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" -" -Je connais une .. planète où il y a un Monsieur 

cramoisi. Il n'a jamais respiré une fleur.' Il n'a jamais 

regardé 'une étoile. Il n'a jamais aimé pers'onne. Il n'a 

. " 
jamais rien fait d'autre que des additions. ~t toute la 

journée il répète comme toi :"Je suis un homme sérieux! 

Je suis un hotnme sérieux:" et ça le fait gonfler d'orgueil. 

,-Il Y a' des millions d'années que les fleurs 

fabriquent des éplnes. Il y a des millions d'années que 

• 
les moutons mangent'quand même les fleurs. Et ce n'est 

pas sérieux de. chercher à 'comprendre pourquoi elles se 

donnent tant de mal pour se fabriquer des épines qui ne 
~ 

servent, j~ais à rien? Ce n'est pas important la guerre 

des moutons .et des fleurs? Ce n'est pas plus sérieux et 

--------------------
-- plus important que les additions d'un gros Monsieur tout 

rouge?" 

Antoine de Saint-Exupery 

Le Petit Prince 

• 
) 

, 
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A new technique to enhanc"vacuum refining kinetics 

of molten metals i~ under development~ In this proceas known 
'/ 

as IILift-Spray °Vacuum Refining", gaBt', is injected at the bottom 

of Il vertical tube j;mnersed in the liquid metal. The mol ten 
1 \ III 

metal ia lifted frbm a point beneath the bath Jsurfacè to a 

,point above the bath surface where it '1 ia. disperaed in the 

vacuum by the action of the gas bubbles exploding into the 

vacuum. Experimenta were carried out on an aqueous model in 

'order to understand the physieal charaeteristics of_ the two-

phase flow phenomena under vacuum. 

Cold model exper~ents have shown that: 

- low pressures favour churn-turbulent bubbly flows 

\ 
a maxim'um potential lift L* exists for any set of conditions 

'le 
- when the size of the lifter is less than L ,overflow 

occurs. 
, 

A theoretical model has been developed to describe 

the two-phase flow phenomena in terms 9f Lifter Diameter, 
, 

Lifter Height, Nozzle Submergence and volumetrie gas flow 

rate. This model prediets the potential 11ft in a lifting tube 

a~ weIL as the overflow rate in a lift-overflow system. Both 

~ of these predictions are- confirmed quantitatively by the 
, '-

ex~eriments and data previously obtained in similar processes. 
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The' model which la thought to be applicable ta gas 

~ injection into liquid metals shows that the important par~eter 

is the volumetrie flow rate of gas. C9fsequentlY, for a given 
, 

molar flow rate, the application of vacuum enhances 11ft and 

overflow rates. 
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RESUME 

Une technique nouvelle ayant pour but d'améliorer 

, " . 
la ciné tique d' a,.f f inage s~)Us vide des, mé taux en fusion es t 

actuellement da~s sa phase de dév~loppement. Dans ce procéde, 

connu sous le nom d'affinage sous vide "Lift-Spray", du gaz 

est injecté à la base d~un tube vertical immergé dans le 

métal liquide. Le métal err frusion est amené d'un poin~ situé 

sous la surface du bain jusqu'à un point ~u d~ssus dé cette 

surface, où il est dispersé en fin'es goutelettes par l'action 

des bulles gazeuses explosant dans le vide. Les expériences 

conduites sur u~ modèl~ aqueux ont eu pour but de comprendre 

les caractéristiques physiques de l'écoulement diphasique. 

Les expériences ont démontré que: 
\ï 

- les basses pressions favorisent un régime d'écoulement 

turbulent 

Il existe, pour le mélange dans le tube, un niveau potentiel 

maximum, L*, quelles que soient les conditions 

* quand la taille du tube est inférieure à L • le liquide 

déborde. 

Un modèle théorique a été développé pou décrire 

le phénomène d'écoulement diphasique en fo~ction du diamètrè 

du tube, de sa hauteur, de la profondeur de l'injecteur et du 

, 
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débit volumique du ~az. Ce modèle prédit le niveau potentiel 

atteint par le mélange de même que le débit du liquide lorsque 

celui-ci déborde. Ces deux prédictions sont confirmées 

quantitativement par les expériences et les données obt~nues 
J 

sur des pro~édés similaires. 

Le modèle~ applicable au métal liquide~ montre que 

le -paramètre important est le débit volumique du gaz. En , 

conséquence, pour un débit molaire donné, les basses pressions _. 

augmentent le niveau potentiel ,dans la colonne ainsi que le 

débit du liquide. 

, 
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CHAPTER ONE 

INTRODUcrION 

1.1 General 

, 
/ 

Two-Phase fiow~ as the name implies, refera to the general 

case where a mixture of two components, sometimes but not neceasarily 

having different phasés, move fluidly. Phases can be either gas, 

liquid, or Bolid. Sometimes, phases cons1at of the same chemical 

substance, for example, steam-water flows while in other examples tpe 

components may be different, e.g. air-water flowa. The two phases may 

be moving colinearly or countercurrently and the mathematica which 

descr!be e1ther two-component or two-phase flowa are identical. 

In iadustry, many processes in chemical engineering, nuclear 

science, metaIIurgy, etc., are concerned with multiphase flows. The 

phenomena are ~ot yet weIl understood because of the complexity of 

their analysis, and improvements in the understanding will occur in 

o the future. 

In particular, the use of gas injection in liquid metaIs for 

physical and chemical purposes iB und~r constant development. Systems 

have been deveIoped by the Metallurgical Industry for use either under 

ambient pressures or under vacuum. This work was undereaken to 

quantify the effect of Iow pressure on two-phase flow phenomena in the 

, 
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-. 
particular case where gas in injected into a l1quid with the 

gas-liquid flow constrained in a vertical tube. 

1.2. The Thesis 

r 

This thesls examinea two-phase flow phenomena in a gas-lift 

pump. The principle of such systems 1s to inject agas into a l1quid 

at the bottom of a so-called lifting tube so that the buoyancy of the 

gas bubbles drives the liquid above the free surface of the bath,. 

From the top of the lifter, if it ia sa designed, the liquid can fall 

back into the bath. 

The second chap ter of the thesis summarizes previous two-

phase flow etudies and exper:f.mental measurements of, circulation ra tes 

are deacrlbed in Chapter Three. Photographie studies of two-phase 

flow phenomena are shown ln Chapter Four. Chapter Five examines the 

experimental values of the circulation rates. A new theoretical model 

of gas-lift pumps la developed in Chapter Six and a comparison between 

the predicted theore tical flow rates is made in Chapter Seven. 

Finally, future work ia suggested and conclusions are drawn in Chapter 

Eight. 

1 

( 

1 
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CHAPI'ER TWO 

ONE DIMENSIONAL TWO-PHASE FLOW: 

GENERAL REVIEW 

2.1. Introduction to Methods of Analysis 

The importance of two-phase flowa has been mentioned in 

Chap.ter land even though two phase flows obey aU of the basic laws 

of fluid mechanics, the equations are always more complicated and more 

numerous than those for single-phase flOW8. Several techniques are 

used for analyzlng .two-phase flow systems. In ascending order of 
~) 

sophistication the y are: 

Correlation: This la a technique for obtalning design equations with 

a minimum of analytical work. Many mathematical 

correlations performed wlth modern' computers are 

presented ln the Il tera ture • The more advanced 

techniques use dimensionsl analysls. The major problem 

with these empirlcal correlations ls that they can be 

quite misleading if used indiscrlmlnately over a wlde 

range of applications. However, they can be qulte 

satisfactory when applled to conditions similar to those 
. 

that were used to obtain the data. 

f 
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Analytical Modellins: Analytical models which do not take account of 
. 

the deta11s of the flow can b~~imple and succesaful in 

aiding understanding the experimental results as weIl as 

predicting the design parameters. For example in the 

"homogeneous model", the two components of the two-phase 

flow are treated as a pseudofluid with average proper­

ties, without bothering with a deta!led desçription of 

the flow pattern. In the "separated flow model", the 

phases are assUmed to flow side by side. Separa te 

equations are written for each phase and the interaction 

between phases is a1so taken into account, but again, 

with no detailed description of the flow pattern. 

Integral Analysis: The application of this technique starts by 

assuming the validity of certain functions which may 

descrire various conditions of the flow. e.g. velocity 

or concentration distributions. These functions are 

then made to satisfy appropria te boundary conditions as 

weIl as the general equations of fluid mechan!cs stated 

in an integral form. This is a common method 

analyzlng problems in boundary layer theories. , , 

1 

DifferentiaI Analysie: In th!s technique the velocity and 

concentration profiles are deduced from sui table 

differeutial equatious are are mainly concerned vith 



5 

local properties of the flow. Some sophisticated 

versions of this methQd are able to take into ·account 

temporary variations in the system. 

To summarize, it can be said that greater accuracy in 

predicting the results can be achieved by increasing the complexity of 

the method of analysis. However, this study was concerned with 

average properties of the llow, and hence the simple anal ytiea! model 

technique was Lsed to analyze the results and make predictions for the 

behaviour of two phase flow. 

2.2. Previous Studies of Iwo-Phase Flow 

Two-phase flow phenomena have been studied for several 

decades and, although extensive literature is available, it cannot be 

said that the fluid flow of a mixture of gas and liquid is fully 

understood. 

• The earlier investigations were mainly devoted to practical 

problems of petroleum, chemlcal and nuclear engineering. The 

analyses often resulted in emplrical correlations which, though 

sometimes claimed to be general, were often vo~d of physical 

s IgnU icance • The following brief review deals only with articles of 

a general nature and no reference 18 made to articles which dea! only 

with a specific aspect of a particular liquid gas configuration. 
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Wallis [1] made an exhaustive review of the work done on 

two-phase flow. An importa~t contribution was also made by 

Martinelli, Lockhart and Nelson [2-4] who studied two phase flow 

pressure drop for the design of bolIer tubes, refrigeration systems 

and condensate-return lines. These studies were devoted esp~cially to. 

the motion of individual phases whereas Zuber and Findlay [5], as weIl 

as Smissaert [6} focused their attention on the relative motion of the 

phases. 

aspects of two-

phase 
~ 

the mechanism of 

formation of bubbles at an orifice. Peebles and Garber [~], and White 

and Beardmore [9] made extensive st~dies on the motion of gas bubbles 

in liquid in order to acquire information for the study of various 

chemical processes (rectification, abso~ption, etc.). 

AlI these works have significantly improved the knowledge of 

multiphase flow,. but there still exists numerous gaps in two-phase 

flow theory. In particular, no study has been made on the effect of 

reduced pressure on two-phase flow and very little work has been done 

on non-aqueous systems. Vacuum metallurgy is therefore a new area in 

the application 01 tw~-phase flowa. 
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2.3. Definitions of Terms Used in This Thesls 

2.3.1 Flow Patterns 

Single-phase fluld flow can.be characterlzed as "laminar" or 

.. turbule~nt" flow and generally the Reynolds number ls sufficient to 

identify the type of flow. These concepts of laminar and turbulent 

flow are carried into two-phase flow, however analysis of two-phase 

flow i3 more lomplicated. Based o~ visual observation, a number of 

descriptive terms have been established to identHy the various types 

of flow regimes. Figure 2.3.1. 1l1ustrates the flow patterns ln 

increasing order of gas flow rate when gas i9 injected at the bottom 

of a vertical channel. 

The above descriptions are quali ta tive and somewhat 

subjective in nature. The same flow pattern is often differently 

labelled by dif\erent observera, and though attempts have bee~ made to 

avoid this difflculty by specifylng ranges of dimensionleas groups for 

each regime, the classification of two-phase flows is still not exact. 

2.3.2. Parameters in Two-Phase Flow 

The parameters which are used in thls study to describe the 

two-phase flow are: 
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a) local velocity 

b~~lative velocity ---- -c) volume concentration or void fraetioA 

d) volumetrie flux density 

e) 'drift veloeity 

volumetrie flow rate 

the tnes is , the- two cqmponen ts of the two-phase flow are 

distinguish~d by subscripts 1 ~nd 2, ~,omponent 2 was chosen to be 
\ 

the 

gas phase. In a two-phase flow, every part of, the ;low fiel'd is 
o 

oeeup~ed by one or the other eomponent~ , Therefore 0 for purposes of-

analysls, a volume mueh larger th!iin 
'J 

the ~ubbles is considered such 

tha t this vo-l ume eontains both ph~àes." The following p'arameters ean 

then be defined: 

", . 

a) local veloclties [L.T-Il 

The velocitlies'" of the phases,,' w~th !."esp·ec~_, ~o ,stationat:y coordinatea 
~ - ~ 

are represented in any part of the flow by_ the symbol V-' Thus, -- , -
, ~ ~ 

. -
VI :::: velocity of the 1 iquid. phase 

V2 == veloeity of the gas phase 

.. 

" 

"1 

~ 
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Q) relative veloeity (L.T-l ] 

• 
'The relative veloeity between gas and liquid at a particular position 

in the channel is defined as the difference bet~een the local gas 

velocityand the local liquid veloclty at this position, 1.e.: 

c) volume concentration or void fraction , 

\ 

(1) 

In any particular element of volume larger than the diacrete~ particles 

(bubblea or drops), the volume concentration or void fraction (l, is 

defined as ~he fraction of the volume element which ia oceupied by' the 

, gas phase. 

d) volumetrie flux densities (L.T-l] 

Volumetrie flux densities are repr~sented by the symbol j. Tqey are. 

defined as the 'surface density over some partieular area, AI, of the 

volumetrie flux through that area, i.e • 

(2) 

(3) 

l 
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r: 

l 

" 0 

0' 
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where A 1. and A2 represent the areas through which the llqUid and the 
'~ 

gas are flowing réspeetively. 

1 1 A' Al + A2 ,. (4) , 

A' 
2 = ex AI 

(5 ) 

jl = (1-ex)V
1 (6) '; 

" 

j2 = Cl V2 (7) 

The volumetrie flùx density of the mixture is the sum of the 

individual volumetrie flux d~nsitie8, i.e. , 

(8 ) . ' 

,e) drift veloelt1es [L.T-l l 

The drift veloclties are defined as the difference be twèen the local 

velocities and the ,volumetrie flux deusity of the mixture as follows: 

, 
1 

drift velocity of the liquid 

'~drift velocity of the gas 

(9 ) 

(l0) 
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f) volumetrie flow rates [L3.T-1] 

Volumetrie flow rates are represented by the aymbol Q. The 

two components.are again distinguished by subseripts 1 and 2: 

QI - volumetrie flow rate-~ liquid 

Q2 - volumetrie flow rate~s 

-""\ ' 
~ ~ 

2.4. The Drift-Flux Model [5] 

- 2.4.1. General Presentation 

The drift-flux model is a model in which attention i8 

foeused on the relative motion of the gas and liquld phases rather 

than on 'the motion of the individusl phases. 
1 

This type of model is 

often called a "separated flow model". Drift flux theory has wid~-

spread application to bubbly, slug and drop regimes of gas-liquid 

flow. l t a1so has appl1cability in fluid-partiele sys tems such as 

-
fluidized beds. These applications have been revlewed by Wallis.[I] 

The theory appearing in this work is based on the work done 

--by Zuber and Find1ay (5) who developed a genera1 method which can be 

used either for p~edicting the average volumetrie concentration (i.e. 

the average void fraction) or for analyz!ng and interpreting 

experimental data. Their analysis takes into acco1}nt the effeet of 

, 
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non-uniform flow and volume concentration profiles on the local 

relative velocity between the phases. 

2.4.2. Average Velocity and Weighted Mean Velocity of the Gas 

For two-phase flow, it is much easier to obtain data on 

average values th an on localones. Therefore,1t 18 advantageous to 

consider the average value Qf any particular quanti ty, say for example 
\ 

the VI) id frac tion CI. , over the cross-sec tionaI area of the duc t, A. 

This average val ue <: a ~ 13 defined as: 

<0> = l 
A (-11) 

'itf we consider the local velocity of the gas, V2, the average velocity 

/ 
of the 'gas over the total area of the channel i8: 

(12) 

8ubstltuting the'alue of the local velocity V2 given by Equation (7) 

in Equation (12), the average velocity of the gas becomes 

(13) 

However, it is more convenlent to formulate the problem by considering 

the volumetrie flux density of the gas, j2, instead of the local 

( 
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velocity of the g8S, V2' the reason for this being that values of Q2 

and A are reaâUy availab1e ta a designer or an experlmenter. 

Renee from Equation (7): 

(14 ) 

This average value 19 of tan referred ta as the "superficial" 

veloc1 ty. < ] 2:> 1s truly a veloe! ty, but ft la in fac t lhe average 

veloclty the gas- phase would have if on1y gas was flowlng inslde the 

channel. S Ince the word "superficial" h~s no phyBlcal meaning, <: j 2:> 

win be ealle~ the average volumetrie flux density.· 

This and the fact that it can be vf7ry diff leu! t 

values for < ~ > , leadB us to conaider the we ighted meso 
il 

the local veloc1ty of the gas. This welghted mean value 15: 

Subst1tuting V2 from Equation (10) in Equation (15), we obtain 

<0 (j + v2j ) > 

<0> 

, V
2

' = <aJ> + <0 J> 
<a> <0> 

to obtain 

value of 

(15) 

(16) 

Hultiplying the numerator and denominator of the firat term on the 

right-h8nd side of Equation (16) by <j>, we obtain: 

-- -------_. 1 --
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<o.V
2

,> 

Co <j> + J 
<0.> (17) 

where the distribution parameter, Co, is defined by: 

C = <'I<j>, = 
o <0. > <J > 

k L aj dA 

(l8) 

[~l j dA 1 [ ~ t a dA 1 ., 

This expression i8 applicable ta any two-phase flow regime. The 

analysis takes into account the effects of non-uniform flow and 

concentration' profiles snd the effect of the local drift velocity of 

the gas. Non-uniform flow and concentration profiles are accounted 

for by the distribution parameter Co and will be diseussed in the next 

section. 

The second term on the right band side of Equation (17) is 

the weighted mean drift velocity and will be examined in the following 

section. 

2.4.3. Effects of Non Uniform Flow and Concentration Distribution on 

the Distribution Parame ter 1 Co 

In a circular channel, the flow and concentration 

distributions can be expressed as a function of radial position ~ as: 

~' 

l , 
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i = 1 _ (~)m 
Je 

(19 ) 

and 

(l - (l 

1 - t~) n 
w 

= (l - et e w 
(20 ) 

~ 

The subscrlpts c and w refer respectlvely to the values at the center 

line and the wall of the circular duct of radius R. 

Substitution of Equations (19) and (20) in Equation (18) yields: 

2 
[ 1 

et 

1 Co l + 
w 

= - (21) rot n+ 2 <Ct > 

Whère Co is expressed in terma of the volume concentration at the 

wall, u. w It can be seen, If the volume concentration 18 unlform 

across the duct, Le., ,if Ct w = <le ,. <et> that Co - 1. If the volume 

concentration at the center llne Is greater than that st the wall, 

I.e., if (le > <lw' then Co > 1. Finally, if the concentration at the 

center- 1ine 18 sma1ler th an that at the wall, i.e., if (le < (lw'then, 

Co < 1. 

Figure 2.4.1. shows the values of the distribution parame ter Co as a 

function of the exponents of the flow and concentration profiles (n, 

m, ln Equations 19, 20) for axisymmetric flow through clrcular ducts. 
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Figure 2.4.1 Values of the Distrib\ltion Parameter, CO, for 

Different Concentration Profiles as a Function 

of (---- Concentration Profile, Eq.20 ) 

(- Flow Profile, Eq.19 ) 
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2.4.4. The Weignted Mean Drift Velocity 

The effect of the 
<ex v2 ]'> 

term ln 
< Cl > 

Equation (17 ) la now 

conaidered. Recalling tnat the local drift velocity of the gas given 

by Equation (10) 1s the local velocity of a bubble wi th re'spect to the 

local volumetrie flux densi ty of the mixture, the simples t analytical 
r 

expression for" this local drift veloci ty is- obtained by asauming tha t 

1 t la unaffec ted by tne presence of othar bubbles. This almple 

express ion repreaents the terminal velocl ty of a bubble rlaing ln an 

infini te medium for the slug flow regime and the churn-turbulent 

bubbly flow, [10-12]. The terminal ridng veloc1ty ia given by: 

v
2j

' 0.35 [ 9 6p o J 1/2 = Pl (22 ) 

for the slug flow regime (6p = PI-P2' o ::a diameter of duc t) 

and V
2j = 1. 53 [ a9: !:lp r/4 

2 
Pl 

(23) 

.' 
for the churn-turbulent bubbly flow (6p - PI,.P2' a·\surface tension). 

The val,ldity of Equation (22) has been discussed by White 

ar..J Be.srdmore [9]. They also present expressions for the terminal 

velocity of a slug when viscous effects become important. The value 

of the constant in Equation (23), 1.53, is that proposed by Harmathy 

[13] whereas Peebles and Garber reeommend a value of 1.18 [8]. Both 

values areBapproxlmations and Equation (23) ia useful sinee it shows 
-1 

f 
-~---- ---"----- --
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that, in this type of flow, the rise velocity is Independant of the 

bubble diameterJ-') 

When the presence of other bubbles affects the motion of a 

given bubble, the local drift veloc! ty will depend on the 

concentration. In general, the local drift velocity can be expressed 

ln the form of 

~2j = v (1 - a)k 
00 (24 ) 

:----
Using the volume cÔÎîcen\tration as given by Equation (20 r, 

----------
the weighted mean drift velocity can be calculated by integrating 

lA a ( 1- a) k dA This generaI expres sion .as no t .sed 1n this 

work. 

2.4.5. Sununaryof the Drift-Flux Model 

1. The weighted me an velocity of the gas phase is given by 

"2 = Co <j> + <Ct V2j > (17 ) 
<ex> 

2. The value of Co depends on flow and concentration pr ... flll!s:, 

- In axisymmetrictwo-phase flow, it may range from about 1.5 to 
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- it is smaller than unit y, 1.e., Co < l \.rhen 

3. For sI ug-flow regime 

4. For ehurn-turbulent bubbly flow 

[ ] 

1/4 o.g.llp 
,1 p 2 

1 

2.5. Metallurgieal Applications of Gas Injection 

Gas bubble-liquid metal interactions are important in 

numerous refining processes such as the deoxida tion of co pper, 

degasslng of al uminium. and decarburiza tion of hlgh alloy and 

stainless steels. Many investigations have been carried out on 

various aspects of gas injection into liquld metals and many of these 

works are summarized by Szekely and Them~l1s [14]. 

Among the numerous studies of gas Inj~iOn, the Gas-Lift 

Mixing Reac tor (GMR.) process for the desulphuriza tion of MoHen Pig 

iron was investigated at Kobe Steel by Nari~a and co-workers [15]. 

Their proeess la based on the injection of gas into. pig iron at the 



21 

bottom of a eylindr.ical vertical lifting tube immersed in the liquid 
~ 

p~g Iron. The buoyanc~ of the rising bubbles is the driving force for 

lifting the molten pig Iron through the tube. The lifted hot metal 

overflows the top of the tube and falls back onto a desulphurizing 

agent layer which had been added ta the surface of the liquid metal. 

By this mea~s Kobe Steel improved the d~sulphurization of the pig irone 

A similar process based on the principle of gas-lift pump 

was developed by Harris [16] with the purpose of enhancing the vacuum 

refining kinetics of molten metals. The outline of the process ls 

shown ln Figure 2.5.1. Here again, in this process known as "Lift-

Spray Vacuum Refining," th~inject1on of gas at the bottom of the 

lifter tube lifts the liquid from beneath the bath surface to a point r 

above"t~e bath surface. At the lifter "overflow", that i5 the top of 

the channel, the liquid is dispersed in the vacuum by the action of 

the gas bubbles exploding into the, vacuum, and thus creating very 

large surface area8 for evaporation. lt is also clear that a great 

amount of melt turbulence i8 ereated. Consequently, melt phase 

res i8 tance is expec ted to be qu i te low and the inj ee tion of gas is 

a1so hoped to 10wer the gas phase mass transport sinee the injected 

gas will conveet evaporated vapour away from the liquid metal. A ~ 

Lift-Spray system a1so crea tes fresh metallie swrfa~e exposed to 

vacuum. 
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l t i8 the purpose of the presen t stud"y to quantHy the 

effec t of vacuum on two-phase flows as well as on' lift and overflow 

rates as a fune tian of the various des ign and opera tion pàra?le~ers. A 

cold model us ing wa ter was assembled for this purpose and i8 shown in 

Figure 2.5.2,. 
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3.1. Inl'toduction 

The aims of the experimental program-were, '[ 

ç i) to visual1ze two phase flow through a' lifter under 

vacuum and, 

(11) to correlate the llquid flow rate to various 

experimental parameters. 

The experimental program was broken into two parts. In the 

first, the interaction of the gas and liquid phaseà was observed and 

studied qualitatively by means of examining slow motion films of the 

turbulent flow. The films aided in understanding the various regions 

of flow phenomena by showing that a churn-turbulent· flow pat-tern was 

esta~lished for auy constant gas flow rate greater tban about 

20 cm3/S. In the second part,experlments were conducted in order to 

establish the experimental parameters of the drift flux model (Co 

and v 00) and then verify the validi ty of the energ} balance appHed to 

the lift-spray ays tem (see Chapter 6). 

The Eirs t set of quanti tative experiments was carrled out 

with no net flow of th~lliquid phase. The distribution parameter and 

, 
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terminal velo~ity were then derived from measurements of the maximum 

11ft. The second set of quantitative experiments was carried out w~th w, 
11quid ov.erflow and liquid overflow rate was correlated against the 

various experimental parameters. 

3.2. Experimental Variables 

Previous studies have suggested that a number of 

experimental variables influence the two-pnase flow. In the case of a 

Lift-Spray system or in any similar apparatus the following variables 

can have an influence: 

(a) Properties of the liquid phase: 

(a-l) Density P l 

(a-2) Temperature Tl 

(a-3) Viscosity al 

(b) Prpperties of the gas phase: 

(b-l) Density P 2 

(b-2) Temperature T2 

(b-3) Viscos! ty a 2 

(c) Surface tensions (between liquld and gas, liquid and 

container and gas and container). 

(d) Cross-sectional area of lifter 

(e) Length of lifter (above and under 11quid) 

(f) Location of nozzle or nazzles (e.g. centered/affset etc.) 

-------
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(g) Other geometry of sy~_tem: 

(g-l) lnelined lifter 

(g-2) N;)n-cylindrical lifter 

(g-3) Lifter overflow design, etc. 

(h) Gas flow rate 

(1) Top pressure 

(j) Pulsed gas flow 
, 

) 

The importance of the first three parameters, the physical ,.> 

properties of the components, has been shown in the previous chapter. 

The effects of these parameters are weIl known and taken into acèount 

in the determination of Co and v oo ' No attempt was made in this study 

to vary the properties of the liquid and the gas phases (only water 

and ni trogen were used). 

Of the remaining parameters, d, e, h, and' i were 

investigated extensively. The system g~ometry, f and g, which was 

employed, was chosen in order to simplify the problem. Pulsed flow, 

j, was examined brlefly in th~ photographie studies. 

3.3. EX2erlmental Apparatu8 

A glass eylinder 120 cm hlgh and 45 cm 1.0., mounted on and 

sealed to a steel plate was used to eontaln the water. The container 
() 

was divided into two sections having different volumes by a horizontal 

plexiglass dlvider plate 1/2" thick. This plate could be moved up and 
, 

down and WaB sealed to the glass with a rubber ring. 
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This plate was used to hold and pdsition the lifter and to collect the 

overflowing water in the top section (see Figure 3.3.1.) • • 

A plexiglass plate 1" thick was sealed tightly on top of the 

glass cyli~der in order to be able to apply vacuum to the system. The 

top plate was designed with lifting gas 
\ 

inlet, vacuum out1et, and 

water recirculation ports. 

The circulation of the water from the top ~ntainer ta the 

bottom was made possible by a submersible pump with a maximum capacity 

of approximately 2000 cm3/S. The water flow rate as weIl as the gas' 

flow rate were measured with ro tame te rs • The corresponding 

calibration curves are shown in Figures 3.3.2. and 3.3.3. The 

pressure inside the system and the pressure on the gas line at the 

rotameter were bath measured with a mercury calumn-type manometer. 

The gas flaw rate, the recirculated water flo~ rate and the top 

pressure were controlled by separa te valves. ... 

3.4. Experimental Parameters 

The parameters which we~e controlled during the experimental 

investigation were: 

- Cross-sectional area of lifter 

- Length of lifter above free surface of liqu~d 

- Nozzle submergence 

-
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- Gas flow rate 

- Top prÈ!ssure 

The ranges of these parameters were: 

CROSS-SECTIONAL AREA OF LIFTER:' 

This was a discreet variable with values of 36.3 cm2 , 55.4 

These values correspond to the three different tubes 

used in the experiments, i.e. 3" 0.0., 4" 0.0. and 5" 0.0. tubes. 

LENGTH OF LIFTER ABOVE FREE SURFACE OF LIQUID: 

15cm to 30 cm. This length remained at its maximum value 

during the lift experiments in order to avoid the liquid overflow. 

This maximum limit was set by the experimental apparatus. 

NOZZLE SUBMERGENCE: 

45 cm to 75 cm. Again, the maximum value, was set by the" 
J 

dimension of the experimental apparatus. 

GAS FLOW RATE (stp): 

The lower limit was the minimum gas flow rate which could 

establish a churn-turbulent type of two-phase flow, about 20 cm3/s. 

/ 
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The upper limit was determined by the maximum ca~acity of the 

rotameter used to measure the flow rate, about 225 cm 3/s. 

TOP PRESSURE: 

The lower limlt waa the minimum pressure attainable without 

boiling the wate~) Vapor pressure of water at 25°C being almost 24 mm 

of Hg, the minimum value used in the experl~s was roughly 3 x 10 mm ----
of Hg. The maximum value\was 760 mm Hg (atmospheric pressure). 

3.5. Experimental Procedure 

3.5.1. Slow Motion Movies 

The movies were made using a Locarn 16 mm variable frame speed 

camera fitted with a Cosmicar 22.5-95 mm F 1.5 television zoom lens. 

The film speed uaed was 30 frames per second. Havies of continuous 

and pulsed flowa were made • 

• 

3.5.2. Lift Experimenta 

The glass container was fillel w"l th tap wa-ter. This water 

was renewed for each set of experiments to minimize the contamination 

of the wate~ with rust forming on the steel plate. 

o 

-------
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The divider plate was placed inside the container after the 

lifter and the gas in je ct or has been connected to it. The gas line 

was connected from the injector to gas inlet. The top was sealed t and 

vacuum applied. 

Gas flow rate was set to a predetermined value and the top 

pressure was controlled by a man~al valve. 

aIl experiments ta ensure that: 

Great care was taken in 

(i) no water overflowed the lifter and, 

(il) both top pressure and gas flow rate remained constant. 

The height reached by the two-phase mixture in the tube was 

measured against graduations on the side of the lifter. The main 

advantage of the procedure dèscribed is that lt was possible to gather 

a large number of data for a given sysFem, that is, fixed nozzle 

submergence and ares of lifter, by varying the top pressure and gas 

flow rate. 

3.5.3. /Overflpw EXperiments 

The set up of overflow experlments was the same as in the 

lift experiments. The on1y difference was that the recirculation 

lines for water were also connected. 
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After the system was sealed and the vacuum created, the gas 
, 

flow rate was set and the top pressure was controlled. Aga1n, a great 

care was taken to ensure that: 

(1) overflow occurred and, 

(ii) both top pressure and gas flow rate remained constant 

The water rec1rculat1on rate was controlled by controlling 

the pumping rate of the pump ta keep the same level of water on bath 1 

" 

sides of the plexi~lass plate and at the steady state the overflow 

rate was given by the water rotameter Unfortunately, overflow rates 

much higher than the pump capacity (see Figure 3.3.3.) were reached. 

In these cases the overflow was determined by measuring the time 

required for the lifter ta carry 1500 cm3 of water from below the 

divider plate ta the section above the divider plate (i.e. a decrease 

of l cm of water in the lower section). This was not believed ta 

disturb the experimental conditions. 

3.6. Precision of Measured Data 

The major difficul ty of this experlmental work was 

simultaneous regulation of the flo~ rat~s of gaa and liquid when using 

the submersible pump while at the same time maintaining steady state. 

Once steady state was achieved measurements were easily taken. This 

was not the problem with the fixed overflow volume technique, but here 

the measurements had to be taken very rapidly. 

. , 
( 
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...... 
An approximate value of the absolute error for each parame ter 

is given in Table 3.6.1. 

Another source of error was the variation in local properties 

in a two-phase flow sys tem. In other words, the leve1 of lift in the 

non-overflow experiments was constant1y oscillating up and down, and 

the overf1ow rate in the overflow experiments was a1so varying 

periodicall y. Therefore, the recorded val ues for 1 ift and overflow 

were averaged over a definl te period of time. No further 

consideration of these instabilities was taken. 

3.7. Summary 

In summary, the experiments were aimed at measuring lifts and 

overflow rates in a Lift-Spray system under vacuum. Pho tographic 

observations led ta a better understanding of the two phase flow ùnder 

vacuum and helped in .understanding the influence of the variaus 

experimenta1 parameters. Variation in f10w rate of gas, area of duct, 

top pressure and nozz1e submergence were taken in ta accoun t for the 

interpretation of the results whereas oscillation of the system was a 

source of experimental uncertainty. 
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VARIABLE VARIABLE RANGE ERROR (+ /-) Sli.MBOL 

Top Pressure P
TOP 3-76 cm Hg 0.5 cm Hg. 

, 

3 Gas Flow ' 1 26-225 2 cm3/s Q2 - - cm /s 
Rate 

STP 0 

/ 
Gas InJection P

1NJ 66-86 cm Hg 0.2 cm Hg 
Pressure 

Nozzle NS 45-75 cm 0'.5 cm 
Submergence 

Lifter Length L 15-30 cm 0.5 cm 

Lift Helght L* 0-30 cm 0.5 cm 

Water Overflow OVFL OR Qi 52-3000 cm3/s leaks 
Rate 

Table 3.6.1. Approximate value of the absolute error for each 

parame ter. 
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CHAPrER FOUR 

PHOTOGRAPHIe STUDIES 

4.1. Introduction 

This chapter presents photographs of the gas-l.iquid mixture 

in the lifter and the flow of liquid at ~ge top of the lifting tube. 
. , 

The photographs are selected frames from 16mm cine films. 

v' 
4.2. Flow Patterns Under Vacuum 

, 
At low gas flow ' rate", the' flow pattern .was typical 'of a 

laminar bubbly flow as shown in Figur.e 4.2.1. When the:. gas flow rate 

was increased, the frequency of the bubble formation first increase~, ... 
and then the volume of the bubbles increased to forro spherical caped 

~ 

bubbles. Figure 4.2.2. shows such a bubble. This type of behavior 

has been reported in Many investigations and no attention was paid in 

this study to ~etermlne the ranges of gas flow rate for such flow 

patterns. 

When the gas flow rate was higher than about 20cm3/s the flow 

pattern was typical of a churn-turbulent bubbly flow so long as the 

gas injection was continuous. See Figures 4.2.3. to 4.2.5. 

... 
'. '" -- -- -------~- ... -- -

~'" 
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4.2.1. 1 Laminar Bubbly flow 

(O.D = 4", NS = 40 cm, L = 50 cm, Q2 

'<, 

f 

( 

.... ~--

3 = 10 cm Is, flOP _ 

39 

76 cm Hg ) 

1 
) 
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4.2.2. Spherlcal cap bubble 

-
.. 
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4.2.3. Churn-Turbulent bubbly flow 

(Q.D ... 4", NS :: 40 cm, L - 50 cm, Q2 

41\ 

\ 

3 = 200 cm /s, PIOP = 7~ cm Hg) 

'. 
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4.2.4. Churn-Turbulent bubbly flow 

(a.n = 4", NS' = 40,cm. L = 50 cm, Q2 
3 = 500 cm /s, Prop = 76 cm Hg) 

l 

, 
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4.2.5. Churn-Turbulent bubbly flow 

(O.D = 4", NS • 40 cm, L :: 50 cm, Q2 

43 

3 = 1500 cm /s, PIOP = 76 cm Hg) 

• 
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Slug flows were observed only when the gas injection was 

periodlc, Le. when the gas Hne was al ternatively opened and closed. 

"', 
This way, the formation of very large slugs was made possible as shown .. 
in Figure 4.2.6. This type of pulsating injection flow rate was not 

studied further but lt could be an interesting alternative for 

tecircula tlng a l1quid ln this type of gas-l1quid pompe 

4.3. The Liquid Overflow 

For con tinuous gas inj ec tion a t flow ra te of gas higher than 

about 20 the flow reglme was characteris tic of a 

churn-turbulent bubbly flow. Pictures were taken st the lifter 

overflow and compared with photographs of a simllar design used in 

l1quld aluminium [161 as shown in Figures 4.3.1. and 4.3.2. The 

visual observation shows a very slmllar behavior of the overflow in 

the Nitrogen-Water System when compared to the Nitrogen-Aluminium 

one. In ~oth systems a frequent inward collapse of the Llquid fUm 

1 into the lifter was also notice. From a visual point of. view, the 

gas-lifter system seemed to- be a reasonable model of the gas-liquid 

me tal sys tem. 

~, 

1 , .. ~~~--
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._, 

4.2.6. Slug flow 

( (No experimental data; the size of such bubbles could reach 1500 cm
3

) 

., 
," 

, 
- --.. 
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4.3.1. Alumlnum Overflow 

t 
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4.3.2. Water Overflow 

(O. D = 4", NS = 40 cm, L 
3 

- 50 cm, Q2 = 2500 cm /s, PTOP = 10 cm Hg) 

, 
-----""---

/ 
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œAPTER FIVE 

RESULTS 

5.1. Measurements in ~lft Experiments 

The parameters which were measured in the lift experiments, ' 

were: 

and 

on the gas 1 ine, PINJ 

(c) Top Pressure, PTOP 

(d) Gas flow rate, ct2' 

(e) Lift, L*, as measured from the free surface of the liquld to 

5" 

the top of the two-phase mixture in the column. 

Thes~ measurements are tabulated for the experlments on 

outside diameter'tf'Le. 6.8, 9.3, 12.0 cm 1.0.) tubes in 

3, 4, 

Tables 

5. 1. 1. to 5. 1. 3 • 

5.2. 
.1 

Measurements in Lift-overflow Experiments 

The parameters which were measured in the Lif t-overflow 

experiments were the same as those measured'ln the Lift experlments 

with the exception of L*. Here, the length of the tube above the 

l1quid surface ls taken as the lift height. In addltion, the rate st 

which water flowed through the lifter was a190 determined as described 

in Chapter 4. Thus, the parameters measured were: 
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Exp. P1NJ NS P Q' L.* 
Number (cm) 

Top 2 
(cm) 

(cm Hg. ) (cm Hg) (cm 3 /s) 

l-A 87. 0 . 54. 0 10 29.0 11 

2-A 83.5 54. 0 19 109.5 18 

3-A 86.0 54. 0 20 26.5 6 

4-A 84.8 54. 0 20 62.0 11 

5-A 83.5 54. 0 19 172.5 28 

6-A 85. 8 54. 0 30 66.5 8 

7-A 87.5 54.0 30 22.0 3 

8-A 83.0 54. 0 30 134.5 15 

9-A 82.5 , 54. 0 30 200.5 21 

10-A 87.0 54. 0 40 26.0 3 

ll-A 85.3 54.0 40 68.5 6 

12-A 84.0 54. 0 40 128.0 12 

13-A 82.5 54.0 40 200.5 18 

14-A 86.5 54.0 50 27.5 2 

--------.--~. 84. 0 54. 0 50 73.0 6 

, 16-A~~ 50 116.0 9 

17-A -----82. 5 54.0 S-O-----_lB9. 0 13 -----18-A 87.0 54.0 76 29.0---r---___ 

19-A 85.3 54 ... 0 76 71. 0 4 

20-A 82. 7 54.0 76 122.0 6 
, 

21-A 87.0 54.0 76 170.0 8 

22-A 86 r2 54.0 76 198. a 10 

Table 5.1.1. Measured Values of Experimental Parameters and Lift in a 

3" (6.8 cm 1.0.) 
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Exp. 
Number 

1-B 

~-B' 
3-B 

4-B 

5-B 

6-B 

7-B 

B-B 

9-B 

10-B 

11-B 

12-B 

13-B 

14-B 

15-B 

16-B 

17-B 

18-B 

19-B ------
20-B 

21-B 

22-B 

23-B 

24-B 

P1NJ 
(cm Hg) 

76.0 

83.0 

77.5 

75.5 

74.5 

81. 5 

77.5 

/5.5 

74.0 

80.5 

77,8 

81. 0 

86.5 

84.0 

8LO 

79.5 

85.0 

82.5 

81. 0 

79.8 

85.5 

82.3 

82.5 

86.5 

NS 
(cm) 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

t:I 

P 
TOP 

(cm Hg) 

5 

10 

10 

10 . 
10 

20 

20 

20 

20 

30 

30 

30 

40 

40 

40 

40 

50 

50 

50 

'-~---5-0--

48.0 76 

48.0 . 76 

48.0 76 

48.0 76 

123~0 
w 

22.0 

73.0 

la2.0 

214.0 

26.0 

76.0 

153.0 

214.0 

40.0 

78.5 

2 00.0 

38.0 

81.0 

142.0 

208.0 

48.0 

96.0 

158.0 

)12.0 

40.0 

86.0 

132.0 

214.0 

L* 
(cm) 

30 

5 

10 

17 

26 

2 

6 

10 

14 

3 

4 

1 

2 

4 

6 

9 

2 

4 

5 

7 

1 

2 

3 

5 

50 

Table 5.1.2. Measured Values of Experimental Parameters and Lift in 

a 4" Tube (9.3 cm r:"b.) 



Exp. 
Number 

1-C 

2-C 

. 3-C 

4-C 

5-C 

6-C 

7-C 

8-C 

9-C 

10-C 

11-C 
~ 

12-C 

13-C 

14-C 

15-C 

16-C 

17-C 

18-(: 

19-C 

20-C 

P
1NJ 

(cm Hg) 

87.0 

83.5 

83.5 

80.5 

87.2 

83.5 

83.3 

80.5 

86.5 

83.8 

82.5 

81.0 

87.0 

84.5 

82. 0 

81.0 

83.0 

80. 3 

85.0 

87.0 

NS 
( cm) 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

~8.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

48.0 

l)tl8 . 0 

' \8.0 

48.0 

48.0 

48.0 

P
TOP 

(cm Hg) 

5 

4 

4 

5 

10 

.10 

10 

10 

20 

20 

19 

20 

30 

30 

30 

30 

40 

40 

76 

76 

22. O· 

76.0 

128. 0 

204.0 

28. 0 

78.5 

li' 
114.0 

204.0 

24.5 

73.0 

145.0 

218,0 

31. 0 

80.0 

148.0 

212.0 

136.0 
\ 

220.0 

123.0 

220.0 

1 

L* 
'(cm) 

6 

18 
" 

24 

29 

4 

7 

Il 

13 

2 L' 

4 

8 

12 

1 

3 

5 

7 

4 

6 

2 

3 

51 

Table 5.1.3. MeaSl1red Values of Experimental Parameters and Lift in a 

5" Tu be (12 . 0 cm 1. D. ) 
J 

J 



, 
t l, ... -
~ 
"" ;;-t... • .. 
f '. 
'c S2 
t' 

( é . , 
(a) Pressure on the gas llne, PINJ 

" . 
~ - ; (b) Nozzle Submergence, NS 
i, 

~- " (c) Top pressure, PTOP " > 

Q (d) Length of lifter above liquid surface, L 

(e)" Gas flow rate, 
J 

Q2, as read from the rotameter 

(f) Overflow rate, OVFL 

These measurements ,are tabulated in Table 5.2.1 for 'overflow 

experiments f~ at 3" Tube (6.8 cm LD.). Host of the measurem~ts 

Jiere done without the use of the submersible pump (see Chapter 

Three). An as terisk indica tes the "val u'es measured wi th the use of the 

pump. No measurements of the overflow rate were made in larger 

dlameter tubes because overflow sI tuations were dlfficul t to reach due 

ta the limi ta tions of the appara tus. 

--- \ 

( 

--------~ ~----- --------_.--------- ... ----~tr--, 
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/ 

( 
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Exp.­
Number 

1-0 
2-D 
3-D 
4-0 
5-0 
6r.o 
7-0 
8-0 
9-0 

10-0 , 
11-0 
12-0' 
13-0 
14-0 
15-0 
16-0 
17-0 
18-0 
19-0 
20-0' 
21-0 
22-0 
2)-0 
24-0 
25-0 
26-I:' 

<27-0 
28-0 
29-0 
~-o 

1-0 
32-0 

P
1NJ 

(cm Hg) 

91. 0 
85 .. 0 
80.5 
83.0 
81. 0 
77.2 
73.0 
94.0 
88.0 
76.5 
73.0 
83.0 
74.0 
86.0 
89.5 
86.0 
81.7 
76.0 
85.3 
87.5 
86.5 
87.5 
86.5 
82.0 
82.5 
81.0 
84.0 
78.5 
84.0 
86.5 
84.5 
8-5.0 

NS P 
(cm) TOP 

(cm Hg) 

68.0 3.5 
66.0 4.0 
67.5 9.0 
67.0 Il.5 
69.5 13.5 
69.5 18.0 
65.5 18.0 
69.0 20.0 
68.2 29.0 
68.5 15.0\ 
67.5 15.0 
68.0 . 12.0 
70.8 30.0 
69.2 10.0 
66.5 4.0 
68.5 9.0 
68.8 15.0 
69.5 21.5 
73.5 3.0 
70.5 4.0 
73.5 4.0 
65.8 3.0 
68.3 5.0 
68.5 6.5 
71. 3 7.0 
70.5 10.0 
68.0 .7.0 
69.5 9.0 
71. 5 8.0 
71.5 ll.0 
72.5 14.0 
71.5 12.0 

L 
(cm) 

20.8 
22.8 
21. 3 
21. 8 
19.3 

. 19.3 
23.3 
19.8 
20.6 
20.3 
21. 3 
20.8 
18.0 
19.6 
22.3 
20.3 
20.0 
19.3 
15.3 
18.3 
15.3 
23.0 
20.5 
'20.3 
17.3 
18.3 
20.8 
19.3 
17.3 
17.3 
16.3 
17.3 

Q' 
.2 

(cm3-/s) 

16 
116 
148 
1'16 
146 
IBI 
212 
170 
222 
159 
192 
118 
222 

98 
33 
76 

136 
184 
162 
138 
138 
114 
132 
180 
184 
203 
162 
208 
167 
138 
167 
1~8 

53 

OVFL 
(cm3 /s) 

72 
1570 
1-064 

174 
560 
424 
455 
314 

62 
4.90 
42'4 
200* 
138* 
176* 
143* 
103* 
179* 
147* 

2690 
1962 
3139 
1189 
1054 
1347 
2092 
.1327 

975 
1171 
1635 
1046 

923 
1021 

Table 5.2.1. P!easurèd Values of Experiae.ntal Para.eterll and Overflow 

Rates in a 3- Tube. 

" 

f 
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ŒAPl'ER SIX 

ME'l'H\to§ OF ANAL YS 18 OF LIFT /LIFT-oVERFLOW 

DATA: A NEW MODEL FOR OVERFLOW PREDICTION 

-
6.1. The jDrift-Flux Madel as Applied to Lift Experimel'lts = 

54 

The distribution parame ter Co and the weighted mean drift 
..- ') V 2' -' 

vêloclt/, ~ Jean be easily ca1cu1ated from the height of the 
..- ::t :> 

water-gas column in experiments where there was no overflow. The 

-

\ 
1 

reasonlng and method were as fo110wa: 

The average vol ume tric fI ux denai ty of the mixture, < J :> was 

that of the 'ga8 alone because there was no overflow, Le., no net flow 

of water'. 

Thus, Ql - OVFL - 0 

, .. 
tilerefore fro. 'equat1oua (8) and (14): 

<J:> = (25) 

The welg!tted aean velocity 18 then given frOli Equa tion (15) 
'-. 

by: 

-- - (26 ) <a:> 

;' 

1 
j 

/ 

f 
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, \llhere the average void fraction, <Cl>., whell there is no overflow, i. 

C"~'-~1ven by: 

<a>, = L* (27) 
L* + ,NS 

.. ' 
. 

L* is·the level reached by the gas-liquid mixture in.ide the lifcet as 

measured from the still bath surface (8ee Figures 2.5.2. and S.2.!.). 

<Cl> in this work is an average value across the cross 

sectiona! area of the tube as well as long the length of the colulIlIl. 

Q2 is also an average along the length of the channel. This will be 

discu8sed later. 

Subst1tutlng Equation (27) in Equation (26 ) 

expre8lion for the weighted lIesn velocity of the gas V2: 

x L* + NS 
L* 

y1eld~ an 

(28 ) 

can then he plotte4 as a funct10D of <):> and fro. Equation (17), Co 

and 
<aV > 

2J can he 

reapectively, 1.e.: 

de ter1l1ned fro. 

<aV
2

,> 
) 

the dope 

thi. c:an he stated u.lng Equationa (25) and (28) u: 

1n~rcept, 

(17) 

1 
-



l, 

" 

L 

..... 
vhere 

Q2 L*" NS 
A x L* < 'l > 

la the terminal velo=lty of the gas, v w , 

of a churn-turbulent bubbly flow or in a slug flow regime. 
. '" 

56 

(29 ) 

ln the cs se 

6.2. The Drift-Flux Model as Applied to Lift-overflow EXperimenta 

For Llft-overflow experiments, Equation (17) can be wrltten 

as: 

'J (30) 

vhere QI 19 the voluaetr'lc flo'" rate of the l1quid, Le., the 

overflov. OVFL. The average volume concentration -- l" was r • assumed to 

be constant throughout the length of the lifter and the values of Co 

and J~ were determlned as shown in the previous section. 

The energ1es of liquld -and gas in a o~ dlaenalo~ steady 

staCe flow of an 1nvl.cid fluld are glven by: 

(1) BernoullV'. Equation for a l1quld 

E -l 
(31) 

vbar. ;;1 18 the d~na1ty of the l1quld, VI lu ftloc:1ty and P the 

pressure at so.e height, Z. 

\ 
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(11) Saint Venant's Equation for a perfec:t gas -
P2 V2 

2 
E

2 
P

1
Cp T P2gZ = 2 + + (32) ., 

( 

where P2 is -J:he density of the gas, V2 1ts veloc1ty and T the 

temperature at some height, z. 

Equations (31) and (32) vere used to develop energy balances 

over the length of the 2 phase mixture in the column for two cases as 

shown in Figure 6.2.1. In case l, the flow rate of gas, Q2, does not 

produce' any ~verflow, 1.e. , * ~ " L < L- • In Case II, the same flow rate, 

Q2, produces an overflow. 

In these two cases, the flow rate, density and temperature of , 

the gas at the level of the injection nozzle, that is, the bottom of 

the column is the same. Hence, E2, given by Equation (32) 18 the same 

at the bottom of each lifter: 

(33) 

At the top of each lifter, Just above the liquid , the 

vd oc ity of the gas 18 the same in both cases sinee the tubes are of 

equal dlameter and the veloc! ty i8 equal to the average velodty of 

the gas alone in the column, Le •• Q2/A• Assuming the pressure and 
..; 

temperature are also the same in both cases at the top, the difference 

between the energy of the gas above Column land Column II ia obtalned 

form Equa tion (32): 

' , 
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CASE l CASE II 
, 

Q1 = a Q1 =OVFL 
~ 

~ -- --

--- - ~ 

\10 l L- '~~-L 
~ -

NS NS 

~ .... ---- n ~ ... ---- n 
f f 

~ °2 c 

• 
J~ 

Figure 6.2.1 : The Configtirations of the Lift-Spray Systems 

Considered ta Perform Energy Balances. 

l .. -- ... 



E l,Top 
2 

S9 

(34) 

Nov conslderlng the liquld phase, ln Case l, there Is no 

liquld entering or leavlng the system, bence 

'(3S) 

Nov, in Case II, the energy of the, llquld entering and 

leavlng the lifter la given by Equation (31) appl1ed at bottolD and top 

respectively. The veloclty of the liquid enter1ng and leav1ng the 

lifter was assumed to be the same, 1.e. void fraction 15 constant frOID 

bottolll to top of the lifter. 

, ' 

E II,Bot 
1 

EIII,TOP,., pIg(O - (LU+- NS) +- (Pb - PT) (36) 

Pb and Pr are the pressures 

ras pee t ivel y. Kowever, the 

at the bottoll and y of the eolUlm, 

J 
pressure at the bottOID, Pb' 15 equal to 

the top pressure, PT' plus the tJydrostatic pressure,ol.g'. (LU +- NS), 

i.e. : 

(37 ) 

and bence the Equation (36) becomes 

----------------~~- - ,----- -



.,.1 

fi 
The dlfference between the'energy accuaulated la eacb s~ste. 

18: 

wblch'can he wrltten as: 

E II,Bot) 
2 

(E l, Top T 

1 

., 
E l ,TOp) 1 

2 J 

(E l,Bot 
2 

E II,Bot) _ (E I,Top _ E II,TOp) 
222 

(E II,.Bot 
l 

E II,TOp) 
1 

(40) 

from Equations '(33), (35), and (38), the first, third and four th ter.s 

a~e all equal to zero. Consequently Equation (40) can be wrltten as: 

.. - (E l,Top _ E II,TOp) 
2 2 (41) 

This diffèrence Is glven by Equation (34) and we obtaln: 

E l l , Top ( U * ) 
ACe - ~2 .g. L - L 

(42 ) 

TOP where O 2 ,ls the density of the gas above the ,11quld surface. 

TOP 3 ,%J 
Now, 02 18 small compared to;., l ( 0

1 
'\, 10 • û 2 land (L* - L ) 13 not 

large, therefore 

-



I 
EACC = 

61 

(43) 

In ather wards, the energy accumulated in Column l in the 

fora of potential energy i8 equal to the energy accumulated in column 

II in the form of potential and kinetic energies. Aga1? assum1ng that 

the density of the gas 1s negl1g1ble compared to the densïty of the 

l1quld, It 18 possIble tQ express thia ln term8 of potent1al and 
\ 

klnet1c energies of the 11qu1d: 

Pro. the generai lava of Mechanics, these can De rewrltten as: 

(NS T L*) 
2 

(45) 

Dl Cl - <cJ: ;» la the ilPparent dens1ty oç Column l, the' center of mass 

la located NSrL* at a level ( 2 ) and the arigln la chosen to be the level 

of the nozzle. Siml1arly, 

, 

\ 
PEI l • 0 l (1 - <:l q) . g. 

and, KE I l = ~ 
"1 

- \ --

V 2 
1 

-2-

(46) 

(47) 
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In these Equations, <al> is glven by, Equation (27): 

<al;> :: L* 
L* T NS 

Substituting this in Equation (45): 

NS 
Pl·g· 2 

Nowa comblnation of Equations (15) and (30) yields: 

= 
OVFL 1- Q2 

A 

and Equation (49) can be. rewritten as: 

. 
< ClJl > _ 

v 
"" 

- - 62 

(48) 

." 

(49) 

(50) 

Combinlng Equations (46), (47), and (48), the energy balance, Equation 

(44), gives: 

NS 
°l·g· 2" = 

, 

(51) 

Where <c}h 18 given by Equati.on (50) and VI 18 giv~n hy Equation (6), 

i.e. : 

OVfL 
(1 - <: :x.~) : A. (1 - <::l U> ) (52) 

J 
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Equation (51) can be solved using Equations (50) and (52) ta yield an 

expression for the overflaw: 

+ 'OVFL. (gA2.XC2• XB + 2gA2.XC.XE.XA) 

+ 

• 0 (53) 

where (
!::.I1 _ ) 

XA • NS. Q 2' L * l 

xc - (Co - 1). Q2 + v .A 
"" 

+ J .A 



" ~ 

and L* la glven by Equation (29) as: 

L* = v .A 
co 

6.3. Summary 

l. For Lift Experiments, the LIft, L*, inside 

2. 

predieted if the dis tribution parame ter, 

veloci ty, \} U) , are known. 

L* Is given as: 

L* 
Q2. NS 

= (Co - 1) • Q2 t v .A 
ex> 

For Lift-overflow Experiments, the flow 

OVFL, ean be pred ie ted by sol ving Equation 

will be accurate if 

(1) P 
, 2 

64 -: 

the lifter tube ean be 

Co, and the terminal 

\ 
rate of liquld, QI or 

(53) • The solution 

( 11) < a> is cons tan t along the leng th of' the 

lifter. 

, , 

-1 
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;r CRAPTER S E'VEN 
ï 

DISCUSSION 

7.1. Application of the Drift-Flux Model to Lift Experiments and 

Predictions of Lift 

The results of the Lift experimen ts (Tables 5.1. 1. to"S. 1. 3.) 

IITere analyzed wi th the procedure described in Chapter 6. A number of 

assumptions wi th regard to the measurements were made and these are 
. , 

discussed briefly below. The relationship between the weighted mean 

velocity of the gas and the volumetrie flux density of the mixture is 

then examlned. 

.. 
The gas flow rate as given by the' rotameter was Icorrected to 

take into account the pressure on the gas line, PINJ, whlch was 

dlfferent from the pressure used for the calibration of the rotameter, 

i.e. 76 cm Hg. This correction was made using the "American standard 
" ' 

correction factor for variable areas flowmeters" in the casel of agas 

flow as follows: 

Q2,corr = Q2,meas . ~ : INJ ' 
cal 

~/here Q2 = Q' 
,meas 2 

where Q2, con and QZ, meas are the flow ra te corrected and the flow 

rate read, respectively. PINJ and Pcal were the pressure on the gas 

line . and the pressure at which the rotameter was calibrated 

'~ )' . , 
1 

( 
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respeetively, [19]. The volumetrie gas flow rate inside, the l1
0

fting 
\ " 

tube, Q2, was then assulIled to be equal to the flow rate calculated!\:).at 

.the top pressure, PTOP' Q~ was therefore g1ven by: 

Q Q Pca1 2 = 2,corr x 
PTOP 

or 

= Q X·œINJ.Pcal 2 ;meas V 
-P

TOP 

The value of the average 'volumetrte flux density o~ the mixture, <j> , 

vas then calculated using Equation (25): 

The welghted mèan velocity of the gas, \12' W8S calculated using 

Equation (28): 
, 

_ Q2 (L* + NS) 

L* .A 

values of \12 and <j> are l1sted in Table 7.1.1. for each experillent 

and V2 was plotted as a function of the volumetr.c f~ux density of the 

mixture, <j>, in'Figures 7.1.1. to 7.1.3. 

".J 

• T 

,. 

f 
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Exp. V2 <J> Exp. F V
2 

-' J;> 
Number Number 

l-A 36.98 6.49 12-B 41. 30 7.70 
2-A 50.57 12.64 13-B 28.35 1. 13 
3-A 29.50 2.95 14-8 30.96 2.38 
4-A 40.49 6.85 15-8 36.90 4.10 
5-A 58.32 19.91 -16-B 3-7.69 5.95 
6-A 38.20 4.93 ' 17-B 28.40 1.14 
7-A 31.29 1. 65 18-8 29.10 2.24 
8-A 45.-10 9.80 19-8 38.69 3.65 
9-A " 50.34 14.57 20-8 38.19 4.86 

10-A 27.65 1. 47 21-8 30.60 0.62 
11-A 37.97 3. a 0 22-B 32.94 1. 32 
12-A 38.72 7.04 23-B 34.42 2.02 
13-A 43.72 10.93 24-8 35.63 3. 36 
14-A 34. ~8 1. 2 3 1-C 28.47' 3.16 
15-A 32.12 3.21 2-C 49.07 13.38 
16-A 35.62 5.09 3-C 67.62 22.54 
17-A 42.48 8.24 4-C 74.92 28.22 
18-A 46.99 0.85 5-C 26.20 2.02 
19-A 30.03 2.'07 6-C 43.44 5.53 
20-A 34.95 3.50 7-C 43.02 8.02 
21-A 38.81 5.01 8-C 64.27 14.11 

f 22-A 37. l 8 5.81 9-C 21. 96 0.88 
I-B 71. 56 27.52 10-C 33.48 2.58 
2-B 27.27 2.57 l1-C 37.40 5 _ 34 
3-:-B 

1 
47.84 8.25 12-C 37.81 7.56 

4-B 60.54 15.83 13-C 24.52 0.74 
5-B 67.47 23.71 14-C 32.12 1. 89 
6-B 30.42 1. 51 15-:C 36.50 3.44 
7-B 38.64 4.29 16-C 38.52 4.90 
8-B 49.48 8.53 17-C 27.86 2.39 
9-B 52.31 111al 18-C 34.19. 3.80 

10-B 26.10 1. 54 19-C 28.75 1.15 
I1-B 38.51 2.96 20-C 30.62 2.08 

. , 

Table 7.1.1. Values of the Welghted Mean Veloclty V2' and the Average 

FI ux Dens! ty of the Mix ture, < j > • \~ 
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V I~ 2 
/ cm/s 

60 

50 

40 

30 

20 

10 

5 10 15 20 
(j) ((mis) 

Figure 7.1.1 Weighted Mean Velocity of the Gas vs. Volumetrie Flux 

Density of the Mixture for the 3" O.D. Lifter. 

1 
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60 

50 

40 

30 

20 

10 

5 10 15 20 
<j ) (cmls) 

Figure 7.1.2 Weighted Mean Veloeity of the Gas vs. Volumetrie Flux 

Density of the Mixture for the 4" O.D. Lifter. 

1 
-,-------
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60 

50 

10 

5 10 15 20 
<j > (cmls) 

Figure 7.1.3 Weighted Mean Velocity of the Gas vs. Volumetrie Flux 

Density of the Mixture for the 5" a.D. Lifter. 
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The l1uearlty of these curves 1& obvlous and conflrHd .by 

,11oear regresslons perfoned on the data which gave the follow1pg 

results. 

for 3" Tu~e Vz - 1.54 "J;> + 28.75 (correlation 96.2%) 

for 4" Tube Vz - 1. 71 "-J ; + 29.10 (correla tion 96.3%) 
-"/"'-

for 5" Tube Vz - 1:79 ;J .> + 26.42 (correla tion 97.2%~ 

A Huear regress 100 °for a11 da te (see Fig. 7:1. 4) gave 

V2 - 1.71 'J + 27.98 (correlation 96.2%) 

Experiment (lB-A) W8S oot used in the computation of the regress1,on 

11oe. For this point, tne'value of L* is smal! and is bêlleved to be 

erroneoUB. Experlment\ (S-C) was not cooslder either, since the value 

of the, top pressure waB uncertain. 
of 

The value of the distribution parameter, Co' wbich is the slope 

of the Hoe in Figures 7.1.1. to 7.1.3. indicates that the volume 

co~en tra tian, Cl, and the gas veloc i ty , V 2' are bo th hig her in the 

center of the lifter than on the wall. The increasing value of Co for 
.' 

increasing diameter of lifter suggest that,higber volume concentration 

and gas velocity .0 the center are favored wlth larger lifting tubes 

as compared to the smaller tubes. 

\ 

, , .. 
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Figure 7.1.4 : Weighted Mean Ve1~ty of the Gas vs. Volumetrie Flux 

Density of the Mixture for the 3", 4", and 5" a.D. Lifter. 
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Theoretlcal values of the terminal ve1ocity, v ro , are given ln 

Table 7.1.2. for: the churn-turbulent bubbly flov and the slug flow 

reglme using Equa tions (22) and (23) • The value of the surface 

tensidn is tak~n from the Handbook of Chemlstry and Physics 
\ 

[20) and 

19 es timated to be 73 dynes/cm for a Ni trogen-Water sys tem. The 

calculated values of the intercept are also shown in Table 7,.1.2. 

These are not seen to increase wi th an Increase in the diame ter of the 

lifter and, therefore, conforms with the fact that orily a churn 

turbulent flow regime was observed. 

With the above correlations for Co and v"" it vas possible to 
\ 

make theoretlcal predictions of the Lift, L*, in the system using 

Equation (29). The val ues of Co and v whlch were ,used were those 

obtained regression of V2 vs. <J-> for aIl data, Le., 3", 4", and 5" .... 
'''\ tubes. These\ predictions are listed in Tables 7.1.3. to 7.1.5. The' 

agreement with the experimental values is excellent. Consequent1y, 

the values of Co - 1.71 and v CD = 28.0 were assumed to be accura te 

enough to describe the two-phase flow for any tube diameter. 

7.2. 
1 

Appl1ca tion of the Energy Balan'ce to Overflov Experimenta. 

Predictions of Overflow 

The results of the Overflow Experiments (Table 5.2.1.) were 

analyzed and compared to the predictions made _ using the procedure 

described in Chapter 6. Again, the gas flow rate given by the direct 
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, 
Lifter Churn-Turbulent Slug Exp e·r i men ta 1 
Diameter bubbly flow flow Va 1 ue , ( from plo t) 

\ 

6.8 cm 25.02 cm/s 28.58 cm/s 28.75 cm/s 

9.3 cm 25.02 cm/s 33.43 cm/s 29.10 cm/s 

-
12.0 cm 25.02 cm/s 37.97 cm/s '26.42 cmls 

, 
. , 

Table 7.1.2. Comparison between the values of the terminal velocities 

obtalned trom the experimental data and the predicted 
) 

values for churn-turbulent bubbly flow (Equation 22), 

and slug flow regime (EquatioR .. 23). 

l 
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Experirnent L* L* 
, Number_ ÊXperimental Cornputed 

1 
l-A Il. 5 10.75 

2-A 18.0 18.46 

3-A 6.0 5.29 

4-A Il. 0 Il. 26 ... --._-

5-A '28.0 , 25.52 

6-A 8.0 8.45 

7-A 3.0 3.05 

8-A 15.0 15.14 

9-A 22.0 20.52 

10-A, 3.0 2.71 

11-A 6.0 6.68 

J..2-A 12.0 11. 52 

13-A 18.0 - 1 16'.50 

14-A 2'. a 2.30 

15-A ~\ 6. a 5.73 
'-

'1- 16-A 9.- 0' " 8.69 

l'7-A 13.0 "1 13.15 

18-A 1.0 1. 61 

19-A 4.0 3.80 

20-A 6.0 6.21 

21-A 8.0 8.57 

22-A 10.0 9.76 

Table 7.1.3. Comparlson Between Experimental Data and Predictions 

Obtalned With 
~ 

Co .. '1.71 and v 00 "" 28.00 

for Lift in a 3" Tube (6.8 cm 1. D .• -l 
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Experiment 
Number 

I-B 

2-B 

3-B 

4-B 

5-B 

6-8 

7-8 

8-8 

9-8 

10-8 

11-8 

12-8 

13-8 

14-8 

15-8 

16-8 

17-B 

18-8 

19-8 

20-B "J 

21-B 

22-8 . 

23-8 

24-B 

~ , 

L* 
Experimental 

30.0 

i 5. 0 

10. 0 

17.0 

26.0 

2.5 

6. 0 

10.0 

14. 0 

3. 0 

4.0 

11. 0 

2.0 

4.0 

6.0 

9.0 

2.0 

4.0 

5.0 

7.0 . 1.0 

2.0 

3.0 

5.0 

L* 
Computed 

27.79 

4.14 

11.69 

19.37 

25.38 

2.49 

6.64 

12.02 

15.58 

2.53 

4.72 

Il. 04 
'" 1. 89 

3.85 

6.37 

8.86 

1. 89 

3.63 

5.73 

7.42 

1. 05 

2.19 

3.30 

5.31 

76 

Table 7.1.4. Comparison Between Experimental Data and Predictions 

Obtained With 

Co - 1. 71 and V oo '" 28.00 

for Lift in a 4" Tube (9.3 cm 1.0.) , 

\ 
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't'A 

Experiment 
Number 

l-C 

2-C 

3-C 

4-C 

5-C 

6-C 

7-C 

8-C 

9-C 

10-C 

ll-C 

12-C 

13-C 

14-C 

15-C 

16-C 

17-C 

18-C 

19-C 

20-C 

L* 
Experimental 

6.0 

18.0 

24.0 

·29.0 ,. 

4.0 

7.0 

11. a 
13.5 

2.0 

4.0 

8.0 

12.0 

1.5 

3.0 

5.0 

7.-0 

4.5 

6.0 

2.0 

3.5 

. ,. 

L* 
.Computed 

5.02 

17.13 

24.59 

28.20 

3.29 

8.31 

11. 43 

17.81 

1. 47 

4.14 

8.07 

10.88 

1. 25 

3.09 

5.43 

7.47 

3.86 

5.94 

1. 92 

3.39 

77 

Table 7.1.5. Comparison Between Experimental Data and Predictions . 

Obtained W'ith 

C.o :II 1. 71 and val"" 28.00 

f(j'r Lift in a S" Tube (12.0 cm 1.0.) 

pi 

" 
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reading of ~e ro tame ter, Q2, meas was corrected to take into accQ.Un t 

\ 1 

tbe pre.surr on \,he gas lln~. fINJ' 

b 

A theoretical value of the overflow was calculated using the 

" . 
Fortran program listed in Appendix: l which solves equation (49). The 

computed values of the overflow are listed in Table 7.2.1 together 

with the ex:p'~rimental values.<- Figure 7.2.1 Is a plot of the overflow 

compu ted as a func tlon of the overflow measured. ThIs graph shows· 

that: 

( i) 
, 

The results of the prediction are in good agreement with the 

experimental data. 

(11) In géneral, the predic ted values are larger than the 

experimental values. This Is probably due to leakage from the 

top section of the tank ta the bottom one. (see Figure 3.3.1.). 

(111) The values obtained using the submersible pump are bad when 

compared ta the predic ted val ues. This tends to prove tha t 

this me thod of measuremen ts was not aceura te enough to make 

good measurements of the overflow. 

7.3. Other Considerations Pertaining to the Computations 

7.3.1. Lift Experiments 

In Section 6.1, a number of simplifying assumptions were made 
i 

in order to apply the drift-flux model ta the system. These are 

discussed below: 

, -
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Experiment 
Number 

1-0 
2-0 
3-0 
4-0 
5-J:) 
6-0 
7-0 
8-0 

• 9-0 
10-0 
11-0 
12-0 
13-0 
14-0 
15-0 
16-0 
17-0 
18-0 
19-0 
20-0 

" 21-0 
~2-0 
23-0 
24-0 
25-0 
26-0 
27-0 
28-0 
29-0 
30-0 
31-0 
32-0 

Table 7.2.1. Comparlson 

Overflow. 

OVFL 
Measured 

72 
1570 
1064 

174 
561 
424 
455 
314 

62 
490 
424 
200 * 
138 * 
176 * 
143 * 
103 * 
179 * 
147 * 

2690 
1962 
3139 
1189 
1054 
1347 
2092 

'1327 
975 

1171 
1635 
1046 

923 
1021 

Between 

l '\ 

~ 

.. 

79 

OVFL 
Computed 

1 
o • 

,1 

0 
1590 .,-

1045' ~,-.: ~ 

485 
756 

,. 
650 .r 458 
536, 
349 
615 
704 ... 
609 
429 
745 
383 
526 
572 
4~ 

2837' 
2225 
2509 
1863 
1718 
1766 
2011 
1606 
1524 
1636 
1766 
1167 
1200 
1215 

--' 

Measured Overflow and Computed 

-----}. 
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·Overflow , . 
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\ 
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Overflow measured ~ (crrf/s) 
Figure 7.2.1 : Computed Overflow vs. Measured Overflow 

(the line 1s the ideal case) 
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. H) <a> was constant over the lensth of the lifter 

This as'sumption enabled the determination of <a> from the 

e,çperimental value of L* using Equation (27). This condition may only 

apply for a lifter of reasonable dimensions iq which the variation of q 

" total pressure from the nozzle to the top of the two-phase reg ion , i8 

not too large. 

(11) 92 was constant over the length of the lifter 

The same limitations as for <a> are llkely. However~ in MOSt 

cases, the pressure drop in the column was usually a fraction Qf the 
\ 

top pressure. Therefore, the top pressure was assumed to be a good 

,,=-'/ appro~imation of th~ pressure required to calculate the volumetrie 

flow, ra te of gas. 
\ 

ln other cases, this assumption simplified the 
'\, 

, ., 
calcula tions. Since the resul ts seemed in ,g9~d agreement wi th the 

predictions, no other assumptlons were considered. 
\ 

However, 

correction could have to be done when uslng more dense fluide. 

7.3.2. Overflow EXperiments 

In Section 6.2, the simplyflng assullptions which were made in 

the application of the drift-flux model to the Lift experiments and 
\ 

discussed in the previous section, were used again. Provlded tbat 

these assumptions are again vall d, the predictions of the overflow 

rate can be made as shown in Section 6.2., sinee the model la based on 
"\ 

, 

1.-" 

\. 

, 
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the fact that a system ,,1th DO overflov and a sillilaf system vIth 

overflov have accumulated the same amount Qf energy (Equation 43). 

7.4. Genèral Prediction of the Model Shovlng the Influences of 

Operational Parame ters 

\ 
7.4.1. Influence of Lifter Diameter, D. 

. 
The computed effect of the lifter diameter on overflov is 

shown in Figures 7.4.1. to 7.4.3. for "arious gas flov rates, Q2, ,and 

Lif ter He1ghts. 'L. The Nozzle Submergence, NS, was kept COQS tan t, i.e. 

NS - 100 OD. 

When the area of the lifter decresse'" to smalI values, 
r 

the 

( 
fi- gas floods the l1fter and no liquid overflow occurs. On the other 

band, vhen the lifter ~ro8B-sect1onsl ; area 1ncreases to very large 

values, the potential lift becomes less than the Lifter He1ght and 

therefore, no liquid overflov occura. Consequently, a maximum value 

of the overflov exista for a part:l:cular value of the area, Amax. 

. .. 

Cons1dering the plot of V2 versus < j > (Fig. 7.1.4.), this can 

be in.terpreted as follovs: 

(1) If A < Amax, the produc t < Cl> A' Ilua t Increase' as A 

1 
Increases vith constant gas flov ra,te, Q2 

---._ ..... _---
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Figure 7.4.1 : Overflow Rate vs. Lifter Diameter far Various Injection 
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1 Flow Rates. (L = 30 cm j NS • 100 cm) ~ 

- f 
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Figure 7.4.2 : Overflow Rate vs. Lifter Diameter for Various Injection 
c... 

Flow Rates. (L = 10 cm ; NS = 100 cm) 
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Figure 7.4.3: OV'erflow Rate vs. Liftér'Diameter for Various Injection 
j 

Flow Rates. (L = 1 cm ; NS = 100 cm) 
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(if) if, A > Amax, the product <a> A must decrease a8 A 

increases, 1011 th cons t~mt gas pov rate, Q2 

/' Due to the complexity of Equation' (53), it was not possible ta obtaln 

an analytioal expression for the va14e of Amax. However, Figufe 

7.4.4. i8 a nomograph glving this optimum value when the flow rate, 

-
the Nozzle Submergenc~ al,ld the Lifter, He1ght are asl\hown. , ' 

" 

Figures 7.4.1. to 7.4.3. ahiO show that the higher the gas 

flow ra te, the higher the overflow. As weIl, 'they show that the 

'bigne,r the Lifter Height the lower the overflow. this will be 

discussed more spec if1cally in the follow1ng sec tions. 

7.4.2. Influence of Lifter Helght, L. . , 
\ 

Figure 7.-4.5. shows the effect., of Lifter Helght, L, op. the. 

overflow for various Nozzle Submergences, flow rate and dlameter heing 

held cons'tan t, 1. e. : D • 10 cm 

D 

These curves confirm the fact that the bigher the Lifter Heigbt, L; 

the lower the overflow will bei when L eventually reaches the value of 

the potential 11ft L*, the overflow becomes equal to zero. 

( 

f -
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Figure 7.4.4 : Injection Flow Rate Required ta Optimize the Overflow . 
Rate in Terms of Lif ter Diameter. (NS = 100 cm) 
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7.4.3. Influence of Nozzle Submergence, NS, 

Figure 7.4.6 shows the 'effec t of Nozzle Submergence 1 on the 

overflov; dlameter, helght of lifter and flow rate relll8inlng 

constant. These were chosen _arbitrarily to he: 

D .. 10 cm 

L - 10 cm 

Q2 - 1000 c;m3/g 

This curve shows - tha t vhen the nozzle submergence increases , th~ 

overflow remains zero as long ,as L* is less th an L, thèn it starts to 

increase as the fifth root of the nozzle submergenee, 1.e., 

e 

OVFL '" NS
1

/
5 (see Equation 53). 

7.4.4. Influence of Gas Injection Flow Rate; Q2. 
\ 

Figure 7.4.7 represents the variation of the overflow as a 

function Qi' gas flov rate for a giv,en diameter, Lifter Height and 

Nozzle Submergence. This cu~e has a similar appearance to the 

previous one, with overflow ouly 'when L* > Land increasing overflow 

with an increase in the flow rate. However, looking at Equation (29) 

" and allowing Q2 to tend ta infini te values, the coefficients which 

al so tend to inf ini ty ,are: 

• 
o 

f 
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.. 
( &s, 1) -i) XA • NS . Q2 . (C -

0 

XC -. (C -
0 

1)· Q2 / 

.. ' 
XD'~ Co' Q2 

r 
. 

therefore EqtJation (29 ) becomes, in thls linliting case: 

./ 
~ -' \ OVFL2 (XD3) -1' (gA2.XC2 .XA) =>1 0 (54 ) 

in which only the higher degree terms have been kep~.. l t ,1s seen from 

Equation (54) that the overflow reaches a limlting value given by: 

OVFL = {gA. XC r-~. 
_. XD XD 

" , or, expanding the coefficents: 

. OVFL = {g. A. 
(Co -1) J_NS 
-- C 

Co 0 

L 
-. (C -1)-1 NS 0,' 

Furthermore, the maximum value of the overflow is ob ta ined when the 

Lifter Height, L, 18 equaf to zero, i.e. 

OVFL = gA '(Co-l) !<NS-' 
C Co o. \ 

\ 
\ 
1 

\. 

(55 ) 

# 

.. 

7 . 
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, 
Sinee the Lifter Height is usually much less than the Nozzle . ' , 
Stibmergenee, the expression above can be used as a good approximation 

of, the overflow whieh ean b~ achieved in any system whose dimensions 
\ 

(i.e. NS, L., ,and D) are known. 

7.4.5. Effect· of Vacuum 
( 

high 

molar 

given 

As shown in the previous section, the important parameter for 

circulation rates 'is the volumetrie flow rate of gas and not the 
~ 

flow rate. Hence, the application of vacuum to a system with a 

molar flux will increase the volumetrie flow rate. 

Cousequently, under low pressures, the lift and overflow rates are 

enhanced for a given molar gas flow rate. 

7.5. Comparison wi th Previous S tud-ies 

The results of the Kobe Steel GMR proeess [15], were compared 
o 

to. the theoretical predictions of our model. The water model used by 

Kobe Steel was a 700 tons water tank with lUter sizes from 30 cm to 

70 cm internaI diameter. The Nozzle Submergence was kept constant at 

220 cm ana the flow rate was varied up to 25 m3f m~n. The results of 

the measurements made by Kobe Steel are shown in Figure 7.5.1. Figure 

7.5.2. shows our predictions in which the Lifter Height was corrected 

to take into account the 'fact that the lifter tube in the GMR process 

( .. - ,//1s bent horizontal at the top opening. The predictions of the model 

are in very good agreemen t wi th the experimental Q resul ts obta!ned in 

o 

--__ -------·~ __________ ,~v_.·~,~·,~-_"~,,, ______ ~'.,~.-.----____________ __ 

r. 
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Figure 7.5.1 : Overflow vs. Gas Flow Rate in the G.M.Rr Process. 

Experimental Data obtained on Water at Kobe Steel. 
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the GKR model since these 
'\ 

results were obtabed with op~rational 
, 

parameters far apart fl:'om ours and àlludes to the .wide range of 

application of the model. 

" 
7.6. Extrapolation to L~quid Metals 

It can be seen that, in 1 the final expr:essioQ for l1quld 

overflow rates, (Equation 53), the density of the liquid, P l ~ ,1s no 

longe~ a parameter. Therefore the model i8 most likely applicable to 

the circulation rates for liquld metals in gas-lift pumps, wlth the 
i 

provl.so that, the simplHying assumptions remain val1d. 
1 

The results obtained at Kobe Steel in the GHR process~, 

indicated that the circulation flow rate of molten pig iron was almost' 

equal to that of water. lt i9 a190 reported in the llterature that 

the circulation flow rate in RH degassing apparatus la 20t/min for an 

apparatus havlng a capacity of 60 to 100t or 40t/min for an apparatus 

/ having a capacity of 150 to 200t. Further in ASEA-SKF fumaces of 

IOOt the circulation flow rate la 70 to 85t/min. lt is rather 

difflcult to compare these values directly wlth the results of the 

model, but these circulation rates are of the same prder of magnitude 

as thoie obtained with the model. # 

. . 

, , 
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ŒAPl'ER EIGHT 

Q)NCLUS IONS 

The conclusions drawn from the thesis were: 

(1) Photographie observation has shown that in a two-phase flow 
. \ 

system, low pressures favour churn-turbulent bubbly flows. 

(2) Experiments were carried out showing that a maximum potential 
.' ) 

lift exists for any set of conditions, i.e. NS, D, Q2' 

(3) Experimenta showed that when Lo < L* overflow occured. 

(4) 

/'\ 
bete cribed~y th~,dr1ft-flux model, which takes 

ef ect on nO:~~:iform flow and concentration 

Such flows can 

in to accoun t the 

profiles, and considers the relativ~ velocity betwe'n the phases. 

c, \ 
, 

(5) The drift-flux model accurately predicts the potential lift in a 

lifting tube using the gas flow rate, top pressure and nozzle 

submergence. 

(6) A theoretical model based on the principle of conservation of 

energy and on the drift flux model was developed ta predict the 

overflow rate in a Lift-Spray 8Y8t~m. 
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. (7) The overflow rate was found to be the solution of a f.ive degree 

equation which can be expressed in terma of ,gas flow rate, top 

pressure, Nozzle Submergence and Lifter Hel~ht. 

(8) The model accurately predicts the overflow rate of water in a 
, \ 

lift-overflow system. 

(9) The model shows that the important parameter is the volumetrie 

flow rate of gas and not the molar flow rate of gas. 

Consequently, the application of vacuum to a system enhances 

lift and overflow rates for a given molar gas flow rate. 

--------
(10), Al though fu ture work should be done on l1qu id me taIs, the IIlOdel 

is thought to be applicable to gas injection lnto liquid metals. 

-------, ------------------------------------------~--------------------------- 1 
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C 
C 
C 
c 
'.;)0 

~JArrIV 
• THIS F'ROGRt'lH CALCULt-îTES THEo O,JERFlOl\' F~ATE. 

. IN A OAS-LrFT PUMP. 

THE, VALUES OF THE DISTRI8UTION PARA~ETER 
AND THE TERMINAL ')ElOCITY IIAVE 

• TO DE ENTERED FIRST. 
" 

l·m 1 TE ('6 , 1 00 0 ) 
1;) RIT 1:: ( ô r t 0 () 1 .' 
F:CAD (9,:t) I)SlOf'[ .lnNF 

, 
IF [lESIF:[It.HIE r'F~OGr;:AM IS (\BLE 10 l,l:IFn 
CONfINUOUSLY ONE F'ARht-lETEF; ( FLQI,J 1::I~rr , 
NOZZlE ~UBMERG[NCE • DIMMlTER OF LIF1CR • 
Dr-; LEr"'3TH OF L [FTEF; tîBO','E TI~[ LlcJIj LII ). 

l,ml TE (6.1500) 
IJJR 1 TE ( 6 , 1501 ) 
WRITl ( 6 d 50:2) 
IJJR:I: tE (6,1503) 
WF:ITE(6,1504) 
I;JR rTE ( 6 , 1'310) 
REAlI ( 9. :n XI'-. 
IF (Xf'"EO.O,O) 

DOlO 80 

, J 

(3I]TO 70 

H[RE • ALL PARA MET ERS HAVE TU BE DErINED, 

~JR 1 TE ( 6 ':?OOO ) 
'ARITE(6,2001) 
WRITE(6,20Q2) 
~JRITE (6, 200~) 
READ(9,*)D,FRPTOP,XNS,H 
XY=FRr'TOP 
GOTO 100 

\ 

THE MINIMUM AND MAXIMUM VALUES OF THE VARIABLE 
HAVE TO BE SPECIFIED. 

jJIRITE(6,1600) 
'AR 1 TE (.~ ,1601 ) 
READ(9.')XMIN,XMAX 
XINC=(XMAX-XMIN)/50.0 
IF (X~,EQ.lI0) GOTO 95 
IF (Xk.EO~2,0)· GOrD 92 
IF (X~,EQ,310) GOTO 89 
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- C 
C 
C 
C 

THe "L!:.t!OTH or-LIFTEr; AIJOI,lL TIll: 1 ::LE L1C~U1II 
SURF ",CE l lB '}('-,i:Y: t!G BET'lJEEN THE PAO '3F'EI':; l r' J U.I " 
LIMI TS, OTHEF; F'M~MiETLF;::; HAI,IE TO l:t CjHEF-:~:li, 

I..lFHl E (6, :2000) 
l,JI::: ,[ TE ( 6 , :: () 01 ) 

.wn.HEC6,:200:2) j 

READ(9,~)D,FRP~OPrXNS 
xY-=rr.::r'T 0 F' 
l,oJA l rE (:~ r 1(05) 
WRITE u,,. 1004) 
'IJRI fE(6 ~ 100:2) 

WF: [1 [ ( 6 , 1004) 
~IF: l TL: Un lOO:5) 
DO Fl7 J=1.51 
H-=>~M(NI-( ,)-t 1 O):XI!JC 
Cr~;LL CALe (ASLOf'[. l,J l Nf-. D ~ FfoiPTOF' ,'XNS, Il. x,'r J 

CONTINUE. 
OOTn 3000 

" 

THE NOZZLE SUBMeF:GENCE l S I,'AF:'!' ING V[ fh'EEr-l 
THE T I,JO SF'EC l F l [II LI M l T'3. !JTHER F't"tl:':j111'E T cr,::; 
HAVE TO BE ENTERED. 

1,IRI TE (6. :2000) 
'JlRITE(6,~OOl) 

WRITE(6,:?003) 
R[AD(Q.~)D,~RPTor,H 

xy ":n~:r'l or·' 
'AF:ITEUn 1005) 
l..lr:1 rc (6 '1 1004) 
1,) RIT E ( 6 , 1 O<Q::! ) 

1l.1F;,1 TC (6. 1004) 
'ARITE(6,1005) 
DO 90 J=1.51 
XNS=XMIN+(J-l)*XINè 
CALL CALC<ASLOPE,VINF,D,FRPTOP,XNS,H,.XY) 
CONTINUE 
GOTO 3°90 

, 
THE FLOW RATE IS VARYING BETWEEN THE TWO 
SPEGIFIED LIMiTS. OTHER.PARAMETERS HAVt 
TD BE tlEFlNE!!. 

" . 
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( 

l , 

'Î'-' (,'rn Tt U.>" :2(00) 
';IF: ITE (6, :2(02) 

I,.JF: l TC (6, :2(03) 

\ 

c 
C 
r: 
t' 
r' 
1 )or' 

.' 

F:CAD (9."*) D , XNS t ~I 
XY= XMHI . 
'lm l TE ( ,oS ~ t 00'5 ) 

\J,W:.r r E ( (.. • 1 004 ) . 
'AnITC(6,100::!) 
(,ml TE(6, 1(04) 
',1 RIT E Ui , 1 005 ) 

rro <;>3 ..J=1',51 
FRPTor=~M[N~(J-l)*XINC 

CALL CALC(ASLOP[~VINF,D.FRPTor,XNS,H,XY) 
cot'TJNUE 
DrJTO 3000 

niE DJAMETEn or THE LrrTl::n 18 I,'AF:YING 
DEHJEEN niE f',JIJ '3PCC.!TIEi) LIriIj'.3. lifllL:J; 
rARAMETE~S HAVE TO BE DErIN[D~ 

\''1~ 1 1 C (tH i C) Cf Cf ) 

'AR L TE LS f 200 l ) 
WfU fE(6.:;200:;2) 
',IRITE(,sr2003) 
F:EAII (9. -:t ) FF.:PTorf.': XNS ,H -\ 
XY=FRF'TOF')' 1 
WRTrEC6,10(5) ___ '--'" 7 ~ 
~IRITE('S,1004) ',-, / 
~JF: [1[ ({,.1002) "'-...~ 
l,IR 1 TE (.') r 100'+) 
~JIU TE (6. 1(05) 
DO 96 J=lr51 
D~XMIN+(J-l)*XINC 
CALL CALC(A8LOPE.VINF,D,FRPTOP,XNS,H,XY) 

96 CONTINUE 
GOTO 3000 

100 WRITE(6,1005) 

C 

WRITE(6,1004) 
l,IR l TE (6 r 1002) 
WIUTE(6,1004) 
~J RIT E ( 6 , 1 005 ) 

.CALL CALC(ASLOPE,VINF,D,FRPTOP,XNS,H,XY) 

\ 

, 1 

"C 
1000 
10(!! 
1002 

FORMAT(5X.'ENTER IN fi FRE~FORMAT ·CO· (SUGGESTED 1.71)') 
FORMAT(5X. 'ANII TEF:MINflL 1.'ELOCITY (SUGGESTED :28.0) 1) 

FORMAT(10X,'r D * FLOW RATE * H * NS * 
<~ * ' ) 

l004 FORMAT (1 OX , ' * *' *' * *" 
*' ) 

___ ~ -_"" ... ~, _ .. ..,..~ ~.,, __ . __ <"._._"4 ... Uiwsauau __ --,,~~_,_ .......... ____ -'-___ ~~ ......... ..__......,u.... ....... .. ,-- .. -
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1 :'')00 
1 'SOl 
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1.50'3 
t :.'.'O<î 
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1 é. 00 
1 ::' () l 
1°99 

:'000 
:~,)O l 
'2"0 .~ 
:~003 
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1 
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C 
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3001 
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r\JF:MI\T ( 10\. '**.~*U * * ::l<:U**.lc* U~~l' *****,je * ~~q J,Je.lf #'~.: ,!<,'p ~'.! J;q ** U;p :. t ' , !. 
k'~i<\~\}! 1 ) 

FOF:MtH(SY.. 'IF YUU \·,'AtH 10 1.Jt''lkY ONC r-t~If-:tIMETEr': (Ihr-F:411;, ur: il'," 
FC)F;Ml1T(':3X~'r(F'[: 1 TO \,IAF:Y TI!f:. DU,I1ETCI·:') 
rOF:MAT (5X. 'TYPE 2 TO \,lAfW THE rLOl,1 RA 1 [' 't 
F'Jr:MAT (':3:'? 'TYPE 3 ro I,IAI:;Y THE Nf);:::':LE ',IJBi1EF:J3Cf',Ir;[') 
FDF,;MtîTC5X.'TYPE 4 TO \,JAr:Y IIIC LIFT') 
FOI"\MAT('5y,'OTHER',.JI i 3E TYF'E 0,'), 
rOF:MAT(SX. 'ENTER lN (\ f'RCE rOf:MAT TllC MJNIMU~\ flrW MAXHIUi1 1;t,LIIL":., 1 

\rbf-.:Mf,T(5Y", 'OF YOUR \.'AnIhf{U::,THCFŒ 1,IILL l:lL 5{) j'OlWrs, Cr1LLUU1H:.' . .I, , 
FOFn1tH (5Y l' 1 EUTER eN· t1 Fm::!.: FO li l'V) ri ,1 ft 

rOF:MI11 csy,. 'ENTEr: 'IN A Ff:lE r-L1F:tlt)T I.II(lf·u::.nr.: (1\- U,'-iU: (Ci'\J"')~ 
I=-OF:MiH(t..j;<,/FLfJ':J li,îTE (fOF' !:'FU~')(:; > r'':;I:.''-,' , ' /! ~ 
rOF:~;rîT (51<. 'NOZ:U :'UL:I'IU,:GE.iJCl (Cl11"') , 

F()F:Mr~r('5X, 'tîND LENf3TH rJF TUBI: Af:f)I}[ SUI~:I:tlCt:: (1:11) >') 

Il H~ f-'OSS l VLE rCI liO r10i':C C. mlf'Ln t"iI J eN 

kIF: IlE (!H 10 (:5 \ 
I,IW[ rI." (t; ! -WO J ) 
1~E.I)lil ('-l, *) ;.:X 
I~(XX>ED>O,O)GOTO 4000 

QUTU
I 

10 
rOF:MtîT ( 'T YF'E 1 IF YOU \HSH TO DO MOF~E COMF'UTAT-r ONS; \) OTl-IEmHSC' 1 

STOF' 
nID 

~unr:OUT11'~[ ~OLlnNG THE F-U-TH 
,l,III [CH 13 Il,IES THE l,lrîLlJt: ()I- rH!: 
Tilt.: ~~[Ct,NT' S METIIOI!, NEGA r l 1,1 ( 
TM,EN UHO ACCOUNT, 

DCc.,r-.:LE LallA T:r CH~ 
f)\,\EF:FUJ',J f U/j lIJr) 

\HiLU[ S ,",HL j'~O f , 

SUBF:OUTI NE CALe (tîSLOPE, \,JINF , 1), FF:F'T Oh XN1,r1, XY)' 
G-=981.0 
r'I=fiRCOS(--1.0). 
A=f' :l:*D~*2/ 4.0 
HCOMF'=XNS*FRF'TOP 
HCOMF'=HCOMP/«fiSLOrE-1)*FRPTOP+VINF*A) 
XA=XNS*FRPTOP~(H!HCOMP)-l) 

XB=ASLOPE*H' ' \ 
XC:;S ( ASLOF'E- 1(0) *FF-:PTOP+\,J INF*A 
XD:::: XC t rnF'l f1r' 
XE-=ASLOPE 
X6=XEH3 
X5::."3,O*Xl1tXE.f*2 
X4=3.0*(XD**2)*XE+G*(A~*2)*XB*XE**2 ' 
X3::::XDi:*3 ~2*G* (A ~'j(:2) *~XE*,XB+G*XA * (r,*XE) **2 
~2-::G* XB* (A:tXC) **2+ .2:tGillxc. :tXE*XM'A* *: 
Xt=G~XA*(À*xr)**? 

lÎ , 
\ 
~-----



1 
( 
1 

\ ) 

-. 

( 

EBF:-.l ,OE-l 
Yl=:XY 
Y2=XY+l0000,O 

.. 

Y3=~6*Yl**5iX5*Yl**4+X4*Yl**3+X3*Yl**2+X:*Yl+xr 
Y4=X6tY~**5+X5*Y2f*4+X4tY2~*3.X3tY2**2tX:*Y2:~1 
XY~(Yl*Y4~Y2*Y3)/(Y4-Y3) 
Yl;;:;Y~ • 

Y2=,){Y, 
EPS~~t~BS (Y~-Yl) 

IFCEPS,LE,ERR) GOTO 29 
GOTO:!5 ' 
IF(Y2,GE,O,O) GOTO 30 
Y2-=0,0 
~IR I TE C 6 , 1 004 ) 
WRITC~6.1003)D,rRPTOp,H,XNS;Y2 
\,JnITE(6d.OO~) • 
FORMAT(10X,'*',F5.1,'* ~,F~,l,' 

'!:F9 , 11 '_ *" 
!OO~ FORMAT(10X~'* 

'!'- 'le ' ) 
~ F:ETURN 

eNV 1 
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DI n:F: lN A rREE FOHMAT • CO· (SUGGCSTEti 1,71.' 
AND TERMINAL VELOCITY (S~GGESTED 2~;O) 

IF Y-OU WANT rD ~'Af:.:Y ONE F'AF:AMETER {·D,Fr~,HS 
TYPE 1 TO VARY THE DIAMETEH 
'rfPE.r- TO t)t'1F:Y THE FLOIJ!' F~r'l T E 

. 
, ) 
OF: Il!, 

: Il: l'r'1t '2 TD !.'AF!Y THE NOZZLE: SUl{MEHGENCE' 
. ~É 4. TO 1,'ARY'THE LIfT 

.;oTHEF:~IISE TYPE, O. 
'1' ,l'..., . 

0,{ " "ll 

\ 
ENTER IN fi FREE FDF:MAT DIAMETER 
FLo\'! HA TE <TOP F'F:'ESS., CCI S) 1 

~!O::ZLE' SUBMEF:GENCE (CI'!Ï) f ' 

l'>:l'ID LENGTH OF TUBE. A'BOt,JE. SUF:r I~CE 

OF LIFTER (CM), 

(, CM) • 

,'51) "'r.Of\OO "''''0 "'0 n·. _ r'· 

- v " *;';*'t***'*****************************.* N***** Ar*;!C .-* ~***),I N).,je.\' * *,' * *' " ~ * ,f * ,p ~ FLOI~ :~tHE * H *' ,NS, *' mJFL * 
11< * *' * * * ******************~**t*********%*******************~*****~ 
>~ * *' * *' * * 39.ot 200000.0 * 20.00 ~ * 220.00 1 * 11539~.3 *' *, - ~. *. *. * :+ 
,*****************.**********************~***'#**********~* 'TYPE,l IF.YOU WIS~ TD DO MORE COMRUTATIONS,O OTHERWISE N , " 

'? 1 1 ,. 
.: 0 ',. 
'. ' 

,r , 

( \ 
( 

'0 

,,'" .. 
, ., 

---.­, 

., . 

; 

1. 

J 
" . 

i' 
" 
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