,290 -4,22 ·2,79 0,972 1,137 1,005 0,022 1,027 ·130,29 ·150,96 4,04 3,37 0,022 0,658 1,069 2,07 

1,305 1,228 4,75 2.400 1,391 1,621 0,028 0,035 0,032 1,289 -4,11 ·2,72 0,971 1,132 1,008 0,022 1,030 ·126,87 ·146,83 3,45 3,43 0,022 0,646 1,072 2,07 

1,325 1,240 4,44 2,392 1,382 1,601 0,027 0,035 0,031 1,285 -4.40 ·3,37 0,967 1,124 1,020 0,022 1,042 ·135,97 ·162,27 1,74 3,74 0,021 0,584 1,082 2.02 

1,316 1,234 4,59 2,391 1,370 1,588 0,027 0,035 0,031 1,284 -4,23 ·3,35 0,966 1,119 1,015 0,022 1,037 ·130,74 -181,09 0,88 3,77 0,021 0,585 1,077 2,05 
1,315 1,234 4,50 2,383 1,370 1,587 0,027 0,034 0,031 1,284 -4,17 ·3,31 0,966 1,119 1,014 0,022 1,036 ·128,70 -178,94 0,75 3,87 0,021 0,566 1,077 2,03 
1,311 1,228 4,71 2.418 1,377 1,589 0,028 0,035 0,031 1,280 -4,02 -3,43 0,962 1,114 1,010 0,022 1,033 ·124,13 ·185,29 0,42 3,93 0,022 0,57 1,074 2,09 
1,308 1,228 4,48 2,397 1,378 1,590 0,027 0,035 0,031 1,281 ·3,99 ·3,38 0,963 1,116 1,009 0,022 1,031 ·123,35 ·182,77 0,48 3,96 0,021 0,557 1,073 2,05 
1,305 1,228 4,46 2,397 1,380 1,593 0,027 0,035 0,031 1,283 -4,21 ·3,65 0,965 1,117 1,008 0,022 1,030 ·129,91 ·197,04 0,45 4,12 0.021 0,534 1,072 2,05 
1,301 1,228 4,44 2,396 1,380 1,587 0,027 0,035 0,031 1,262 -4,07 -3,67 0,964 1,117 1,007 0,022 1,028 ·125,81 ·198,49 0,30 4,05 0,021 0,542 1,07 2,05 

' 
1,308 1,231 4,98 2,347 1,385 1,599 0,029 0,034 0,031 1,262 -4,30 ·1,49 0,964 1,094 1,010 0,023 1,033 ·132,72 ·80,44 3,84 3,76 0,022 0,604 1,074 2.1< 
1,304 1,228 5,16 2,375 1,387 1,601 0,029 0,034 0,032 1,282 -4,32 ·1,40 0,964 1,094 1,007 0,023 1,031 ·133,31 ·75,61 3,79 3,65 0,022 0,633 1,072 2,1! 

1,302 1,225 5,05 2,355 1,386 1,600 0,029 0,034 0,031 1,283 -4,25 ·1.47 0,965 1,092 1,005 0,023 1,028 ·131,34 ·79,55 4,08 3,92 0,022 0,584 1,07 2,1< 

1,300 1,222 ··5,52 2,393 1,372 1,583 0,030 0,035 0,032 1,283 -4,20 ·1,19 0,965 1,092 1,004 0.024 1,027 ·129,79 -64,26 4,38 3,94 0,023 0,597 1,069 2.< 
1,296 1,219 4,69 2,313 1,384 1,597 0,028 0,033 0,031 1,283 -4,24 ·1,17 0,965 1,092 1,001 0,022 1,023 ·130,97 ·63,45 4,12 3,78 0,022 0,589 1,066 2,0! 

1,295 1,216 5,04 2,358 1,386 1,599 0,029 0,034 0,031 1,282 -4,01 ·1,23 0,965 1,088 0,999 0,023 1,022 ·123,79 -66,67 4,28 3,93 0,022 0,584 1,065 2,11 

1,291 1,213 4,78 2,330 1,386 1,599 0,028 0,034 0,031 1,283 -4,21 ·1,39 0,965 1,089 0,996 0,023 1,019 ·129,88 ·75,17 4,26 3,86 0,022 0,583 1,063 2,1: 

1,288 1,210 4,89 2,348 1,388 1,602 0,028 0,034 0,031 1,283 ·3,98 ·1,30 0,965 1,089 0,994 0,023 1,017 ·122,98 -70,50 5,06 4,05 0,022 0,582 1,061 2,1! 

1,290 1,216 5,01 2,360 1,387 1,601 0,029 0,034 0,031 1,283 ·3,81 ·1,05 0,965 1,089 0,997 O.D23 1,020 ·117,71 ·56,86 4,87 3,98 0,023 0,577 1,064 2,11 

1,288 1,210 5,24 2,379 1,381 1,594 0,029 0,034 0,032 1,282 ·3,76 ·0,92 0,965 1,088 0,994 0,023 1,017 ·116,11 -49,56 5,69 4,08 0,023 0,571 1,061 2,: 

1,287 1,204 5,11 2,360 1,389 1,603 0,029 0,034 0,032 1,283 ·3,84 ·0,94 0,965 1,089 0,991 0,023 1,014 ·118,42 ·50,59 5,52 4,06 0,023 0,571 1,059 2,1' 
1,296 1,219 5,09 2,375 1,389 1,603 0,029 0,034 0,032 1,284 ·3,87 ·1,05 0,966 1,090 1,001 0,023 1,024 ·119,35 ·56,93 5,43 4,09 0,023 0,565 1,067 2,1 

1,294 1,216 5,05 2,372 1,389 1,603 0,029 0,034 0,032 1,283 ·3,81 ·0,82 0,966 1,086 0,999 0.023 1,022 ·117,67 -44,41 5,47 4,06 0,023 0,589 1,065 2.1 
1,293 1,213 5,08 2,379 1,389 1.603 0,029 0,034 0,032 1,284 ·3,87 ·0,89 0,966 1,086 0,997 0.023 1,020 ·119,45 -48,33 5,44 4.06 0,023 0,572 1,064 2,1 
1,290 1,213 4,96 2,361 1,387 1,600 0,029 0,034 0,031 1,283 ·3,76 ·0,90 0,966 1,086 0,996 0,023 1,019 ·116,17 -48,75 5.42 4,10 0,023 0,58 1,063 2,1 

1,286 1,213 4,80 2,358 1,386 1,600 0,028 0,034 0,031 1,280 ·3,75 ·0,92 0,962 1,082 0,994 0,023 1,017 ·115,67 -49,91 5,62 4,11 0,022 0,558 1,061 2,1 
1,284 1,204 4,91 2,363 1,385 1,598 0,028 0,034 0,031 1,279 ·3,74 ·0,92 0,961 1,081 0,990 0,023 1,013 ·115,49 -49,74 5,72 4,00 0,023 0,575 1,058 2,1 
1,283 1,204 5,14 2,394 1,387 1,601 0,029 0,035 0,032 1,280 ·3,64 ·0,88 0,963 1,079 0,990 0,024 1,013 ·112,48 -47,34 5,74 4,22 0,023 0,557 1,058 2,< 
1,281 1,204 4,79 2,353 1,386 1,600 0,028 0,034 0,031 1,281 ·3,82 ·1,01 0,963 1,080 0,989 0,023 1,011 ·117,84 -54,52 5,73 3,99 0,023 0,573 1,057 2,1 
1,281 1,204 4,70 2,340 1,387 1,596 0,028 0,034 0,031 1,281 ·3,77 ·0,99 0,964 1,080 0,989 0,023 1,011 ·116,37 -53,59 5,64 4,05 0,022 0,559 1,057 2,1 

1,278 1,201 4,90 2,369 1,386 1,595 0,028 0,034 0,031 1.281 ·3.59 -0,88 0,963 1,080 0,986 0,023 1,009 ·110,87 -47,81 5,57 4,17 0,023 0,553 1,055 2." 
1,277 1,201 4,88 2,372 1,390 1,598 0,028 0,034 0.031 1,262 ·3.65 ·0,78 0.964 1,081 0,986 0,023 1,009 ·112,56 -42,24 5,77 4,17 0,023 0,552 1,055 2,' 
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