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ABSTRACT

Bubbly plume low, which isencountered in many refining processes of the iron
and steel making industry, has been studied with a water model ladle and simulated with
anovel mathematical model. The main achievements of this project can be summarized

as lollowings:

(1) A new experimental technique based on the Laser Doppler Anemometry and
Electrical Probe has been developed to measure various flow parameters ol the plume,
suchas: mean and turbulent liquid velocities, bubble velocities and distributions of void

fraction and bubble frequency.

(2 The turbulence feature and bubble behaviour in the gas/liquid two-phase zone
hasbeen experimentally studied with the newly developed LDA/EP technique ina water
model ladle. It hasbeen found that turbulence in the plume zone is close Lo an isotropic

one and the relative velocity of bubbles is not affected by the void lraction in the plume.

(3) A mathematical model based on the modified k-e turbulence model has been
developed to simulate the plume flow. Thecoefficients of the extra source terms of the
modified k-e model have been determined experimentaily. The mathematical model
yielded good predictions of both the mean and the turbulent liquid velocities. The
behaviour of bubbles in the plume has also been dealt with Lo produce good prediclions

of the void [raction distributions.
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CHAPTER ]
INTRODUCTION

Bubbly plumes are widely encounléred in ferrous metallurgicul processes,
When gas is injected into the molten metal, a two-phase flow zone consisted of rising
bubbles and entrained liquid metal is formed in the bath. The two-phase zone assumes
a shape of a reversed cone and is named bubbly plume. Bubbly plumes are also
important refining tools in the non-ferrous industry. such as the side blowing of air in
copper and nickel converting processes. The physics ol the multiphase bubbly [lows has
great signiﬁcance in fields other than metaliurgy, e.g. bubble driven [lows play very
important roles in many chemical engineering processes and power generation
processes. In all of the above mentioned processes, a good understanding ol the
behaviour of bubbles in the plume, the interaction between bubbles and liquid as well
asthe liquid flow caused by the plume is vital for better design of the reactors and better
control of the processes. As a result, a great deal of effort has been made 1o study the
phenomenon which contributed greatly to our present understanding ol it. However,
more knowledge is needed for the purpose of modelling the process, which include the
fundamental determination of the gas void fraction distribution inside the plume, the
modelling of turbulent flow field inside the two-phase area and various transport rute

phenomena inside the plume.
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During the last two decades, there has been a greater demand on steel makers
to produce higher quality steels with fewer inclusions, and lower contents of sulphur,
phosphorous and other impurities. There has been also a trend in the steelmaking
industry to intensify the steelmaking processes for the purpose of attaining higher
productivity. Inaddition, theever increasing use of continuous casting technology has
required closer control of the temperature and composition of the liquid steel. To meet
the demands of these developments, various new steelmaking processes such as the
bottom and top oxygen blown steelmaking converter and different types of ladle
metallurgy techniques were developed in the last two decades. Many of these new
techniques involve the use of gasinjection into liquid metals, for the purposes of stirring
the melt and intensifying mass and heat transfer during refining. The important roles
played by gas injection in the development of the new iron and steel making

technologies are discussed in the following sections.

The top and bottom blowing oxygen converter is one of the best examples of
the newly developed steelmaking techniques. The principal structure of such a converter
is illustrated in Figure I.1. The addition of the bottom blowing of various reacting
and/or non-reacting gases, such as oxygen and argon, Lo the top oxygen blowing
converter made the steelmaking process more efficient, more flexible and capable of
producing more types of alloyed steels with better quality (Schiebusch and Hauck,
1989). A good example isthe K-OBM process (Figure1.2) implemented at Dofasco Inc.
(Wright, 1991). The heat size of the furnace is 300 tonnes and 30% of the total oxygen
used is supplied through eight annular tuyeres in the furnace bottom. Either argon or

nitrogen is blown from the furnace bottom. This boltom blowing makes it possible
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5
to control the refining atmosphere inside the converter, and to bring more heat into the
melt. As a result, this process obtained higher capability in reaching lower carbon
content of steel and thermodynamic equilibrium between the slag und the liquid metal

toyield better desulphurisation, dephosphorization and alloy composition adjustment.

To increase the productivity ofelectrical steelmaking processes, the residence
time of the liquid steel in the main melting furnaces has been shortened by removing as
many operations as possible from the main [urnace to various ladle refining processes.
Gasblowing isemployed in most of these processes. Furthermore, many of the refining
operations, e.g., alloying, deoxidation, inclusion removal, desulphurization, and soon,
can be better performed in the ladle processes. Various types of the ladle treatment
equipment have been brought into practice in the last two decades, among them, the
simplest one is the ladle bottom stirring with argon, where gas is injected into bath
either through an immersed lance or a nozzle located on the bottom of the ladle, and the
more sophisticated ones include the ladle furnace (LF), which consists ol an electric
heating station equipped with a vacuum chamber and gas or powder injection facilities,
and the vacuum oxygen decarburization (VOD), which employs oxygen blowing into
the ladle inside a vacuum chamber to reach much lower carbon concentration of the
steel. Argon stirring is employed for the purposes of removal of inclusions,
homogenization of the melt and lower CO content in the furnace atmosphere. In Ladle
Furnace or Vacuum Oxygen Decarburization processes, argon or oxygen blowing is
used to stir the melt or to supply the oxygen for the decarburization. The gus bubbles
produced by gas injection can also improve the metallurgical reactions in the [urnace,
such as decarburization, deoxidation desulphurization and hydrogen or nitrogen

removal (Fruehan, 1985). With the help ol these ladle refining techniques, it is possible
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to produce very high quality steel with low impurity content, e.g., [0] < 10 ppm, [H] <
] ppm, [S] < 10 ppm and {P] < 10 ppm, and high accuracy in alloy composition (Irons,
1986).

Another important role played by gas blowing in the ladle refining process is
to carry solid powders into the melt to carry out the refining reactions and to decrease
the loss of the powders such as calcium and magnesium due to oxidation in air and
volatilization under high temperature. Calcium and magnesium are very powerful
agents for deoxidation and desulphurisation as well asinclusion modifiers, but are very
volatile under steel making temperatures, Along with the wire injection technique,
powder injection is one of the few convenient techniques Lo send calcium and
magnesium powders into the melt to achieve the above mentioned refining effects

(Kirkaldy. 1979).

1.2 Bubbly Two-Phase Flow Study In Metals Processing

Although bubbly two-phase flow phenomena have been playing important
roles ever since the invention of Bessemer converter in the middle of last century, both
theoretical and experimental study of the phenomena have not received adequate
attention until recently. The rapid development of modern fluid dynamics and
numerical methods, together with the development of computer technology had great
impact on the research in this area. At the same time, the development of the
experimental techniques for two-phase (low study, such as various visualization and
measurement techniques for two-phase flows also contributed to the progress of the

research, For example, fast variations of the flow pattern can be recorded with
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highspeed cinematography techniques. Various two-phase flows, such as particulate
gas-solid flows and some gas-liquid Mlows, have been experimentally studied with Laser
Doppler Anemometry (LDA), Lo obtain data of gas void (raction, particle concentration
and separated two phase velocities. The early development ol the above mentioned
techniques occurred in the fields of chemical engineering or power generation industry
where a wide range of the gas-liquid flows take place. Their success triggered the

interests of metallurgists to apply the techniques to various metal processing studies,

The earliest studies on multiphase phenomena in a liguid metal bath may be
those simulating the behaviour of an air jet inside liquid copper in a converter. Using
water models, the investigators observed the dynamic behaviour of the air jet in liquid,
and set up a mathematical model to predict the shape and trajectory ol the jet based on
momentum balance (Themelis et al., 1969). A numerical method was later reported
being used to simulate the melt flow in the copper furnace (Szekely. 1979). In 1976,
Szekely etal. published the results of their mathematical model of anargon stirred ladle.
The two-phase bubbly plume zone was treated simply as a upward moving solid
cylinder in this model. Following this, Deb Roy et al. (1978) considered the buoyant
effect of the gasin the plume zone by treating the gaseous phase as a momentum source.
They also set up a turbulent viscosity model based on the mixing length theory for the
two-phase zone, and considered the relative movement of bubbles in the liquid. This
model laid a fundamental base for most of the later research. The mosL exlensive
studies on the modelling of bubbly flow inside ladles were then carried out by the
research group of Guthrie, since the early 1980's. They improved the computalion
techniques with new effective viscosity models (Sahai & Guthrie, 1982a; Mazumdar,
1989), and made the effort to apply the technique to the full scale llow field in ladles, in

termsof axisymmetric flows(Sahai & Guthrie, 1982b), and three-dimensional flow with
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heat transfer (Salcudean et al. 1983). Recently, some new approaches have been
adopted for the modelling of the bubbly plume flows, which include those using a
Lagrangian scheme Lo trace the bubbles” movement (Johansen et al., 1988), and those
with modified turbulent models to take into account the extra generation of the
turbulence in the plume zone (Burty et al., 1990). All these efforts contributed greatly
to the understanding of the fluid dynamics of bubbly two-phase flow in a steel making

ladle.

The present work is intended to further study the dynamic behaviour of the
bubbles in the plume and the turbulent low features in the two-phase zone with the
Laser Doppler Anemomelter (LDA) and Electric Probe (EP) technique, and develop a
more plausible mathematical model for the prediction of the bubble void fraction

distribution and the turbulent flow field in the ladle.



CHAPTER 11
LITERATURE REVIEW

In this chapter, the following topics related Lo the experimental and theoretical

study of multi-phase flows will be reviewed:

1. The basic equations used for the modelling of various flow problems,
namely, the Navier-Stokes equations.

2. The most commonly used model for the turbulence in engineering flows,
namely, the k-€ two-equation model.

3. The SIMPLE algorithm.

4. The computer code TEACH, which is based on the SIMPLE algorithm.

5. Models of the bubbly plume two-phase Mlows.

6. Bubbles behaviour in a plume.

7. Laser Doppler Anemometry (LDA) and Electrical Probe (EP) techniques.

2.1  Single Phase Flow Modelling

The models usually consist of either a group of integral equations or & group

of differential equations, which are based on the conservation of mass, momentum and
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energy. The analytical or numerical solutions of these equations simulate the

characteristics of the flow.

In the early years before the advent of the computer technology, numerical
solution of the engineering fluid flow problems was impractical due to extremely long
time required, and therefore, solutions were only available for a few flow problems
which could be solved analytically. The development of the computer technology and
numerical techniques haschanged this situation. Many of these problems can be solved
numerically today with various computation codes as discussed in the following sub-

sections.

2.1.1 Conscrvation Equations for Single Phase Flow

The derivation of the fluid flow equations is based on the conservation of
mass, momentum and energy. Consider the fluid flow through a cubic control volume
with sides Ax, Ay and Az, asshown in FigureII.1, the general balance of variable ¢ with

respect to the control volume may be expressed as follows (Szekely, 1979):

rate oq _
input

The mathematical form of the Eq.(IL.1) may be written as follows:

rate of
accumulation

rate oq (IL1)

output

%L . - Vb VT + S (ar.2)
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Where, ¢ may stand for mass, momentum and energy, or any other transportuble
variables of the fluid as shown in Table [I.1. The {irst term on the right hand side
(RHS) of Eq.(IL.2) 1s the effect of convectlion, the second term represents accumulation
due to the diffusion process and S* is the source term for the corresponding variable,

When ¢ stands for momentum, Eq.(I1.2) is usually called the Navier-Stokes Equation.

The classic Navier-Stokes equation can only be solved analytically for a very
limited number of laminar flows, where local fluctuation ol the velocity components or
the turbulence intensity are almost negligible. When Re becomes larger, it becomes
more difficult to obtain an analytical solution for the flow. Nevertheless, most of the
engineering flow problems can still be numerically solved with various computational

techniques and turbulence models.

Table II.1 Detailed Conservation Equations

CONTINUITY { MOMENT | T K.ENERGY | DISSIPATION
$ 1 u k €
T, 0 B u/a, p/a,
SO 0 Sn __§L _ Su
2.1.2  k-e Model for Turbulent Single Phase Flow

Among the various turbulence models (Rodi, 1984), the two-equation k-¢
model has been used most widely for the solution of variousengineering flow problems.
To give a clear description of the model, one needs to go back to the Navier-Stokes
Equation. In the following derivation, the Einstein convention is used for the vectorial

expressions, where, x stand for the coordinate directions along x. y, and z direction for
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Figure I1.1 Hlustration of a cubic control volume
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i=1, 2, and 3, respectively. V,stands for time averaged velocity components and v, for
theinstantaneous velocity components. The primed valuesstand for the corresponding

turbulent components and is expressed as [ollows:
Ve Ve o (IL.3)

The Navier-Stokes equations for turbulent and viscous flows assume the

following form:

o, B% . _ler, a|.% (1L.4)
ot Yax pdx, Ox

At high Reynolds numbers, the equations can be rewritten by using the Reynolds

decomposition technique on the velocities v, into the form:

(1L.5)

— a0 {11.6)
Eq.(11.5) becomes:

av.

e W = ——t o ——

(11.7)

ox dx

J

3 V.] Xv/v)

7 ax, pdx, dx,
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The above equations are not closed, since there are 10 unknowns (p.

Vo (Vv IR i,j=12,3) but only 4 equations for mass conservation, Eq.(I1.6), and

momentum conservation, Eq.(II.7). It is not pdssible to derive similar transport

equations for the Reynolds’ stresses (T/’_Td) based on Eq. (1.1), and therefore, these

variables must be modeled properly to obtain closure. Many atlempts exist in the
literature, but the most common practice until now has been to adopt Boussinesg's
eddy-viscosity concept. This theory assumes that the turbulent Reynolds stress isa

result of the mean flow stresses and proportional to the mean stresses:

—_— v, av| 2
- V;%{_vr_a_u_a_l _:3:5,)_/(
GoooN (IL.8)
,
- 2v.5; - S0k

where, p is the turbulent viscosity oreddy viscosity, which dependsstrongly on the state
of the local turbulence rather than being a property of the fluid. k is the turbulent

kinelic energy defined with the following equation:

k- R R (1L.9)
2 F 2 - o
For isotropic turbulence:
k-3 L 2E (IL10)
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AL/ (1L.11)
P 3lax, A,

With this model, the last two terms in Eq.(IL.7) can be re-wrillen as one term
representing both viscous and turbulent shear forces, and the remaining problem is to

model the eddy viscosity. In the Two-Equation k-e¢ model, the eddy viscosity is

calculated with the following equation:

v.- X (11.12)
€

B

where, the turbulent kinetic energy k and its dissipation € may be modelled in the

following way.

After some manipulation, the following equation can be obtained for the

Reynolds stresses:

v/ v)  &v7) -3V, v,
toJ [ - I i, ‘/ .,__,
ar X, %) X, (’V‘)axk
N A P (11.13)
plox; ax dx,dx,
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by letting j=i and k=j, the following transport equation for k can be obtained:

—aV, aviav/
a—k+ Vﬂ{-—val—-——v I
3t ‘ax, 7 ax, 3x3x;
61 o B
axip 7 g ax;
-P -e+ D
Where:
—23aV,
P = - vy~ (Production of k)
A
e
;\:’.

and the diffusion terms are modelled in the following way:

— 8k al dak
D - e— V kVI - — ——
* ar[ p[p( ] ! Va\] axIYka,\;]

aviav]
axja,\;.

(Dissipation of k)

(11.14)

(1L.15)

(11.16)

(11.162)

(I1.17)

where, y, = v,/o, is the eddy diffusivity. and D, is the diffusion of k due to turbulence,

pressure and viscous motion.

The transport equation for the dissipation of the turbulent kinetic energy, €,

can be obtained in a similar way by dilferentiating Eq.(IL.4) with respect to x;, and then

multiplying the resulted equation with p(dv;/dx)) and performing time averaging. The

entire k-¢ model is:
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Dk j’_[v_f_ai‘ . p - e (11.18)
Dt axj okaxj
De 4d(Vroe €
=L I+ 2CcP, - Ce (1L.19
Dr axj[oeaxj)+k(l" 1) )

where the constants were experimentally determined; the values listed in Table IL.2are

most commonly used.

Table II.2 Constants in the k-e Model

‘ C, < c, G, o,
" 0.09 1.44 | 1.92 10 1.3

The k- model has been used to predict various flow problems with various
degrees of success (Rodi,1984). In the modelling of various flow problems enco untered
in the metallurgical processes, the k-e model has been almost exclusively used for the
calculation of both single phase and multiphase flow fields. It must be noted, however,
that this model is still an empirical one without universal applicability. The constants
listed in Table IL.2 may not be applicable even for some fairly simple flows to yield

reasonable prediction, as discussed by Rodi (1984).

2.1.3 SIMPLE Algorithm

Numerous computation schemes have been developed in the past for the
numerical solutions of the Navier-Stokesequations. Theseschemes may bedivided into

two categories, schemes using primitive flow variables of velocity and pressure, and
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schemes using non-primitive flow variables such as vorticity and stream function. Since
the vorticity and stream function are limited to two dimensional problems, it is
sometimes difficult to assign boundary conditions to them; thus, the primitive schemes

using velocily and pressure as the flow variables are more widely used.

To use primitive variables in the computation, the most difficult task is to
calculate the pressure distribution of the flow. Since there is no transport equation for
pressure, the pressure can only be calculated through the manipulation of the known
variables. The procedure for the calculation of pressure in the SIMPLE algorithm

(Patankar, 1980) is briefly reviewed here.

For a staggered grid, where the velocities are located at the points half way
between grids for pressure and other variables asshown in Figure I1.2 (Patankar, 1980),

the one dimensional flow equations can be discretized into the following form:

% — 11.20
Up-T A-1pl-T A =18dv (11.20)
[p ‘b ‘bax e i P d) ¢aX w " '[’
or,

agbp= 3 dybyy + S (I1.21)

where the subscript nb means the neighbouring grids and A is the area for the
corresponding flux. To assign proper values to the above coefficients, some careful
consideration is needed. With central difference, where the variables are calculated by
averaging their values at the interfaces, or other schemes are used, the computation

program could either diverge at large Reynolds numbers due to negative coefficients,
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or yield an unstable solution when Peclet number, Pe=p UL/, is larger than 2. To
avoid these problems, the upwind scheme (Patankar, 1980) should be adopted, where

the values of the variables at the upwind position of the flow are used:
bbp i F20
b~z il F<0 (11.22)
F=pUA
The coefficients are then calculated in the following way:
ag=D, + [-F,0]
ay=D, + [F,0] (11.23)

p-IA

dx
Where, [A,BI means the larger of A and B. The momentum equation can be then

discretized into:
3,U =Y 2,U,, + b-(Pp=PYA, (I1.24)

The pressure correction in the SIMPLE algorithm starts the computation with
an estimated pressure distribution P’, which in turn would produce an imperfect
velocity distribution U’. The correct pressure and velocity can then be obtained by
modifying P’ and U" with a pressure correction P~ and velocity correction u”

respectively as follows:

P-F+FP, U=U+U (11.25)



The velocity calculated from an estimated pressure is:

a,U, =¥ 2,Uyy + b-(Fpm PDA, (11.26)

i

Subtracting Eq.(I1.26) from Eq.(11.24) results in the velocity correction:

a U, =Y a,U,-(Po-PDA, (11.27)

If the elimination of the first term on the RHS of Eq.(11.27) is considered to have no
effect on the final computational results, asimpler formas Eq.(11.28) isobtained lorthe

velocity correction:

U, = d{Pp-Pp) (11.28)

where, d_= A /a_. The correct velocity can now be calculated if the pressure correction
1s known:
U= U + d{Pp-P) (11.29)

The pressure correction equation canbe obtained by inserting Eq.(11.29) into

the continuity equation which yields:
aPP;- JEP;;. + 3‘{,}7:1, + b (11.30)

where:
HE - (pdA)c
ay = (pdA)w
dp= Z dyp

b=(pU A}, -(pUA),

(11.31)

¢
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To summarize, the general sequence of operation of the SIMPLE algorithm

is (Patankar,1980):

. estimate the pressure field P,

—

solve the momentum equations 1o obtain velocity [ield U™

o

solve the pressure correction equation to obtain P,

calculate the correct pressure field P,

noh W

calculate the correct velocities and then other flow variables if necessary.

2.1.4 TEACH Code

The TEACH code (Gosman and Pun, 1974; Lilley and Rhode, 1982) was
originally developed for the prediclion of the turbulent flow in a stirred tank based on
the SIMPLE algorithm discussed in the previous section. Turbulence is modeled with
the two-equation k-e modelin the bulk flow zone, and with the so-called wall functions
in the vicinity of a solid wall. Since the steep variation of velocities close to the wall is
modeled with the universal logarithmic profile, the wall function technique saves
computer time and storage. It also allows the introduction of additional empirical
information, such as the roughness of the wall (Launder and Spalding. 1974). All the
transport equations are discretized and then integrated with respect to a [inite set of
control volumes. The resulting algebraic equations are solved with an implicit line-by-
line relaxation technique using the Tri-Diagonal Matrix algorithm. The program
structure is illustrated with Figure 11.3 and the main features are briefly discussed in the
following sections based on the work of Gosman and Pun in 1974, and of Lilley and

Rhode in 1982,
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2.1.4.1 The Main Subprogram

o —_—

The MAIN subprogram performs the function o[:gcsntrollin g and monitoring
the entire computation sequence, which includes data input. initializing. iteration loop.,
updating the main variables and output control. It is divided into several chapters
(Figure I1.3). Chapter 1 specifies various parametersand control indices. The geometry
of the problem is also given in this chapter. In chapter 2. the subroutine INIT is called
to assign initial values to the variables in all the grids. Iteration starts in chupter 3 with
the calling of subroutines CALCU, CALCV-ic update the variables lor all the grids.
Chapter 4 controls the output for the compultation results and determines theend of the

program.

2.1.4.2 Main Subroutines

The coefTicients of the finite difference equations of momentum are calculated
in the subroutines CALCU and CALCYV. Subroutines MODU and MODV are called
by CALCU and CALCV respectively lo modify the boundary conditions using the wall-
function (Launder & Spalding, 1974). The new values for U and V are then obtained

by calling LISOLV to solve the finite difference equaltions.

The coupling coefficients of finite difference equations of continuily are
calculated in the subroutine CALCP in a similar way to CALCU, cxcept for using
different control values. The pressurecorrection and velocity corrections are performed

in this subroutine to give correct pressure and velocity fields.
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CALCU PROMOD

CALCV LISOLVY

\J
CALLED BY
ITERATION CALCP

——— | EACH
LOOP Y CALC

OTHER CALCS

Figure I1.3 Illustration of the program structure of the TEACH code



25

The fluid properties. such asturbulent viscosity areupdated in the subroutine

PROPS afier new values of k and € are obtained. The boundary condition
modifications for all the main variables, such asMODU and MODV, areincorporated
into PROMOD. Eachchapter in this subroutine begins with the statement ENTRY to

control the calling of a particular modification subroutine.

2.2 Theories on Bubbly Plume Modelling

There are two descriptive schemes used in the fluid dynamics, namely, the
Eulerian and the Lagrangian schemes. In the former, the variation of some fluid
property is considered with respect to a fixed coordinale system. In the later the
variation of the property connected with a given fluid particle or [uid lump is
considered during the motion of this particle or lump through the flow field (Hinze,
1975). Both of the methods have been used extensively in bubbly plume modelling or
similar simulations. For the Eulerian type models, attention has been given lo
modelling the void [raction distribution of the gas, and its efTect on the liquid flow as
sources of momentum and turbulence. Once a proper model for the void distribution
isat hand, the flow {ield may be obtained by solving the well-known turbulent Navier-
Stokesequations for fluid flow. Ifthe Lagrangian schemeischosen, the problem would
then be to find ways to model the interaction between liquid and discrele bubbles, and

the effects of the shape and size of bubbles on that interaction.



2.2.1 Models of the Eulerian Type

Models developed at the early stages were of Eulerian type. Thecore of these
models was to calculate the void fraction distribution of gas in the plume zone. The
simplest model of the void [raction was first proposed by Wallis in 1969. In this model,
the void [raction is assumed to be only a function of the heighi in the plume. Itisa
cross-sectional average and can be calculated with the following equation based on

continuity:;

o
R, (11.32)
2njr(u + U)dr

0

With the omission of the slip {low velocity between bubble and liquid. U, an even
simpler model can be obtained. This model has been used by Deb Royet al. (1978}, El-
Kaddah and Szekely (1981) and Salcudean et al. (1983) [or metallurgical plumes. The
cross-section average. according to the experimental results (Sano and Mori, 1980a,b;
Castiliejos and Brimacombe, 1987a.b). is far fromrealistic, so that some other empirical
models have been also proposed. The most commonly accepted models are based on
the assumptions ol either a radial Gaussian distribution of the void fraction, originally
proposed by Kobus (1968), or a radial exponential distribution of the void fraction
(Kawakami. etal., 1985; Mazumdar and Guthrie, 1985; Heet al.. 1984 Castillejos and
Brimacombe, 1987b; BankofT, 1960). Both of the distributions need some empirically
determined constants. Due to the uncertainty of these empirically determined void
fractions, some tried to use the measured void fraction data or velocity data at plume
boundaries for the calculation of the recirculation field (Szekely et al., 1976; He et al.,

1984). The plume models based on the above void fraction models are called local
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homogeneous flow (LHF) models. With these models. the gaseous phase is assumed
dispersed completely into the liquid phase, its dynamic behaviour is neglected except as
a momentum source for the liquid flow, or only accounted in a simple turbulent
viscosity model (Deb Roy et al., 1978; Sahai and Guthrie, 1982). For the computation
of the recirculation of liquid in the bubbly plume flows. the dominant lactor is the
distribution of the void fraction which supplies the buoyant lorce lor the liquid How.
When the void fraction distribution is known. these models can be used to oblain

reasonably good predictions.

The main disadvantage of the above models is that the real behaviour of the
gas phase as discrele bubbles is ignored, and the void [raction variation as a result of
bubble dispersion cannot be predicted. As a result, the fluctuation ol the liquid Now
field, as well as mass and heat transfer inside the plume, cannot be addressed with such
models. The problem was addressed by Farias and Irons (1986). They approximated
the plume as a one dimensional column and assigned different motion equations for
particle. bubble and liquid phases respectively. This model yielded void [riction
variation along the vertical direction, however, it would be very dillicult to extend the

model of Farias and Irons to more than one dimension,

McKelliget etal.(1987) proposed theidea that the turbulent diffusion ol muss
is proportional to mass fraction gradient and calculated gasconcentration contours for
different ladle injection processes. The contours of gas concentraticrn predicted by
Mckelliget et al. appear narrower than in water models (Castillejos and Brimacombe,

1987).
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Recently, some new methods have been developed to mode! two-phase
dispersed flows. These models take into consideration theinteraction between the fluid
phase and the dispersed phase. One type of the new model proposed by Chen and
Wood (1984) treated both phases in a gas and fine particle jet as two completely inter-
penetrating continua with the same mean velocities. The turbulent interaction between
the two phases was modeled in terms of characteristic response time of the particle and
characleristic time scale of the eddy. The particle dispersion was mainly controlled by
the turbulent diffusion so that the void fraction was calculated together with the
turbulent {low field. Incase of anunconfined jet with very fine particles (< 100 pm)and
low loading (a << 1), the response time of a particle wasassumed smaller than the time
scale of the mean fluid motion. The model gave good prediction of the fluid flow and
showed that the existence of particles has significant influence on the distribution of
turbulent kinetic energy. This kind of model is called coupled two-phase lTow (CTF)

model.

There aredifficulties in applying the model of Chen and Wood directly to the
problem of bubbly plumes. Even ifit is still acceptable to assume that the bubble phase
is a continuum that inter-penetrates with the liquid phase, the turbulent interaction is
much different than that of a fine particle jet. Because the bubble size is much larger
than that of the fine particles, dispersion of bubbles by turbulent diffusion could be also
different. The most difficult problem in applying the model to bubbly plume flow isthe
determination ol the bubble size distribution, which must be known for the calculation
of various time and length scales. Due to the constant breakup and coalescence of
bubbles in the plume, the distribution of bubble size is a variable of the flow which must

be modeled properly before the model of Chen and Wood could beapplied. Asaresult,
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the turbulent interaction and the void dispersion should not be modeled in the same way

as in the case of a fine particle jet. More appropriate models must be developed.

All the above mentioned models are of Eulerian type and the well known
Navier-Stokes constitutive equations are used for the prediction of the mean liquid flow
field. The dominant variable of the computation is the distribution of the void fraction.
With the LHF models, the void fraction distribution is determined either with the
experimentally measured data or with empirical correlations, With the CTF models,
the void fraction distribution can be calculated by solving the motion equations of
bubbles. The turbulence in the continuous phase is modelled with the k-e¢ model in
most cases. The turbulent behaviour of the dispersed phase is totally neglected in the
LHF models, but accounted in terms ol turbulence generation in both phases in the

CTF models.

2.2.2  Models of the Lagrangian Type

Another type of model commonly used for the prediction of the dispersed
two-phase flow is based on a Lagrangian scheme. These models are also called
particle/bubble tracking or the trajectory models. There are two kinds of Lugrangian
models: deterministic separated flow (DSF) and stochastic separated llow (SSF). Both
start with an equation of motion for a single discrele particie or bubble in a turbulent
fluid flow field and the trajeciory is calculated. In DSF, the motion of particles or
bubbles is only affected by mean fluid flow field; while in SSF, turbulent influences on
the motion of particles or bubbles are accounted for using the method originally

proposed by Gosman and Loannides (1981). Particles or bubbles are assumed to
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interact with a succession of turbulent eddies using the random walk calculations and
the mean trajectory is obtained from the random trajectories of a large number of
particles. The main assumptions for SSF are that the turbulence is isotropic and eddies
are uniform. The basiccalculation procedure is Lo use the turbulence model to calculate
the fluid flow field assuming no second phase is present, which gives the local
instantaneous velocity of the fluid after making suitable assumptions regarding
turbulent time scale, length scale and isotropy. Then the equation of motion of a
particle or bubble is solved o give its trajectory. The void [raction can be calculated
when the bubble trajectory and size are known. Shuen et al. (1983, 1985) used this
method to predict the particle motion in a turbulent jet; Weber et al. (1984) used it to
calculate the particle dispersion in a confined turbulent flow; Parthasarathy and Feath
(1987) used it to study the particle-laden turbulent water jets. In the case of bubbly two-
phase flow with bubble size in the range of several millimetres, Sun and Feath (1986a,
1986b) and Sun et al. (1986) applied it to the study of turbulent bubbly jet: Johansen
and Boysan (1988) used it Lo set up a model simulating the argon stirring process in a
steel making ladle with bubble size as large as 6 mm in diameter. All the authors

cluimed good agreement between prediction and experimental observation.

The main limitations of the SSF model are its assumptions that the presence
of the second phase does not affect the turbulent flow field of the {luid phase, and the
bubbles are carried away by isotropic turbulent eddies. These approximations would
be valid when the bubble size is small and void fraction islow. In many practical cases,
especially in the case of ladle metallurgy. the situation is too complicated o apply the
above models directly. Johansen and Boysan (1988) noted the problem and considered
the turbulent interaction between bubbles and the fluid phase in their model while

keeping the assumptions of isotropic turbulence and equal size of bubbles. This is still
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far away from the real situation as will be demonstrated with the experimental results.
Bubbles alfect liquid flow field so much that the fluctuation of liquid velocity is much
larger than what would be predicted by the above models. Theassumption ol isotropic
turbulence is also questionable inside the bubbly plume. Furthermore, the interaction
among bubbles needs consideration, and the sizes of bubbles vary significantly inside

the plume zone, which adds another limitation to Johansen's model.

2.2.3  Bubble Behaviour in Plumes

2.2.3.1 Bubbling and Jetting Transition

When gas is injected into the liquid, it generally assumes the foliowing three
kinds of behaviours for different gas flowrates (Brimacombe, 1991):

1. Inthe case of low gas flowraltes, the gas will form distinct bubbles and rise
up to the bath top in the form of a chain of bubbles.

2. In the case of high gas [lowrates, a continuous gas jet will form.

3. When gas [lowrales are between the above two cases, & bubbly plume
forms. In this case, distinct bubbles are produced at the nozzle, and undergo either
breakup orcoalescence during rise to form a cone-like two-phase flow zone. Il the walls
of the container are some distance away from the plume zone and do not affect the

rising behaviour of bubbles, the plume is unconfined (Figure 11.4).

Thedefinition of high, moderate and low gaslowrates depends on the system
conditions. Much work has been done to differentiate gas behaviours at low gas

flowrates. At very low gas flowrates, the volume of bubble at release [rom the nozzle
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is determined by a balance between its buoyancy force and those surface tension forces
constraining it to the nozzle; the size of bubble is independent of the gas llowrate
(constant volume range). As the gas flow rate increases, a force balance between the
buoyancy and the force required 1o accelerate the liquid away [rom the expanding gas-
liquid interface controls the bubble size. The constant volume regime of bubble is
replaced by a constant frequency regime where the volume of bubble is almost directly
proportional to gas {lowrate, as illustrated in Figure IL5 (Irons and Guthrie, 1978).
Bubble chains as formed in both constant volume and constant frequency regimes of
bubble formation have gas flowrates lower than about 0.2x1 0" m*/s for nozzles with an

inner diameter in the range of 0.005 m in an air-water system.

The transition from bubbling to jetting at high gas flowrates has also received
wide attention (Hoefele and Brimacombe, 1979). Among criteria proposed for the
determination ol the transition, the critical gas velocity based on thecritical gas Weber
Number best fit the existing experimental data (Zhao & Irons, 1990). According to this
model, a chain of bubbles forms at low gas flowrates (Figure II.6a). When gas[lowrates
increase, the interface instability breaks up the interface of the discharging gas to form
discrete bubbles (Figure I1.6b). When gas flowrate further increases to a critical value,
the growth of the interface instability is too slow compared to the interface movement,
and any perturbation would be swept away before it breaks the interface. As a result,
a gas jet forms (Figure [1.6c). The critical gas flowrate calculated with this model is
about 1.0x10” m"/s when the inner diameter of the nozzle is 0.005 m for an air-water

system.
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Figure 114 Illustration of a bubbly plume flow in a steelmaking ladle

Gas is injected from a nozzle located at the center of the ladle bottom,

and the recirculation of the liquid is shown by the arrows.
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Figure IL.5 Transition of the constant volume regime to constant

frequency regime in bubble formation at a nozzle



2.2.3.2 General Behaviour of Bubble in Plumes

Bubbie behaviour in a bubbly plume flow is characterized by spatial
distributions of the bubble occurrence frequency. void fraction, bubble size and bubble
velocity. There have been a significantly number of reports on the experimental
measurements of the distributions of the above variables, and a good review can be

found in the article by Brimacombe (1991).

The distributions ol both void [raction and bubble [requency in bubbly
plumes are very close to a Gaussian distribution, with the maximum values located on
the centerline of the plume. The empirical relations established by Brimacombe (1991)

can be used for the estimation of the void raction distributions,

The distributions of bubble sizes and bubble rising velocity in bubbly plumes
may also assume Gaussian distributions. Due to the uncertainty of the bubble size
variation and the lack of proper experimental techniques for bubble velocity
measurement, much less data exist than [or void fraction and bubble frequency. One
approach worth mentioning here has been reported by Brimacombe (1991) who
characterized the breakup and dispersion behaviour of a bubble during rising with a

dispersion number defined as follows:

o (11.33)
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Figure 11.6 Illustration of the transition from bubbling to jetting

(a) When the gas flowrate is low, a chain of bubbles is formed;

(b) At moderate gas flowrates, distinct bubbles form at the nozzle and
they would breakup to form a plume during rising;

(¢) When the flowrate exceads the critical value, a jet would form.
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Figure IL7 Illustration of the regimes in a plume

(a) Close to the nozzle with N5<2. primary bubble zone where
bubbles detach the nozzle; (b) In the middle of the plume (2<Np,<
4.5). free bubble zone; (¢) When N>4.5, the breakup of bubbles

forms the plume

1
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Based on the available experimental data, the plume was considered 1o assume the

following regimes during rising (Figure IL7):

. When N, <2, tﬁere is a primary bubble zone, where bubbles detach the
nozzle:

2. When2< N, <4.5, thereis a free bubble zone, where bubbles rise without
significant breakup;

3. When N, >4.5, there is a plume zone where breakup of bubbles occurs

to form the plume.

This approach may be used to draw an overall picture of the plume, however,
it fails to supply more information on the detailed structure of the plume such as the

sizes of bubbles resulting from the breakup of the primary bubble.

When information of bubble sizes is available, the bubble trajectories can be
calculated by solving the motion equations of the bubble. Among other parameters,
there are two factors which have been the main concerns for plume modelling, namely,
the determination of the drag on the bubble and lateral dispersion behaviour of the

bubble.

2.2.3.3 Determination of the Drag on Bubble in Plumes

There have been no convincing correlations for the estimation of the drag on
abubblein aturbulent bubbly plume where local void fraction varies considerably. The

simplest treatment of the problem is to use the non slip approach, in which the velocity



39
difference between the bubble and the liquid is neglected (El-Kaddah and Szekely.
1981). This is obviously an over-simplification. Another treatment of the problem was
to assume that the terminal rising velocity of a single bubble in stagnant liquid should
be a better guess for the real rising velocity of bubbles in a plume (Deb Royet al., 1978).
This approach, however, has not received either theoretical or experimental support.
Recently, some of the correlations for the bubbly pipe flows received much attention,
for example, the experimental measurement done by Tsuji et al. (1982) and the drag
coefficient model originally proposed by Ishiiand Zuber (1979). Both predict adecrease
in drag coefficient when void fraction increases. The detailed work of Tsuji et al. and

Ishii and Zuber needs to be discussed more fully.

Tsuji et al. (1982) measured the drag on asolid ball behind several other balls
in a channel flow. They found that when the preceding ball was closer, the drag is
lower, and therefore concluded that the drag would bedecreased with anincreasein the
void fraction. The shortcoming of the technique is that the effect ol liquid flow around
the ball in question is not properly considered. When the apparent drag force F,
appeared to be lower, the U_could be also lower. The seemingly reduced C;, could be
aresult of the liquid flow variation caused by the preceding balls. Ifthe C,, is calculated
with its velocity relative to the liquid surrounding the ball instead of the liquid as

whole in the channel, C, may not have been lowered so significantly.

The original derivation of Ishii and Zuber model started with the discussion
ofthe momentum transport equation of each phase asan continuum in one dimensional
bubbly pipe Mlow systems. The authors assumed that in the absence of the wall, and
under a steady state condition without phase change, a mulli-bubble system in an

infinite medium essentially reduces to a gravity dominated one-dimensional flow. The
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axial component of the momentum equation for k phase can be wrilten as:

dj
0~ -akﬁ-ukpkg-a- M, (LL.34)
dz

where, p_ is the pressure of the mixture, which is assumed to be equal to the pressure
of both the continuous phase and the dispersed phase, and M, is the generalized drag

force on the k phase. Summing over k phases:

E M,y -0 (IL.35)
k=1

Eq.(11.34) can be re-written into the following form:

P _ (11.36)
Puws
dz
where:
P = O"p_!.-"'(] - a)P; (11.37)
The drag {orce is defined as:
Fp - ‘%CDP/UJU,]AE (11.38)

and is related to M, in the following way:

M.
Fy=—% o pr -2 (I1.39)
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where V, is the volume of the bubble. n is the number of bubbles in a unit volume of

continuous phase.

Now i Eq.(I1.34) is valid for the dispersed phase. which means that the axial
pressure drop is the result of the gravity of the dispersed phase, the ellect of the

generalized drag on the dispersed phase, Eq.(I1.34) can be rewritien as:

pl"
M, = a—-+ap g= -agp,,-p,)
T dr ¥ ° y (11.40)

- ~ag(l-a)p~(1-a)p ]

and the relative velocity can be calculated with the following equation when a steady

state is reached:

M.V, 2
Uju) - -—= "C ‘IA
@ p
ey (11.41)
r
- ——"(p-p(1-a)g
DRy
Compared with the relative velocity for a single bubble:
r
U v - 222 (prp2 (11.42)

pPy

the possible reduction of the apparent drag coefficient for a multiphase system is

expressed by the following equation:

Cp- c,,[ U"]'(z _a) (11.43)
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Ishii and Zuber went further Lo argue that in the case of a bubbly churn-
turbulent flow, the relative velocity in Eq.(I1.38) should be replaced with the drift

velocity:
Vy= VaS = (1-e) U, (11.44)

where j is the mixture volumetric flux. Since the bubble sizes are fairly large in this flow,
due 1o the overlapping of the wakes and the bubble boundary layers, the entrainment
ol bubbles in the wake of the preceding bubble is possible. Asaresull, a Lypical bubble
moves with respect to the average volumetric flux j rather than the average velocity of

the continuous phase. So that Eq.(I1.38) assumes now the [ollowing form:

|

The drag lorce is correspondingly rewritien into the following form:

Lo, UlUlnry
F~ -.E‘.(]-a,-p_’;f_"i (11.46)
>

Compared with the system ol a single bubble where C,=8/3 for a spherical cap bubble

according to Clift et al. (1978):

C, - g( l-a) (11.47)

The model of Ishii and Zuber was adopted by Johansen and Boysan (1988)
in their model of the plume, however. theapplicability of the model to plumes with large

bubbles still needs further verification.



2.2.3.4 Lateral Migration of Bubbles in Plumes

For the lateral dispersion of a particulate phase or bubblex inside a continuous
fluid, there are two important transport mechanisms other than the bulk convection,
namely, by turbulent diffusion and by the lateral lilt force. The efTect ol turbulent
diffusion is a result of the random interactions among turbulent eddies, which tends to
ransport fluid properties such asheat from high temperature areas to low temperature
areas. Turbulent diffusion in particulate jet flows has been discussed extensively in a
Lagrangian [rame, where the collision of the particles with eddies is assumed to be
responsible for the lateral migration of the particles in the jet (Sun et al.. 1986). For
bubbly plume flows, the effect has been modeled in a Eulerian framein terms ol bubble
diffusion (Kikuchi et al. 1986) based on the fact that the dispersion behaviour of the
void fraction is similar to a molecular diffusion process. Kikuchietal. related the rising
velocity of a bubble to the ratio of the turbulent viscosity over the bubble difTusivity,
and made comparison between the observed and calculated rising velocily of bubbles
for three values of the ratio. They found that the bubble diffusivity is equal to the
turbulent viscosity. However. the results were not well-verified, since they did not
mention the accuracy of the measured bubble velocity. and the diflerences among the
calculated rising velocities were so small that they could be within the deviations of the
measured values when the ratio of the but ble difTusivity to the turbulent viscosity varied

from 0.5 to 2.

The general definition of the lateral lift force may be written in the lollowing

form (Thomas et al., 1983):

£y

'

- -C,p V,UxVxU (11.48)
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where C__is the lateral force coefficient. The lateral movement of a bubble due Lo the
forceis illustrated in Figure I1.8, where the upward liquid flow has a dominant velocity
gradient along the radial direction and a lateral displacement away from the centerline

is shown lor the bubble with higher rising velocily than the liquid.

There has been quite a large amount of work done on the lilt force on
particles, spheres or bubbles moving in liquid, although most of them are limited to
specilic situations (Auton,1987; Drew, 1988; Drew and Lahey, 1987; Giddings, 1988).
In the case of small bubbles, Zun et al. (1975) modified the classic solution for a
rotating sphere (Schlichting, 1959)and modeled bubble transport in terms of the lateral
1ift force and bubble diffusion. The idea was experimentally proved by Serizawa et al.
(1975) and Beyerlein et al. (1985). Based on the idea of lateral dispersion force,
Beyerlein el al. were able to set up a model to predict the lateral flux of the bubbles.
Other theoretical development includes studies of lift lorce on particles in laminar flow
(Southard, 1971, Halow and Wallis, 1970; Saffman, 1965; Summer, 1984} and in
turbulent flows ( Govan et al. 1989 and Hall, 1988). Most of the theoretical
formulations of the lift force started from the analysis of forces acting on a single

sphere,

Workinvolving both theory and systematicexperimental measurementshave
been reported by Eichhorn and Small (1964), Beyerlein et al. (1985) and Wang et al.
(1987). Eichhorn and Small formulated an expression to relate the lift force coefficient
with flow variables of the two phases such as void fraction, axial liquid velocity
gradient, bubble rising velocity and bubble relative velocity. They carefully measured
the Lift lorce on a solid sphere by balancing it with the lateral component of gravity in

an inclined pipe flow. Eichhorn and Small's formulation was adopted by Wang et al,
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Figure I1.8 Tllustration of the lateral migration of a bubble due to the

effect of the lift force
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With their own experimental data from a bubbly pipe flow, Wang et al. developed a
more comprehensive formulation, which will be further discussed in chapter V.
Beyerlein et al. have performed a similar study to that of Wang et al., but they related
the lift force coefficient with only the void fraction. The coefficient measured by them

ranges from 0.03 to 0.3.

The above discussion reveals that, the lateral dispersion caused by the
turbulent diffusion is the result of the random interaction of the bubbles with the
turbulent eddies, which produces random patterns of the bubble trajectory. The
apparent lateral migration is only a result of the random movement of a large number
of bubbles. Thelift force, on the other hand, is a result of the interaction of the bubble
with the mean (Tow field of the continuous phase. Where the mean velocity gradient of
the continuous phase is significant, it constantly drives the bubble toward the outer
region of the plume. Some of the calculated void concentration contour is narrower
than expected {rom experiments, such as the one reported by McKelliget et al. (1987)
who considered only bubble diffusion effect; the reason may be due to the neglect of the

lift force effect on the dispersion of these smal] bubbles.

2.24  Turbulence Modelling in Bubbly Plumes

Since most bubbly plume flows are of a turbulent nature, the turbulent k-e
model proposed by (Launder and Spalding, 1974) for single phase flow has been
adopted in most studies for single-phase recirculating flow zones. Some attempts have
also been made to apply the model to some simple multiphase Mows, however, for the

bubbly two-phase flows, the original k-e model obviously lacks the ability 1o account
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for the effect of the gaseous phase. To overcome this shortcoming of the k-¢ model, the
empirical relation ol efflective viscosity. which had been originally proposed by Punand
Spalding (1967) for a single phase combustion model, was adopted by Deb Roy et al.
(1978) to bubbly plume study. The eflective viscosity was formulated based on the

mixing length theory:

By = KD 2/3L-li3 pi/:*(mUa?.)il.‘ ([].49)

where, K is an empirical constant, D and L areladle dimensions, and m is the mass (low
rate of the air. Thisequation is virtually the same as the form of Pun and Spalding. and

implies the following phenomenological relations:

(1) B Increases with local density,
(2) Ky Increases with increase in the amount of fluid kinetic energy, and
(3) Ky increases with increase in diameter, but diminishes with increase in length,

Theabove formulation wasmodified by Sahaiand Guthrie (1982). They take
into consideration the gaseous phase effect by deriving a new lormulation with mean

void fraction as one of the main variables as follows:

bor = Cp QI - a)g D) (11.50)

where Cis an empirical constant with 4 value of 5.5x10™". Since dimensional arguments
were made in the derivation of this formulation, its authors claims that it is physically
more plausible. Recently modifications were made by (Mazumdar, 1989), and a new

value of 2.7x10™ for C was derived for this model.
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The above models are principally the same, they were derived on the basis of
a macroscopic energy balance while neglecting all the origins of turbulence in the two
fuids. Consequently the local turbulent characteristics of the two {luids in the plume
zone cannol be investigated. The two-phase plume zone in these modelsis then almost
a black box zone. Only mean values of the turbulent variables over the whole plume

zone can be obtained.

More recently, a modified k-e formulation was proposed for buoyant two-
fluid models. The concerns about the application of the k-e model to the multiphase
{lows have been two fold. The firstishow to account for the generation and dissipation
of the turbulent kinetic energy resulting from the interaction among the different phases
at theirinterfaces, and the second isabout the additional contribution to the turbulence

due to the flow pattern changes, caused by the passage of the second phase.

Malin and Spalding (1984) proposed an additional source term for the
transport equations for both k and € when studying the process of injecting hot air into
astagnant cool air environment. They found that the spreading of the hot air jet was
underestimated with the conventional k-e model (Malin, 1983), and argued that this
was it result of the neglect of the additional generation and dissipation of turbulence at
the turbuient hot air and non-turbulent cool air interface. The extra source terms for
k and € in the following forms were then proposed to lake into consideration these

effects:

Sgr = G a(l-a)G (I1.51)
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€

Sy = G e(l-a)G=
e el k (11.52)

where, G s the usual generation termand C, | and C,, areempirical constants assuming

values of 2.5 based on the experimental data of hot air jets.

The considerations made in the derivation of above equations are similar to
those for Equations (I1.49) and (I1.50). It wassimply assumed that thisextra generation
or dissipation of the turbulence is directly proportional to the usual generation of
turbulence due to the turbulent shear, and also proportional to the volumetric {raction
of the two phases, ¢ and (l-a), respectively. The two empirical constants were
experimentally determined and may not be universally applicable. Another point worth
mentioning is that the hot air jet configuration is still a single phase Mow. so thal the
existence of a clear interface between the hot turbulent jet and the cool non-turbulent
surrounding airis uncertain. Properconsideration should be made before applying this

model to bubbly two-phase plume flows.

To account for the effects on turbulence by the Tow pattern change cuused
by the movement of bubbles. Simonin and Violiet (1988) proposed additional source
terms for k and e. The forms of them are similar to the terms proposed by Malin and

Spalding:

Sz = Coep, Gk (11.53)

S = Caep,Cre (11.54)

el
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Where, C,, and C,, are two empirical constants. For bubbles smaller than 5
millimetres rising in waler, they assume a value of 0.3 as proposed by the authors. C;

is the [riction factor defined by thefollowing equation:

3
C - —=C,l Ul (11.55)
" ap, ”

F/)

where, Cp,, Dy and U are drag coefficient on bubble, bubble volume equivalent

diameter and the relative bubble velocity.

The extra source terms made the conventional k- model applicable to the
various two-phase flows, and the local turbulence can now be estimated. Although the
actual functioning processes of the extra sources were not elaborated in detail, this
phenomenological treatment of turbulence in the two-phase zone is still an improvement
compared to the previous models. The main shortcoming of the extra source models
is the difficulty in the determination of the new constants. The constants used in the
conventional k-e model were calculated based on the measurement of the variables in
simplified k and e equations with specially designed experiment, thus are considered to
have universal applicability. The new constants, as proposed by their original authors,
have not received any experimental verification, so that careful choice of these constants
must be made when applying the model to various two-phase flows such as the bubbly
plume flows. The extra turbulence sources should be stronger in bubbly plumes than
in the case of two gaseous fiuids, and consequently the constants may assume different
values. The model with the original constants have been recently adopted to the bubbly
plume flow study by llegbusi and Szekely (1990) and Burty et al. (1990) without any
modification. Their predictions should not be as convincing asclaimed by the authors

due to the reasons discussed above.
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The complete set of sources terms used in the modified k-e model can be now

summarized as follows:

S= G-Cppe+ Cp a{l-a)G+ Cup Ck (11.56)
and:
5= CiGpkC C_,pe’+ C;la(l_a)Ge+C,ap Ce (11.57)
nk k k h
where G is related to P, defined in Eq.(I1.14) as follows:
G"' pPk (".58)

Ifa Lagrangian scheme is used, the modelling of the turbulence in the plumes
is totally different, as proposed by Johansen and Boysan, (1988). In this model, the
trajectory of each bubble is calculated, and the local void [raction is calculated by
summing the contributions from many bubbles passing the same location. The ellect
of the passage of these bubbles on the turbulencé is taken into account by assuming
that, the shear work performed on the liquid by bubbles contributes to the production
of the turbulence, and the work is equal to the product of the drag force on the bubble
and the relative velocity. The total production of the turbulence in a unit volume due
to the effects of bubbles, Py, can be then estimated by summing contributions from all

the bubbles passing the given control volume as follows:

.-V” Tri

%Gy [2H e Uy U (1159

2,

NpVy ot o

Py=
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where, C, is an empirical constant within the range between 0 and 1, (; is the residence
time of the ith bubble in the grid cell with a volume of V, and Re; is the bubble

Reynolds number.

The prediction of the turbulent velocities with this model was shown to be in
rather good agreement with the measured ones. Questions remain, however, such asthe
accuracy of the local turbulence production calculation, and how much of the bubble

work can be assumed to turn into the turbulent kinetic energy.
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2.3 Experimental Study of Bubbly Plume Phenomenon_

There are many experimental techniques for the study of various two-phase
flow parameters assummarized by Banerjee and Lahey. (1981). For the purpose of this
project, only Laser Doppler Anemometer (LDA) and Electric Resistance Probe (EP)

techniques will be briefly reviewed here.

2.3.1 LDA Techniques for Two-Phase Flow Study

The basic principle of LDA is that the Doppler {requency shift caused by a
body moving relative to the light source and the observer is linearly related to the
velocity of the moving body. The [requency shift can be easily recorded with the LDA
system. In the area of single-phase flow, LDA has been successfully used to measure
both the mean flow field and the turbulent intensity of the flow for various fluids

containing proper seeding.

The simplest way to demonstrate the operation principle of LDA is to use the
fringe model as shown in Figure I1.9. Two monochromatic laser beams intersect o
form a focus which is called the measuring volume (MV). Typical MV size is listed in

Table I1.3.

Table 11.3 Typical Data of a LDA Measuring Volume

1, 6° 1 h N,

633 300 26 5 6 0.22 30
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Figure I1.9 Illustration of the formation of fringes within a LDA focus
The upper diagram shows a particle moving through the focus with
velocity U, and the lower diagram shows the intensity of light

reflected from the particle
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where, A is the wavelength of the laser beam, 1, the focal length, 1, separation between
two laser beams, 8 intersection angle of laser beams, 1 length of the measuring volume;
h_ height of the measuring volume, N, number of the [ringes in the measuring volume

and d, fringe spacing.

Due to the interference of the two beams, alternating dark and bright lringes
form inside the measuring volume. The spacing between two neighbouring bright and

dark [ringes can be calculated with the following equation:

5 - A..’(zsing) (11.60)
When a moving particle with velocity U passes through the measuring volume, it
scatters light from the bright {ringes at a frequency equal to the doppler frequency shift,

which can be calculated with:

U U
[ === - “an® (11.61)
5, A 2

When this frequency is recorded with a photomultiplier (PMT) and analyzed with a
LDA signal processor, e.g. a counter or frequency tracker, the velocity U, can be

obtained (Drain, 1980).

For two-phase lows, special dilficulties arise. First, since most of the two-
phase flows contain particles or bubbles with sizes much larger than the meusuring
volume of the LDA, their surface shape may afTect doppler signals. Secondly, since
there exist two sources of velocity from the two phases which are recorded by the LDA

at the same time, the discrimination of the mixed velocities is a very difficuit problem.
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It was Durst and Zare (1975) who first tried to tackie the problem both
theoretically and experimentally. They derived the relations between Doppler frequency
shift and velocity for reflecting or refracting surfaces, and recorded and analyzed signal
shapes from dilferent objects. They measured the particle or bubble velocity with a
multichannel signal analyzer to discriminate the bubble’s velocity from that of the fluid.
Ohbaetal. (1976, 1977, 1986) proposed a clearer relation between the Doppler shiftand
the velocity of large objects. They used a spectrum analyzer to discriminate the bubble’s
signals from those of the liquid. They also used the laser attenuation technique to
measure the void fraction in the two-phase area. Martin et al. (1981) later proposed
another technique to discriminate the velocities of different phases, They experimentally
proved that the amplitude of the pedestal, which is the low frequency component ol the
intensity variation of the Doppler signal, increases with particle size and the recorded
pedestal amplitude is proportional to the pinhole size. With this discovery, they were
able to design an adjustable pinhole aperture to record only bubble signals. This
method was later used by Durst et al. (1986) with two LDA systems and four extra
photodiodes to measure bubble rising velocity, bubblesize, bubble frequency and liquid
velocity at the same time. The extra diodes were put opposite to the laser beams: when
large objects pass through the laser focus, the beams were blocked which causes an
interruption of signals from the diodes. The blocking time. together with the moving
velocity of the object, is used to calculate the size of the object. A similar technique was
also used by Lee and Srinivasan (1978) to measure the velocity variation in a particulate
two-phase flow. By using two photomuitipliers and one photodiode. Lee and Durst
(1982) and Lee and Cho (1983) measured the blocking and velocity of particles at the

same lime and obtained instantaneous particle size measurement.
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_ Although application of LDA techniques to two-phase [Tow study has a
history 6f less than 20 years, many altempts have already been tried and encouraging
results obtained. Most of the applications use similar techniques as those discussed
above. Table 1.4 summarizes the operating conditions and results ol some researchers’

work in this field. The following conclusions may be drawn from this body of work:

(1) LDA iscapable of measuring the velocity of objects with sizes larger than the
measuring volume of the LDA. Signals [rom larger objects are dilferent {rom those
from much seeding particles in both doppler amplitude and pedestal amplitude. The

difference can be used to discriminate the two velocities.

(2) The discrimination based on amplitude or other signal properties needs
specially designed electronic equipment, which makes the application of LDA to two-

phase {low problems much more expensive than to a single phase flow.

(3) The discrimination can be also achieved by specially designed LDA optical
settings, e.g. use of two PMT to measure velocities of the two phases and use
photodiodes to record the blocking of the laser beam as an indication of the pussage of

bubbles. This also requires expensive extra equipment.

It must be pointed out now, that all the above mentioned technigues only
work in limited circumstances, i.e. in a chain of small bubbles with (airly smooth
interfaces or in a particulate flow where signals from the two phases are really much
different from each other. Another shortcoming of the amplitude discrimination
technique is that the measuring time is too long; sometimes it takes more thun half an

hour to measure the velocity from one point inside a chain of bubbles (Boerner et al.



Table 1.4 LDA for the Two-Phase Flow Measurement
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Reference Laser & Data Dala Discrimination
: Optics Taken | Analyzer Technique
?]%?gier et al. Il_{’j nquW U Counter An%plitude
g-Ne analysis
Durst & Zare | 15 mW,He- u. Multi- characteristic
(1975) Ne, 2PMT, | U channel analysis of signal
or2PD analyzer (amph%ude and
wave shape)
Durst et al, 15mW, He- | U, U, | Frequency Amplitude and
(1986) Ne,2LDA, |D, 1 tracker blockage of light
2PMT.4PD to photo diodes
Lee & 15 mW PDF of | Tracker & Amplitude & time
(S]rér_}lsv)asan He-Ne U, counter discrimination
Lee & Durst 15 mW U, Unknown Amplitude and
(1982) 1 PMT Up frequency dis- |
2PD crimi nation with
special filterbanks
SR | N TBMT [ Dy | T | g & blocking
(1982) 1PD r c °
Lee & Cho 15mW, He- [ U, Two Amplitude
(1983) 11\1%15‘2 PMT, D, counters gating & blocking
Marie & Unknown Up Frequency Two distinct
Hggﬁ U, tracker pe]ak.s; onptgfi:__
ht velocity
Martin et al. 5 mW, He- Up Unknown Pinhole aperture
(1981) Ne,2 PMT Dy for ?mphtude
analysis
Momiietal. [ Unknown U, Unknown Forward scatter-
(1986) i Up ing gofx: U,. back-
ward 1or
Ohbaetal. 4 ISmW,He- | U, « Spectrum Light ;thenlua_tion
{19763.b) Ne analyzer elc, | for void fraction
Ohba et al. 15 mW, He- Uy Spectrum Light blocking of
(1986) _Ne, 2 PMT U analvzer, etc. | one PMT for U,
Tsuji et al. 15mW.He-"| U, Tracker and | Amplitude
(1984) Ne' - | Ug Special signal | analysis of both
analyzer lh% O]i:pler & the
pedesta
~Ueda et al. Unknown U, . Unknown Setting optimum
(1986a.b) U threshold values

=

for the Do?pler
signal amplitude

——
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1984). The most inconvenient aspect is that all the above mentioned techniques are not
directly applicable to the bubbly plume study. Because of the very irregular interface
of the wobbling bubbles, signals from bubbles in plumes are not always stronger than
those {rom the liquid, and the noise is much stronger. Gatingand blocking is not useful
either, due to the fact that many bubbles are present at the same time inside the bubbly
plume. To meet the demand of the experimental study of the bubbly plume Mlows, anew

technique must be developed.

2.3.2  EP Technique for Two-Phase Study

Electric probes have been used 10 study flow phenomena for a long time
(Hinze, 1975). The principle {or the measurement of bubble behaviour in a
bubble/water two-phase flow using an electric resistance probe is that the conductivily
of any gas is much lower than that of water, so that when the probe tip is enclosed by
a bubble, there would be a large change of voltage in the measuring circuit compared
to when the tip is in water. With an EP and a good signal processor, it is possible to
measure the bubble frequency, the void fraction and the bubble sizes if the rising
velocity of the bubble is also known. With a double EP tech nique, it is also possible to
measure the rising velocity of bubbles when two tips of the probes are arran ged along
the bubble’s path with known separation (Hardy and Hyiton. 1984; Castiliejos and
Brimacombe, 1987).

Extensive measurements of bubbly two-phase flow were [irst done by
Seriwara et al. in 1975 when they systematically measured bubble behaviour in a bubbly

pipe flow. Welle (1985) also used the technique to measure the rising velocity, size and
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void fraction of bubbles in a bubbly pipe two-phase flow. For the purpose of
metallurgical study, Sano and Mori (1980a,b,1983) have applied the technique to the
study of the bubbly plume in injection metallurgy; they measured the spatial distribution
of bubble frequency and void fraction in a water model ladle and in a mercury bath.
Similar studies were also carried out by He et al. (1984} in a water model ladle and
Kawakamietal.{1985)in molteniron. Recently, Castillejos and Brimacombe (1987a,b)
used a specially designed double EP system and carefully measured the spatial
distributions of bubble frequency, void fraction and bubble rising velocity. All these
works provided a fairly clear understanding of the bubbly plume phenomena in

metallurgical processes.

The disadvantages ol the electric probe are its intrusive effect on the [low field,
and its effects on bubbles’ rising velocity measurement when it contacts the bubble. It
is not possible to measure the liquid velocity with electric probe techniques. To better
understand the bubbly two-phase flow, it is necessary to develop a technique which

combines the EP with a powerful velocity measuring technique, such as LDA.



CHAPTER 111
A COMBINED LASER DOPPLER ANEMOMETER AND
ELECTRICAL PROBE TECHNIQUE FOR BUBBLY
FLOW DIAGNOSTICS

3.1 Conception of the Combined LDA and EP Technique.

To understand the dynamic process of a bubbly plume flow, itisessential [or
one to be able 1o measure both the velocities of each phase and the characteristic
parameters of the gaseous phase, such as the local values of the bubble [requency and
the void fraction. As discussed in the previous chapter, equipment such as a Laser
Doppler Anemometer (LDA) can be used for the measurement ol a single phase
velocity, or velocity of the discrete phase in a two-phase flow under very limited
conditions. The Electrical Probe (EP) can be used for the measurement of bubble
frequency and void fraction. However, for the measurement of a bubbly plume [low,
the application of LDA and EP individually are very limited. Due to the very irregular
behaviour of bubbles in the plume zone, it is very difficult to use LDA to meusure
velocities of the two phases at the same time, and to measure bubble frequency and void
fraction. On the other hand, an electrical probe is not able to measure the velocity of
the liquid phase. Itis then logical for one to think of the combination of the two types
of equipment, i.e., using LDA for velocity measurement while using EP for bubble

frequency and void fraction measurement. If the signals from EP can be recorded
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simultaneously with that from LDA, it is also possible to use the EP signal for the

purpose of phase identification.

The main feature of the combined Laser Doppler Anemometer and Electrical
Probe technique developed in this project is as follows. At the point in the two-phase
flow zone where measurement is to be made, the LDA measuring volume is first
focused, and then the electrical probe is carefully put to a position about | mm below
and | mm beside the measuring volume, where it causes least interference of the flow.
Il the electrical probe is put above the measuring volume, the probe may not be able to
detect a bubble which just reaches the measuring volume. With the present arrangement
of the equipment, when a bubble is at the measuring volume of the LDA and generates
a velocily signals, the bubble is also sensed by the electrical probe in most cases. There
are some exceptions, such as when the bubble is about to leave the measuring volume
while the EP tip is already out of the bubble. With the EP signal, values of bubble
frequency and void {raction can be obtained, and the LDA velocity signal from the
bubble can be identified so that all the velocity data of the bubble can be separated from
the mixed signals. With the help of the simultaneous response {rom the electrical probe,
it is not necessary Lo use any other modifications to the LDA for the purpose of
discriminating signals from the gas or liquid phase. This technique is also described in

a recent publication (Sheng and Irons, 1991).

3.2 Characteristics of LDA

The LDA system used in this project consists of one He-Ne laser (DANTEC

model 127) with a power of 60 mW, one DISA Type LDA counter processor, one
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photomultiplier and one oscilloscope. The LDA systemand theexperimental set-upare
shown in Figure [11.1, and Figure II1.2 respectively. The LDA can be operated in both

backward and forward scattering for two-phase velocity measurement.

The original Doppler signal burst consists of [ringes as those shown in Figure
I1.9. Thesignals are then transformed into square waves asshown in Figure I11.3 before

being sent to the counter for further processing to yield velocily data.

The counter has two time registers. The high count register records the time
of 8 fringes, 1,;, and the low count register records the time of 5 fringes. {, . as shown in
Figure I11.3. With the time for the given number of [ringes known, the doppler
frequency can be obtained. The quality of the measurement is controlled by the

validation circuit used in the counter, which performs the following operation:

100-%-;,,-Q : e.z.,” (L1

where, e is the tolerance in % of the result of the comparison, and can be adjusted. A
typical value of e used in the present experiment is 1.5%. If the fringes are not from it
Doppler burst caused by the passage of a particle through the measuring volume, the
time intervals between them would not be regular. As a result, the LHS of Eq.(111.1)
would be larger than when the fringes have the same time interval. When the LHS of
Eq.(I11.1) is bigger than the given tolerance level, the burst would be treated as a noise,

If Eq.(II1.1) is satisfied, validated velocity data would be obtained.

There are several operational modes for the counter (Tropea and Struthers,

1987), two of which were used in the experiment, namely, Fixed Mode and Combined
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Figure IIL1 Illustration of the LDA/EP experiment set up
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Mode. With the Fixed Mode. the counter performs the validation for all the [ringes,
and all the validated data are recorded. As a result, a signal burst can yield several
velocity data, when the number of [ringes in the burst is much larger than 8, which is the
number of fringes needed for one velocity validation. With the Combined Mode. all
the [ringes contained in a burst are counted, but only the first 8 fringes are used [or the
5/8 comparison. As a result, only one velocity datum can be recorded for a burst, no
matler how many fringes it contains. The Fixed Mode is suitable (or the llow pattern
measurement which ;'equires data continuity in the measurement, such asmeasuring the
velocity variation in the interval between two bubbles. The Combfned Mode is better
for the measurement of mean velocity with less data fluctuation, such as in a single
phase flow. In this case, the same number of data were taken from more signal bursts,

and the sampling time is longer.

The LDA system has also an analog data acquisition channel which can be
operated simultaneously with the digital data acquisition, and the analog dati
acquisition can be carried out under either the Timer Mode or LDA Mode. When the
Timer Mode is chosen, the data are acquired at a pre-set time interval. In thiscase, the
velocity data would be obtained in the following way. Ifa velocity datum is validated
at the same time as the analog datum, this velocity datum would be recorded, however,
if there is no validated velocity datum at the moment an analog datum is to be taken,
the previous velocity datum would be taken over as the velocity ut thismoment. When
LDA Mode is chosen, the analog data are enabled by validated velocity data. Forthe
purpose of two-phase velocity measurement, the LDA Mode is more suitable, while for
the measurement of gas parameters, such as the bubble frequency and void [raction,
with EP analog input. the Timer Mode is better. In case of high LDA data rate. s

also possible to obtain good {low pattern measurement.



68
33 Characteristics of the Electrical Probe

Thestructure of the electrical resistance probe and the measuring circuit used
in this experiment are shown in Fig.I11.4 and Fig.II1.5 respectively. To increase the
sensitivity, a bridge circuit was used. The EP signals were collected by the same A/D
interface (Tropea and Struthers, 1987) as the LDA signals and controlled by the same
compuler program so that simultaneous EP and LDA data acquisition was achieved.
FordifTerent purposes as discussed in the previous section, either Timer Mode or LDA

Mode can be chosen for the measurement,

34 Data Acquisition and Processing

The procedures of acquisition and processing of both LDA and EP data are
shown in Figure [11.6. The raw data ol both LDA and EP are collected and stored with
the help of computer program LDAMP. The LDAMP is a general measurement
program for use with the LDA data acquisition interface (Tropea, 1986; Tropea and
Struthers, 1987). It acquires data {rom the LDA interface and stores them in
unformatted files on a disc. These raw data are then processed with different programs

to obtain the following vanables.

(1) Local time averaged void fraction and bubble {frequency [rom the EP raw data. The
mein values of void fraction and bubble [requency are calculated with the following

equations:
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Figure I11.4 Illustration of the details of the electricul probe tip.
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o - (111.2)
Ny+ N,
fﬂ-iﬂe (IIL3)
T

where, N, is the number of EP data with the voltage higher than the threshold
separating signals of bubble from signals of liquid, and N, is the number of liquid
signals, whose voltage are lower than the threshold. Ny is the number ol EP voltage

pulses over the threshold, and T is the measuring time.

(2) Mean velocities of both liquid phase and gas phase along both vertical and radial

directions from the raw data of LDA and EP using the following equations:

N
[ - 1 Yo, (11L.4)
} =1
and:
P&
Uy = _E Upg; (111.5)
Nyia

(3) Turbulent components of velocities are obtained with the following equations:

Jo L i e (ILL.6)
N,—l,}:?(u‘ 0
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(4) The time series of liquid phase velocity which can be utilized for the analysis ol

turbulent characteristics of the flow.

3.5 Results of Preliminary Experiments
3.5.1 Calibration of the Technique

For preliminary evaluation of the combined LDA and EP technique, a small
plexiglass box (100 x 100 mm’ x 150 mm high) was used at low gas flow rates in which
individual bubbles followed each other in single file (bubble chains). The box was/illed
with distilled water to 125 mm in depth. A 4 mm inside diameter copper tube was
placed 25 mm above the botiom. The EP was positioned 45 mm above the nozzle. The
gas flow rate was varied between 0.58 ml/s and 20.2 ml/s. In order to improve the
liquid velocity signals, smali quantities of market rice powder were used f{or seeding.

With proper seeding, acceptable data rates couid be achieved (0.1 kHz 10 0.2 kHz).

To calibrate the combined LDA/EP technique for bubble frequency. void
fraction and bubble velocity. still photographs weretaken withstrobelight illumination.
The movement of bubbles during the time interval between two flashes is shown in
Figure [11.7. The simultaneous variation of the EP voltage and LDA velocity with time

are shown in Figures [11.8 and 111.9. for forward and backward scattering. respectively.
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In Figure II1.8, LDA was operating under TIMER mode. so that both LDA and EP
data were obtained at a pre-set [requency of 0.1 kHz. All the EP voltage data are true
values, but not all the LDA velocity data are. At the time when data are to be taken,
ifthere isa validated velocity datum, then this datum would be recorded asa true value,
if there is none, then the previous velocity datum would be taken as the present value.
Attention should be paid to the bubble velocity data too. Since forward scatlering wis
used, most bubble velocity data could not be recorded because of the blockage to the
PMT by the bubble at the focus itself. In Figure [11.9. the LDA was working under
LDA mode and backward scattering was used, the velocity variation caused by bubble
passage was well recorded and indicated by the EP voltage response. Even without the
information from the EP on the presence of bubbles, the liquid and gas velocities can

be clearly distinguished, when there is only a low frequency chain ol bubbles.

When bubble velocities are separated from the liquid velocities on the busis
of the probe measurement, they compare f avourably with those measured from the
strobe photographs asshown in Figure [I1.10. Thedifference between themis negligible

at 95% sienificance level, using Student’s t-test.
- -

Bubble frequency can be measured by either the EP or by visual inspection of
the LDA velocity time series, such as in Figures 1.8 and I11.9, however, the latter
method can only produce good bubble frequency measurements when the void {raction
is low and the passage of the bubble is clearly indicated by the peak velocity variation.
In such situations there is good agreement with [l requencies [rom the strobe

photographs; the difference is less than 5% (Figure I11.11).
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Figure III.7 Photograph of the movement of the bubble chain in the
small tank during two flashes of the strobe light. The bright spot at the
upper right corner is the reflection of the strobe light. The injector used
has an inner diameter of 4 mm and outer diameter 6 mm. The strobe
light frequency was 105 Hz, the gas flowrate was 5x10° Nm'/s, Up=0.40

m/s, «=0.31, f;=14.5/s, and D;=8.8 mm.
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Figure II[.8 Time series of velocity (upper) and probe voltage (lower)
produced in the forward scattering configuration. This was performed
in the small box with a nozzle of 4 mm in diameter. The LDA was
operated under mode of Fixed/Timer. Qg=5.0x10'6Nm3/s. U,=0.40m/s,
a=0.31, f;=14.5/s, and D, =8.8 mm.
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Figure I11.9 Time series of velocity (upper) and probe voltage (lower)
produced in the backward scattering configuration. Thiswas performed
in the small box with a nozzle of 4 mm in diameter. The LDA was
operated under mode of Combined/LDA. Qg:7.75x10'6Nm3/s, U,=0.44
s, «=0.38, f,=15/s, and D;=9.96 mm.
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Figure I1.10 Bubble velocity measured by three different methods in a bubble chain.
In the photographic technique the distance travelled between strobe flashes was used.
The LDA/EP technique simply involved inspection of the probe voltage time series for
Ug. The PDF technique is described in the text. The agreement between the methods
is very good. For these experiments the small box was used with 2 4 mm diameter
nozzle. LDA was operated under Combined/LDA mode with backward scattering.
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The present LDA velocily time series, by itself, cannot be used 10 obtain the

void fraction, because the data rate is too low to produce several signals during the
passage of a bubble, thus the time resolution is poor. On the other hand. the electrical
probe data are reliable measures of the time-averaged void fraction, as discussed in the
Review of the Literature. The time-averaged void fraction at the measuring point was
independently calculated from the bubble height in the rising direction, Dy, . bubble

frequency, [}, and bubble velocity, Uy, which were measured from the photographs:
a= L,D,/U, (I11.8)

AsFigureII1.12shows, thereis good agreement for the void [raction from the
photographic and EP techniques; the differences are negligible at the 95% significance

level.

3.5.2 Techniques for the Discrimination of Gas and Liquid

Velocities

3.5.2.1 Discrimination Based on the Probability Distribution

Function of Two-Phase Velocity

Very small bubbles. with sizes [rom less than 1 mm 1o 4 mm, are produced
when gas s injected through the fritted glass, and in these cases it is easy to see the
velocily distributions for the gasand liquid because there islittle overlap (FigureIIl.13).
However, for bottom injection the bubbles are considerably larger and there is more
overlap in the probability distribution function (PDF). Forexample. in Figure I11.14,

the bubble velocities appear at the knee at approximately 0.3 my/s. as a result, visual



BUBBLE FREQUENCY (1/s)

20

16

12

30

A——PROBE 7
o ---LDA
n----- PHOTOGRAPHIC

hi L 1 1 1 1 L

2 4 6 8 10 12 14 16
GAS FLOWRATE (Nm3/sx10%)

Figure II1.11 Bubble frequency measured by three different methods in
a bubble chain. The LDA method involved inspection of the velocity
time series. The photographic technique 3s described in the text. For
these experiments, the small box was used witha 4 mm diamelter nozzle.
LDA was operated under Combined/LDA mode with backward
scattering.
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Figure II1.12 Void fraction measured by the electrical probe and
photographic techniques. Bubble chain produced in small box witha 4
mm diameter nozzle. The LDA was operated under Fixed/Timer mode
with data acquisition rate of 100 Hz for f; and «.
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inspection cannot be used to separate the distributions. A statistical technique was

investigated to solve this problem,

3.5.2.2 Discrimination by Mixture PDF

The statistical technique is best described graphically. Independent normal
distributions of the gas and liquid velocities will appear as straight lines in normal
probability plots, as shown in Figure II1.15. Mixtures of these two distributions

according to:

U

n

- ol + (1-a){ (111.9)

with various void fractions, «. will not be straight except at the tails of the distribution
as shown in Figure [11.15. Tangents to the tails represent the superficial velocity
distributions of the gas, aU ,and liquid, (1 - @)U,. Theserelationships wercused in the

following procedure to separate the gas and liquid velocities:

(1) Plot the mixture velocity distribution on normal probability paper, as illustrated in

Figures [11.16 and II1.17, for the data in Figures 1113 and I11.14, respectively.

(2) Construct tangents to the tails to obtain the superficial velocity distributions for gus

and liquid.

(3) Make an initial guess of the void [raction. .
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Figure I11.13 Velocity Probability function for the gasand liquid velocities. The plume
consisted of small bubbles (approximately 2 mmdiameter) produced with a fritted glass
injector inside the model. The data were taken at a position 30 mm above the injector
and 10 mm away from the plume centerline. The LDA was operated under
Combined/LDA mode with backward scattering. Qg=5.0x10’6 Nm's. and @ was
estimated to be approximately 0.01 at this position.
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Figure 1I1.14 Velocity Probability function in a chain of bubbles. The chain was
produced in the small box with a 4 mm diameter injector. The LDA was operated
under Combined/LDA mode with backward scattering. Q =1.5x] 0 Nm's, U,=0.32

nys, £,=9.2/s, Dy=6.8 mm, and «=0.18.
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Figure [I.15 Graphic representation of combined gas and liquid probability
distribution functions. The dotted lines represent the summation of two independent

distributions for U, and Uy for various volume fraction weightings.
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(4) From the estimate of e, the guessed Ug and U, distributions corresponding to this
estimated « can be obtained by considering those portions of U, or U, as independent

distributions and recalculating their PDF respectively.

(5) With these estimates of . U, and U, calculate U, of the distribution for this

mixture using Equation IIL7.

(6) Compare the calculated U, distribution with the actual one. and udjust @ to

minimize the sum of squares between the two by looping through steps 4 and 5.

(7) Piot Ug and U, distributions, along with the raw data, asseen in Figures [11.16 and

II1.17. The mean velocities and RMS values can be immediately determined.

Velocities determined in this way agree very well with those measured [rom
photographs, and with velocity discrimination on the basis of the probe (Figure I11.10).
With larger bubbles and higher void [ractions it is not possible Lo sepurate the two
distributions with this technique. This problem led to the development ol thc combined

LDA/EP technique.

3.5.2.3 Discrimination by the Combined LDA/EP Technique

“The combined LDA/EP technique can be used for bubbly two-phase low
measurement, where the bubble sizes are large and turbulence is strong. Both of the
discrimination techniques discussed in the previous seclions are not suitable. Results

are presented in Figure II1.18 for the mean and RMS values of gas and liquid velocity
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Figure I11.16 Probability distribution function of the mixed velocity for the data in
Figure IT1.13. Theconstructions for the tangents (superficial velocity distributions) and

gas and liquid velocities are superimposed.
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Figure 11118 Bubble and liquid velocities in a bubbly plume determined with the
combined LDA/EP technique. Large bubbles (5 to 50 mm) were produced by a flush-
mounted orifice (4 mm diameter) at the center of the large model. The LDA was

operated under Combined/LDA mode with backward scattering. U,=0.51100.79 m/s.

«=0.06 10 0.12. {,=2.8 to0 6.1/s.
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for large bubbles (10 to 40 mm diameter) at void [ractions 0{0.06 10 0.12. Note thatin
these plumes, the RMS values for gas and liquid are generally greater than 50% of the

mean.

3.6 Discussion -

3.6.1 Discrimination by Mixture PDF

In Figure IIL16, the gas and liquid velocitiestRMS are 0.408+0.05 and
0.145+0.034, respectively, and in Figure IT1.17 thecorresponding vitluesare 0.359£0.058
and 0.126+0.048 nmv/s. As the means become closer, and the RMS values increase, the
distributions overlap. Thereare two major limitations of the PDF technique when the

distributions overlap.

(1) The observed mixture distribution becomes more of a straight line (more normal),
making separation more difficult; oneis not sure that data at the tails are due Lo either

gas or liquid alone.

(2) The assumption that the individual gas and liquid distributions are normal and

independent is not justifiable.

According to the present experimental results, it is not recommen ded toapply
this technique to bubbles larger than 15 mm and void fractions higher thun 0.4. This,
of course, is only a general guideline because the useful upper limit will depend on the

accuracy required, the distribution of bubble size, and the level of turbulence.
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3.6.2 Discrimination by the LDA/EP Technique

This technique yields time series for gas and liquid velocities at a particular
point, therefore it is useful for correlating these mean and RMS components. Other
potential applications would include the measurement of drag coefficients, and the

measurement of mass transfer coefficients as a function of interfacial [luctuations.

There are several variables which affect the quality of data which are

discussed in the following subsections.

3.6.2.1 LDA Configuration

Forward scaltering cannot be used to measure bubble velocity because the
bubbles are larger than the control volume. Very good signals can be obtained from the
bubbles in the back-scattering mode, however the liquid signals are relatively weak,
resulting in a low data rate. This problem is largely alleviated by adjusting the seeding
correctly so that the data rate for the back-scattered radiation from bubbles and liquid
is comparable. Another possible solution to the problem is to measure the bubbles by

back-scattering. and the liquid by forward scattering using two photomultiplier tubes.

3.6.2.2 Elcctrical Probe Pos.ition

Several different positions for the probe relative to the control volume were

evaluated: the best was less than 1 mm below the control volume. The time-scale
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resolution of this technique is of the order ol the probe/LDA control volumeseparation
(less than 1 mm) divided by the velocity which is approximately 2 ms. The EP voltage
reading is enabled by the LDA data-ready signal. When the probe signal is from a
bubble, the LDA data will also be from the bubble, most ol the time. The exceptions
are the instances in which the bubble interface is between the probe and the control
volume or when the bubble is about to leave the measuring volume while the tip of the
electrical probe is already out of the bubble. The number of these velocity signals
without the correct accompanying EP signal is believed to be small, since in most ol
these cases, the doppler signals are usually not good enough to be validated due to the
relative position of the measuring volume and the bubble, and the irregular bottom
shape of the bubble. The fraction of incorrectly attributed velocities will be the ratio of
the probe/control volume separation distance to the bubble height which was always less

than 0.1 and decreased to 0.01 for the larger bubbles.

3.6.3  Limitations of the Technique

While the combined LDA/EP technique has been shown to be suitable for
large bubbles at large void [ractions, it is difficult to apply it to small bubbles at low
void [raction because there are so few bubble signals compared to the liquid signals, and
because small bubbles do not produce as large a change in probe response. Thus, the

LDA/EP and PDF Discrimination Techniques are complementary.



CHAPTER IV
RESULTS OF DIAGNOSTICS OF THE BUBBLY PLUME
WITH LDA-EP TECHNIQUE

4.1 Experimental Apparafus

The LDA and EPexperimental set up is the same as described in the previous
chapter, however, the vessel used in this part of experiment was a 1/10 scale model of
a steelmaking ladle of 150 ton. The model consisted of a 500 mm diameter cylinder 760
mm high, inside an outer box 560 x 560 mm® x 760 mm high, as shown in Figure IV.1,
The outer box was filled also with water to minimize distortion due to curvature. Five
horizontal stots were cut on the inner cylinder wall 1o eliminate the curvature elfect for
lateral velocity measurements; the slots were 3 mm high and one quarter of the cylinder
circumference long. Two types of injectors were used. A glass lance with [ritted glass
(FG) at the end was used to produce small bubbles, 0.5 to 4 mm diameter. Larger
bubbles (approximately 5to 40 mm diameter) were produced by a flush-mounted orilice

(4 mm inner diameter) placed at the centre of the bottom.
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Figure IV.1 Illustration of the water model used in the experiment. The

model ladle is made of the plexiglass with a thickness of 10 mm, the

positions of the slots cut for the LDA measurement are also shown.
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4.2 Experimental Design

The water model size and the gas flowrates employed in the experiments were
designed based on the Similarity theory with a scale-down ratio of 1/10. The similarity
theory is based on the fact that many physical processes are governed by similar laws,
and can consequently be represented with similar mathematical formulations. The
similarity numbers representing different force balances can be derived from these
mathematical formulations. In fluid flows, lor instance, the Navier-Stokes equations
discussed in Chapter II can be used 1o represent most flow problems. The most
important similarity numbers are the Reynolds number, Re, which is the ratio of inertial
forces Lo viscous forces, and the Froude number, Fr, which is the ratio ol inertial forces
to buoyancy forces, Similarity theory indicates thal. it is possible to deduce the most
satisfactory information for an original facility from experimental work with a model,
which maintains geometrical, kinematic and dynamic similarity, as well as maintaining
similar boundary conditions to the original facility (Coulson and Richardson. 1955).
Itis usually very difficult Lo establish complete similarity between models and originals,
and in many cases, only the most important factor is chosen for the similarily
consideration. In the case of the bubbly plume flow encountered in this project, bubble
behaviour is governed by similarity numbers such as the Eotvos number. Reynolds
Number and Morton number. Morton number is the most important similarity number

which determines the shape of bubbles:

Mo - 2£2°F (IV.1)
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For gas bubbles in molten steel, Mo is in the range of 10" to 10", while in the water
model, Mo isin the order of 10", Botharein the regime ol spherical cap bubbles (Clift
etal. 1978). The liquid flow resulting from the plume, however. is mainly governed by
the inertial force, gravitational force and viscous force with the first two playing more
important roles (Mazumdar and Guthrie, 1990). The resulting similarity numberis the
Froude Number. Fortheselection of the gas [lowrates in thisexperiment. thesimilarity
based on Fr number between the water model and the steelmaking ladle can be obtained
by using the same stirring energy input into the liquid (Mazumdar and Guthrie, 1990).
In the case of gas-only injection, the energy input into the liquid bath can be culeulated
with the following equation (Nakanishi et al., 1975; Sano and Mori. 1982b):
7
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where, T, =273 Kand P, = | atm. When Qg is in m'/s, the above equation becomes:
il

7-1}
l - —]+1In
7 P

where, T, and T, are temperatures of gas before being injected into the bath and of

W-37122Q,T; (W) (1v.3)

liquid, respectively. P, and P, are pressures at the free surfice and nozzle exit,
respectively. The gas flowrates selected and the corresponding energy inputs are listed
in Table IV.]1 where the industrial data are also listed for reference (Irons, 1986,

Mazumdar & Guthrie, 1985).

To investigate the behaviour of small bubbles in the piume, LDA
measurements were also carried out for the bubbly plume produced with the[ritled glass
where the sizes of bubble were smaller than 4 mm. The gas Mowrales used in this part

of the measurement range from 0.6 to 5.0x10° mYs.



Table IV.] Experimental Parameters

Liquid ng]O"s (msls) Energy input, W M (ton)
" (Witon)
Steel 950-7100 g - 40 150
Water 50,100,150,200 5-20 0.083
4.3 Characteristics of LDA and EP Data from Bubbly Plumes

The LDA can be arranged ineither forward scattering or backward scattering
position. When LDA signals are strong enough, it is better to use the backward
scattering operation foracquiring bubble velocities with littleseeding. However, forthe
purpose ol flow patiern measurement, it is better to use the forward operation formuch
higher dala rate. The simultaneous measurement of the Mow pattern and void fraction
was carried out with the forward scattering, while for the simultaneous measurement

of the bubble and liquid velocities, backward scattering was used.

The characteristics of the LDA and EP signals from a bubbly plume are
shown in Figures IV.2 and 1V.3. In Figure IV.2. ihe LDA was operating under the
Timer-Combined mode. In Figure IV.3, the operating LDA mode was Timer-Fixed.
The operation modes have been discussed in Chapter IIL. In both cases. the data were
acquired at a fixed time interval of 10 ms. However, when Combined mode is used. the
number of the true velocity data is less than when the Fixed mode is used, since only one
validated datum is acquired during a signal burst in the case of Combined mode. Asa
result. the number of the true velocity data in Figure IV.3 isabout 2 to 3 times higher,

and the fow pattern is therefore better recorded than that shown in Figure IV.2.
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The passages of the bubbles were clearly recorded in both Figures IV.2and

IV.3 with the EP voltage variation, together with the corresponding velocity variation
recorded by LDA. Compared with Figures II1.8 and I11.9, the occurrence of bubbles
along the centerline of the plume is not as regular as in the case of a chitin ol bubbles,
because of the bubble movement away [rom the center and bubble breakup.
Furthermore, the bubbles rise slightly off the centerline, and therefore missed by the
electrical probe, can still cause an abrupt variation of the liquid velocity along the
centerline as shown in Figures [V.2 and IV.3, where more bubble data arc seemingly
held by the EP than in the case of a chain of bubbles. The velocity variation is much
larger in the case of 2 bubbly plume, which reflects stronger liquid turbulence and more

violent bubble surface movement.

This is the first time that the bubble velocities in such a bubbly plume [low
have been measured with the LDA/EP technique developed in this project. The
separated velocities of the bubble and the liquid based on the simulianeously measured
data of LDA\EP are very important for the further investigation ol the bubble
wehaviour, such as the calculation of the transit time of bubbles, drag coeflicient lor

bubbles and the turbulent featuras of the liquid flow in the plume.

4.4 Void_Fraction Distribution in Bubbly Plumes

The contour maps plotted with the measured void fraction data in bubbly
plumes are shown in Figures [V.4 and IV.5 for gas flowrates of 0.5 and 1.5x 10 m's,
respectively. The maps revealed the typical distributions of the void fraction in a

vertical plane passing through the centerline of the bubbly plume. The highest
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concentration is located a short distance above the nozzle, and decays rapidly in both
vertical and radial directions. The general shape of the bubbly piume islike a inverted
cone, as observed by other researcherssuch as Castillejos and Brimacombe (1987), with

larger expansion angle for larger gas flowrates.

4-5 ariats Trrps

The measurement of the bubble size and shape were carried out with a video
camera which is capable of generating 30 frames per second. Three photo graphs taken
from the video pictures are shown in Figure IV.6. Information on bubble sizes and
shape variation can be obtained from these photographs. The vertical size variations
of bubbles rising along the centerline for four different gas flowrates are shown in
Figure IV.7 in terms of volumetric equivalent diameter of bubble. The volume of the
bubble is calculated with the measured chord length and height of the bubble based on
the assumption that the bubble is a spherical cap with a circular bottom. The bubble
frequency at the nozzle is about 10 1/s in these cases. The shape variations of the
bubbles are shown in Figure IV.8 in terms of E, the ratio of the bubble height, Hy, to
its chord length, L. In the above two figures. data from small bubbles produced from
the break up of big bubbles are not included, in order to show more clearly the
behaviour of the big bubbles. These big bubbles contribute most to the void [raction,
and are the main concern in the development of a mathematical model for the
prediction of the local void fraction. In Figure IV.7, a steady decline of the size was
observed for two lower gas flowrates. For the two higher gas flowrates, the bubble size
increases right after detaching from the nozzle as a result of coalescence of the bubbles

occurring above the nozzle, and then decline more rapidly asa result of stronger break
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Figure IV.2 ‘Time series of velocity (upper) and probe voltage (lower)
from the bubbly plume produced in the water model. The LDA was
operating under the Timer/Combined mode, the data acquisition

frequency is 100 Hz, Qg=1.0x10"1 Nm'/s, x=0.21 m, r=0.02 m.
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Figure IV.3 Time series of velocity (upper) and probe voltage (lower)
from the bubbly plume produced in the water model. The LDA was
operating under the Timer/Fixed mode, the data acquisition frequency

is 100 Hz, Q =1.0x10™ Nm's, x=0.21 m, r=0.012 m.
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Figure IV.4 Void fraction contour map measured with EP in the water

model ladle, Qg=5.0x10's Nm's.
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Figure IV.5 Void fraction contour map measured with EP in the water

model ladle, Q,=15.0x10"" Nm'"s
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up. In Figure IV.8, the horizontal elongation processes were similar for all the gas
flowrates. The shape ratio of the butble is larger than unity right after detaching from

the nozzle, and then declines steadily during rise.

46 Bubble Velocity Distribution in Bubbly Pl

The mean bubble velocities and their RMS values were obtained with
Equations (II1.5) and (IIL.7), once bubble velocities were separated from the mixed
velocity sample with the LDA/EP technique described in Chapter IIl.  Typical
variations of the bubble velocities and its RMS values along both the radial and the
vertical directions are shown in Figures IV.9 and 1V.10, respectively. In Figure IV.9,
a steady radial decay of bubble velocity was observed. In Figure V.10, the vertical
variation of bubble velocity and its RMS value is not as straightlorward. The present
model study indicates that there isan accelerating period in which bubbles achieve their
maximum velocity, and soon after that, the velocity would decay probably becuuse of
bubble breakup. It further decreases when the bubble is approaching the free surface,
where the liquid velocity is decelerating. Itisalso found that, the RMS value of bubble
velocities in the center area of the plume can be higher than the mean velocity. It
decreases rapidly asthe bubble sizes decrease during the breakup process. This reflects
the fact that the bubble interface wobbles violently with interface vibration during rise

in the plume (see Figure IV.6).
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FigureIV.7 Variation ofequivalent bubble diameter along the centerline
of plumes. This was performed in the large water model and the data

were obtained with a video camera.
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Figure IV.8 Variation of the shape of big bubbles along the centerline of
plumes. This was performed in the large water model and the data were
obtained with a video camera in termsof the ratio of bubble chord length

to its height.



4.7 Liquid Flow in Bubbly Plumes

The characteristic variation of both mean and RMS value ol the liquid
velocity along the centerline line areshown in Figure IV. 11 fora gas flowrate of 1.0x1 0"
m’/s. A slight decline was observed (or both the mean and the RMS value, and the
turbulent intensity, which is defined as the ratio of the RMS value over the mean liquid
velocity, isin the range 0f 0.5-0.7, which is much higher than in the region outside ol the

plume.

The mean liquid flow fields are shown in Figure IV.12 through V.15 for gas
flowrates of0.5, 1.0, 1.5and 2.0x10°* m'/s respectively. The [igures reveal that the flow
inside the two-phase plume zone is much faster than the flow in the single phase region.
The velocity decays significantly along the radial direction due to the last decay of the
void fraction along the radial direction. Along the side walls. the downward flow isstill

strong. In the region close to the bottom wall, however, the flow is slow.

43  Turbulence Characteristics in Bubbly Plumes

Inmostsingle phase lows, the turbulence intensity is usually smalier than 0.2,
However, in the two-phase region of a bubbly plume flow, the turbulence intensity of
the liquid flow is much stronger. The measured distribution pattern of the RMS values
of the liquid velocity are shown in Figures [V.16 through V.19 lor gas llowrates of 0.5,
1.0, 1.5 and 2.0x10™ m’/s respectively. The movement of bubbles contributes a great
deal 1o the generation of the turbulence in the two-phase region though the interaction

with the liquid at the interfaces, such as the wake shedding, wobbling movement and the
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Figure IV.9 Radial variation of bubble rising velocity. This was
performed in the large water model and the bubble velocity was

measured with LDA/EP technique
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Figure IV.10 Vertical variation of bubble rising velocity. This was
performed in the large water model and the bubble velocity was

measured with LDA/EP technique.
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performed in the large water model and the velocity data were measured

with LDA/EP technique
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break up of big bubbles. Since larger bubbles have more momentum, and more violent
interface vibration and wobbling, they tend to generate more turbulence than smalter
bubbles. The void fraction afTects turbulence in a similar way. When the void fraction
is high, it means that there is more buoyant energy availuble o generate more
turbulence. The above discussion is qualitatively consistent with the experimental
results shown in Figures IV.16 through IV, 19, which indicate that, along the centre line
of the plume, the turbulence intensity can be ashigh as0.5. much higher than turbulence

intensity in the region outside the plume.

It has never been delermined whether the turbulence within & two-phase
plume is isotropic. One of the mostimportant features ofan isotropic turbulence isthat
all the turbulent components of velocity are the same, and the angle of the turbulent

velocity vector defined with the following equation:

6 - arctg(u' 1) (1v.4)

should be 45°. Similar angles formed by either u” and w” or v’ and w’ should also be
45° in isotropic turbulence. The angular component of turbulent velocity, w', is not
available in this project due to equipment limitations and therefore assumed to be equal
to the corresponding radial component of the turbulent velocity. In Figures 1V.16
through IV.19, the experimental results clearly demonstrate that. turbulence in the
recirculating single phase flow region is close to isotropic. Turbulence inside the two-
phase region, with slightly stronger fluctuating velocity component along the vertical
direction, however, is not an isotropic one. In the later case, 8 s about 55” lor u”and
v'. The average value of the measured 8, inside the plume for four different gas

flowrates are shown in Figure IV.20,
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If w' is assumed to be equal to V', it is then possible 1o calculale the
distributions of turbulent kinetic energy, k, based on measured values of the u”and v'.
Thecontours of the k obtained are shown in Figure IV.2] to IV.24, Theseexperimental

results are also described in two recent publications (Sheng and Irons, 1992a; 1992b).



114

MEAN FLOW FIELD (Qg=50 ml/s)
LDA MEASUREMENT

0.40 |-
br, .

0.30"Trflllf.

€ )
s
O
zZ
;S W I I TN
w3 020 o —
a
- 0.25 mis
< .
Q 1
- ' . - - . 7 .
o
w Q10+
’ 1
0.00 ' ' ' L

0.00 0.10 0.20
RADIAL DISTANCE (m)

Figure IV.12 The mean liquid fTow field in the large water model ladle

measured with LDA/EP technique, Q,=50 m/s.
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Figure IV.13 The mean liquid flow field in the large water model ladle

measured with LDA/EP technique, Q=100 ml/s
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Figure IV.14 The mean liquid flow field in the large water model ladle

measured with LDA/EP technique, Q,=150 ml/s
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Figure IV.15 The mean liquid flow field in the large water model ladle

measured with LDA/EP technique, Q=200 ml/s
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Figure IV.17 The RMS liquid flow field in the large water model ladle
measured with LDA/EP technique, Q=100 ml/s.
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Figure IV.18 The RMS liquid flow field in the large water model ladle

measured with LDA/EP technique, Q,=150 ml/s.
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Figure IV.19 The RMS liquid flow field in the large water model ladle

measured with LDA/EP technique, Q=200 ml/s.
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Figure IV.21 Contour map of the turbulent kinetic energy in the large
water model ladle measured with LDA/EP technique, the unit for k is

m/s", Q=50 ml/s.
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Figure IV.22 Contour map of the turbulent kinetic encrgy in the large

water model ladle measured with LDA/EP technique. the unit for k is

m?s’, Q,=100 ml/s.
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Figure [V.23 Contour map of the turbulent kinetic energy in the large
water model ladle measured with LDA/EP technique, the unit for k is

m/s", Q=150 ml/s.
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Figure IV.24 Contour map of the turbulent kinetic energy in the large

water model ladle measured with LDA/EP technique. the unit for k is

m’/s%, Q=200 ml/s.



CHAPTER V
SOME DYNAMIC ASPECTS IN BUBBLY TWO-PHASE FLOWS

Inabubbly plume {low, the interaction between the liquid and bubbies isone
of the important [actors that is not well understood. In this chapter, the experimental
measurement of the behaviour of bubbles in the bubbly plume, obtained with the
combined LDA/EP technique and discussed in the previous chapters, will be used to
provide animproved understanding of the following dynamic aspectsin abubbly plume

Mow:

(1) Determination of the slip velocity of a bubble;
(2) Lateral migration of bubbles due to lateral lift force;
(3) Breakup of bubbles during rising;

(4) Turbulence characteristics in plumes.

5.1  Determination of Drag and Slip Velocity of Bubble

The siip velocity between a bubble and the liquid or the relative velocity of a
bubble will be defined as the difference between time averaged velocities of the bubble

and the liquid at the same point inside the two-phase flow zone. This definition is not
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.

the same as the conventional definition for a single bubble. where liquid is virtually
stagnant. However, since the bubble movement relative to the liquid is most important

in affecting the force balance on the bubble, the two definitions should reflect similar

bubble behaviour during rising.

The drag force exerted by the liquid is one of the most important. ind
consequently one of the most studied. Unfortunately, nearly all the studies on this
subject have been based on a single bubble rising in stagnant liquid (Clift et al., 1978)
ot in bubble column (lows. Asa result, the application of the results of these studies (o
bubbly plume flows has been always in doubt. The most uncertain factor is the

influence of the void [racilion distribution,.

A brief literature review on the drag determination in bubbly plumc or pipe
flow situations has been presented in chapter 1I, where both theoreticul and
experimental work of several people have been discussed. Further discussion is
presented in this section based on the experimental data obtained with the combined

LDAV/EP technique and discussed in chapter II1 and chapter IV,

Thedata used in the following discussion include data from threeexperiments
as listed in Table V.1 and shown in Figure V.1. The two-phase velocity discrimination
techniques discussed in Chapter 111 are used for the separation of gas and liquid
velocities. The velocity PDF analysis technique was used in the case of the [ritied-gliass-
produced plume, and for the other two cases, the combined LDA and EP technique
were used. The U, used is the time averaged liquid velocity measured with the LDA,
while U is obtained with LDA for the last two cases and with video photograph for the

plume produced with the flush mounted nozzle (first case). For large bubbles in the
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plume, data from small bubbles passing the same measuring point were omitted. Allthe
bubble sizes were measured with the video photograph. The void [raction in the fritted-
glass-produced plumes wasestimated to range from 0.001 to 0.015, The void [ractions
in the bubble chain and in the flush-mounted-nozzle produced plume were measured
with EP al the position where the velocities are measured. The void fractions ranged

from 0.1 1o 0.45 for the bubble chain, and from 0.06 to 0.12 for the plume.

Table V.1 Experimental conditions for C, measurement

Vessel Nozzle Dy mm Technique | Seeding
I Big tank flush- 0-40 ILDA/JEP & | D.W..no
mounted Video seeding
Camera
I1 Big tank Fritted 1-4 LDA & D.W.
glass Video seeding
camera
I1I Small copper 5-15 Same as D.W.
tank tube I seeding

(D.W ---distilled water)

The drag coefficient of the bubble can be determined with Eq.(V.1):

(v.1)
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Figure V.1 Illustration of the experimental conditions for the

determination of drag coefficient.
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where A, is the maximum horizonlal crosssectional area of the bubble, U is the relative

velocity and the body force F, is taken as bubble buoyancy:
Fp-Vylp -0 8 (V.2)

Other forces due to the acceleration of the bubble, added mass and history terms are
small compared Lo the buoyancy, The acceleration of bubbles in the plume is typically
less than 0.1 m/s”, consequently added mass terms are less than 1% of the buoyancy due
to gravitational acceleration (9.81 m/s’). The dragcoefTicients are plotied asa lunction
of Reynolds Number in Figure.V.2. The standard drag curve for spheres and drag
coelTicients for bubbles in pure and contaminated water are also shown forcomparison.
In the present apparatus, bubble size and void (raction depend on flow rate and also on
position in the vessel. These relationships are shown in Figure V.3 for both the small
and large vessels, Comparison of Figure V.2 and V.3 shows that the drag coefficient is
only weakly dependent on void fraction. It is very surprising that there is such good
agreement between thesingle bubble dragcoefficients and thosein the two experimental
systems at high void fractions and high levels of turbulence. It should be noted that
distilled water was used for the small bubbie plume (FG} in the small vessel, while
seeding was used in the larger vessel. For the bubbles produced with the [ritted glass
atlow void fraction (<0.02) the data (circles in Figure V.2 and V.3) are almost identical
to the single bubble data. The bubbles in the bubble chain (triangles in Figure V.2 and
V.3) had drag coefficients higher than for bubbles in pure water. This may be due to
the high void fraction and short distance between the measuring position and the nozzle
which limited the full acceleration of the bubble. The largest bubbles (solid points in
Figure V.2 and V.3) had drag coefficients close to the single bubble values. but there
was more scatter in the data. The mean values of the drag coefficient are in good

agreement with those of a single bubble.
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Figure V.2 Varialion of the drag coefficient with Reynolds number. The

experiments were performed in the small box for a chain of bubbles, and in the

large wate

r model for the plumes.
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Figure V.3 Void {ractions corresponding to velocity data in Figure V.1. The

void factions in a chain of bubbles and in bubbly plumes were measured with

LDA/EP technique, and estimated in the case of small bubble plumes.
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The data is re-plotted in Figure V.4 to show the relationship between the

relative velocity and equivalent diameter, and to compare it with the curves from Clhift
et al.(1978) which summarize the terminal rising velocities ol single bubbles in stagnant
water. The range of void fractions can be taken from the companion diagram, Figure
V.3. The above experimental results suggest that the relative velocity of bubbles in a

bubbly plume can be well represented by the terminal velocity of a single bubble.

This is the first time that the slip velocities of bubbles in plumes relevant to
ladle metallurgy have been measured (Sheng and Irons, 1992a, 1992b). A varicty of
simplifying assumptions have been used [or plume velocities. Theearliest approach was
also the simplest: no slip between the two phases (Szekely et al. 1978). The terminal
velocity fora single bubble of one size has been used most often to represent the relative
velocity of the entire bubble phase, (Deb Roy et al., 1978; Salcudean et al, 1985; Farias

and [rons, 1986). The presentexperimental results suggest that thisassumption is valid.

More recently, Johansen et al. (1989) have adopted a Lagrangian lrame of
reference to track individual bubbles through the turbulent flow. In this model. the
relative velocities of bubbles were calculated based on the drag coellicient model
originally proposed by Ishii and Zuber (1979) as discussed in Chapter I, which tukes

the following form:

Cp, - Cp (1-2)® (V.3)

where C,_ is the drag coefficient on bubble in the two-phase flow with an average void
fraction of &, C,, is the standard drag coefficient for single bubbles in stagnant uid,

and bis a coefficient assuming a value of 1 for bubbly pipe flow and 2 for bubbly churn
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flow. For a void fraction of 0.25, the drag coefficient is reduced by between 25 and 44

percent, depending on the value ol b. Clearly, this is not the case as shown in Figure

V4.

Ishii and Zuber developed Equation V.3 for a gas-liquid pipe flow. All the
variables in their study were time and area averaged ones rather than the locul time
averaged values used in this project. It was assumed that the pressures in the liquid and
the gas phases are the same 50 thal the mixture pressure drop could be calculated with
a momentum balance of only the gas phase while the other momentum losses in the
liquid phase could be neglected. The drag between the gas and liquid wascaleulated by
simply adding up the drag forces on ail of the bubbles inside the control volume., When
bubble density is high in a pipe flow and the boundary layers of these bubbles are
overlapping, both phases may be approximated ascontinua, and theaboveuassumptions
may hold. In an unconfined plume, the vertical pressure drop is more appropriately
given by the hydrostatic head in theliquid; thus, the calculation of pressure drop in the
gas phase with momentum balance only in the gas phase is not applicable. Therefore,

bubbles should be treated individually with respect to the liquid flow around them.

The above discussion implies that the model of Ishii and Zuber may only be
applied 1o bubbly [lows with rather small bubbles and dense bubble population. For
the bubbly plume flows encountered in the present study. the bubbles should be treated
asindividual bubbles, and the relative velocity with respect to theliquid flow around the
bubble can be better predicted using the terminal velocity rather than using the model

of Ishii and Zuber.
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5.2 Determination of Lateral 1ift coefficient for Small Bubble

There has been less work performed on this topic than on the delermination
of the drag coefficient of a bubble. Theorelical determination of the lateral lift
coefficient of a bubble, C;, in a bubbly plume is almost impossible due to the
complexity of the flow. The practical way to evaluate this factor for specific cases, is Lo
measure C, . In the following sections, the results [rom small bubble plumes produced

with a [ritted-glass injector are presented.

The lateral lorce coeflicient defined by Eq.(IL48) in Chapter II can be

expressed:

L

Ve VT g (V.4)
Uy | (Uy- UX(-3Ur81)

for 2 bubble undergoing the lateral migration as illustrated in Figure IL.8.

Thefollowing assumptions are made for the derivation of theabove equation:

(1) The lateral lift force is balanced only by the lateral drag lorce when steady

motion in the radial direction is achieved.

(2) The flow in the radial direction is a steady flow and much smaller than in the
vertical direction. and its effect is therefore neglected. The vertical velocity gradient in

the r direction is the lateral driving force.
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(3) The turbulence intensity is low due to extremely low void [raction, and its
effect on the lateral movement of a bubble is neglected. As a rexult, the lateral

migration of a bubble is mainly the result of the lateral lift force,

4) The shape of bubbles in this case is spherical or elliptical, so that the lateral
drag acting on the bubble is similar to that of the vertical drag. The laterul drag

coefTicient is therefore assumed to be the same as the vertical drag coelTicient.

To measure C, as defined by Eq.(V.4) and meet the requirements delined in
the above assumptions, plumes with small bubbles were produced with the ITitted glass
as described in chapter IV. The bubble size is between 0.5 to 4 mm. which was
measured with the video camera. The resuits of the velocily meusurement with LDA
in the two-phase plume zone are characterized in Figures V.5 and V.6. Figure V.5
shows the vertical velocity variations with Q‘g of both liquid and bubbles in the plume
center, and Figure V.6 shows the vertical velocity variations in the radial direction of
both liquid and bubbles for Q,= 4x10° m"/s. Thelateral velocities of bubble and fiquid
in bubbly plumes are obtained based on the analysis of the PDF of the mixed luteral
velocity as discussed in chapter IT1. Two typical PDFs of the mixed lateral velocity are
shownin Figures V.7 and V.8, respectively which were obtained with LDA. The lateral
slip velocity of bubbles, V . is defined as the difference between the lateral velocity of a
bubble and the lateral velocity of the liquid. represented by the adjacent peaks in
Figures V.7 and V.8. The other information needed for the calculation of C, with
Eq.(V.4) were oblained from LDA velocily measurements such as those shown in
Figures V.5and V.6, and from video camera measurement of bubble sizes. The results

of the measurement and the calculated results of C_ are listed in Table V.2.
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Figure V.5 Variation of vertical velocities with gas flowrate at the centerline of the
plume. This was performed in the large water model. and the plume was produced with
the {ritted glass. Theliquid velocity was measured with LDA in forward scattering. the

bubble velocity was measured with a video camera at the plume center, x=0.29 m.
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Figure V.6 Radial variation of vertical velocities for Qx=4.0x10"' Nm'/s. This
was performed in the large water model, and the plume was produced with the
fritted glass. Theliquid velocity was measured with LDA in forward scattering,

the bubble velocity was measured with a video camera, x=0.29 m.



141

Table V.2 Measured Lateral Lift CoefTicient

D, v, U, U, U /ér U, Ex10 | C,
cm cmy/s cn/s cnvs /s cm/s - -
0.10 1.6] 27.2 7.1 2.5 20.1 1.724 | 0.127
020 | 362 | 379 8.2 3.0 29.7 1.092 | 0.160
0.25 | 2.4l 41.5 15.4 3.5 259 | 4170 | 0.093
025 | 222 | 38.1 11.8 2.5 26.3 2.22 0.109
0.30 | 2.67 36.0 3.5 3.0 32.5 1.00] 0.115
0.30 | 294 | 447 14.8 3.5 29.9 2.96 0.12
035 | 244 | 401 5.0 2.1 35.1 1.536 | 0.117
035 | 339 | 448 10.7 3.5 34.1 1933  ]0.14
037 | 242 | 33.0 8.8 3.4 24.2 5.15 0.112
| 038 | 229 398 | 80 | 375 | 318 2.764 | 0.064

Some discussion is needed 1o interpret the resulis listed in Table V.2 in terms
of the relations among V. C . Dy and U . Figures V.9 shows the dependence of V, on
the size of bubbles. and Figures V.10 shows the dependence of V_on the vertical slip
velocity U,. V_generally increased with increases of both D and U . and the data are
more scattered as the two variables become larger. Thereis oneirregular data point for

D, =2mmin Figure V.9, which corresponds to the bubble velocity peak in Figure V.4.

B
Itis obvious that the relation between V_and U, is more straightforward. The relation
between V_and dU/dr is shown in Figure V.11, where with an increase ol the velocity
aradient, the lateral relative velocity of bubble also increases slightly. The variation of
C, with U_isshown in Figure V.12, The solid lines were drawn in the above diagrams

to show data variation tendency. The measured values of C, arein the range of 0.1 10
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0.15; they increase only slightly with an increase of the vertical slip velocity. Theabove
stmplecorrelations revealed someimportant features of the C, . Morecomplicated ones
are still needed to give a clearer understanding of the combined ellect ol the

experimental parameters.

One such example was given by Wang et al. as mentioned in Chapter [, who

used the following combination of variables to interpret their experimental data:

2

o e 203 D 1
U, ar| D Re,

Uy ]2 (V.5)
Ub"l'

where D = 5.715x10 m, is the diameter of the pipe used in the experiment of Wang et
al. and taken asa constant in this study. TheelTect of the size of the vesscl is considered
already included in the parameters such as the mean liquid velocity and its radial
eradient. Wang et al. established the following relation between C, und & to fit their

experimental data (Figure V.13):

C,=0.010+ 0.490 Cot-{]ogﬁ +9.3]68] (V.6)

T 0.1963

The calculated values of C_ and € arelisted in Table V.2 and shown in Figure

V.13, where the data [rom Wang et al. are also plotted for comparison.

There does not exist a clear relation between Eq.(V.4) und cquations
developed by Wang el al., which are essentially empirical correlations. However. the
main features in Eq.(V.4) are qualitatively revealed by the correlations. Forinstance,
the effect of the velocity gradient, dU/dr. on C,. In both equations, an increase of
3U/8r produces a decrease in C_. The effect of bubble sizes on C_ is reflected by the

effect of their rising velocities. In Eq.(V.4), the larger rising velocity of u larger bubble
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Figure V.7 Probability Distribution Function of mixed lateral velocity This was
performed in the large water model, and the plume was produced with the fritted
glass. The velocity was measured with LDA in backward scattering, Q =4x1 0

Nmsls, x=0.29 m, r=0.02 m.
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Figure V.8 Probability Distribution Function of mixed lateral velocity. This
was performed in the large water model, and the plume was produced with the
fritted glass. The velocity was measured with LDA in backward scatlering,

Qg=5x10'6 Nms, x=0.21 m, r=0.03 m.
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Figure V.9 Variation of the lateral slip velocity with the bubble size. This was
performed in the large water model, and the plume was produced with the fritted
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Figure V.10 Variation of the lateral slip velocity with the vertical slip velocily.
This was performed in the large water model, and the plume was prod uced with
the fritted glass. The velocity was measured with LDA in backward scattering,
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Figure V.12 Variation of the lateral lift coefficient with the vertical slip velocity.
This was performed in the large water model, and the plume was produced with
the fritted glass. The velocity was measured withLDA in backward scallering,

Q,=5x10 Nm’/s, x=0.21 m, r=0.03 m.
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indicates 4 lower value of C,. In Eq.(V.5), a similar conclusion may be drawn. Since
Uy, is usually proportional to DBO'S, when Dy is larger, Eq.(V.5) would yield larger

value of §, which in turn indicates lower value of C;.

The measured data of C, shown in Figure V.13 fall in the range of 0.07 to
0.16. The results of the present study extended the results of Wang et al. in the lower
€ range as shown in Figure V.13, The present resulls are also in good agreement with
the measurement of Beyerlein et al (1985), who reported C, in the range o 0.03 10 0.3
as shown in Figure V.14, where data range of present study is also marked for

comparison.

Theexperimental results discussed above indicate that, forsmall bubbles, the
lilt force plays important role in the lateral migration of bubbles. This argument,
however, may not be true for large bubbles in the plume. In large bubble plumes, the
intensity of turbulence is high, and the interaction of bubbles with the turbulent eddies

may also play an important role in the Jateral migration of bubbles.

5.3 Breakup of Bubbles in Bubbly Plumes

The breakup of bubbles in a turbulent bubbly plume may result lrom several
reasons, such as bubble shape oscillation resonance. shear stresses (Clift et al. 1978).
turbulent dynamic pressure forces (Hinze, 1955) and the instability at the gas/liquid
interface (Kitscha and Kocamustafaogullari, 1989). Figure V.15 showsthe basic [orces
involved in the splitting of bubbles in & plume. The shear siresses and the inertial force

aresplitting forces, and are balanced by bubble surface tension force, which sustains the
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existing shape of the bubble. The relative significance of these lorces may vary in
different flow situations (Cliftetal.. 1978). In turbulent bubbly plumes, the mechinism
of'bubble breakup has not received adequate attention, and little experimental study ol
the breakup processes has been reported. In the lollowing section, some ol the
preliminary experimental results obtained with video camera photography are presented

and discussed.

The bubbly plume was produced in the large 1/10 scale model of a ladle under
the experimental conditions described in chapter IV with a flush-mounted orifice. The
break-up processes of bubbles rising in the center region of the plumes were followed
with a video camera at a speed of 30 frames per second. The different break-up
processes may be summarized into the following two types based on the experimental

observation:

(1) When the gas [lowrate is low, most bubbles first elongate, which is caused by
the viscous shear stresses (Clift et al. 1978); the disturbances are then found Lo appear
in the gas/liquid interface, and some of these disturbance grow rapidly to break up the
bubble in less than 0.05 s (Figures V.16a to V.16c and V.174 to V.17d). This mode of
break up asaresult of the gradual growth of the instability disturbance in the gas/liquid
interface seem to be the dominant mechanism when gas lowrate is lower than 1.0x1 o

k)
m'/s.

(2) Break-up of bubble could be a result of the combined elfects of the stripping
by shearing liquid flow around the bubble and the growth of the instability
disturbances. With increases of Q. the bubble size also increases and the liquid flow

becomes much stronger, which means much stronger stripping on the bubble surface.
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Figure V.13 Comparison of the measured C, with the results of Wang et al.
This was performed in the large water model, and the plume was produced with
the fritted glass. The velocities were measured with LDA in backward

scattering, other experimental conditions are listed in Table V.1
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Figure V.15 Tllustration of the forces acting on the surface of a bubble
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As a result, the elongation of the bubble is more violent, and more disturbances are
found at the bubble surface with faster growth rate. The breakup assumes a dillerent
mode than the previous case, where it usually happens at center-top of a bubble and
produce only a few small bubbles. The bubble starts to breakup usits rim is being torn
apart to produce a large number of small bubbles. and finally explodes as severil

disturbances become big enough at the same time (Figures 18a to 18d and 19 to 19d).

The above experimental observation suggests that, under the present
experimental conditions, the break-up of bubbles in a bubbly plumeis [airly strong. and
results in a steadily decreasing bubble size distribution in vertical dircction us discussed
in Chapter IV. Thisexperimental information is very important to the model ling of the
process. More work, however, is needed to improve the present understanding ol the

process.

54 are _Ph-

In Chapter IV, the experimental results indicated that, turbulence inside the
two-phase plume is not isotropic. Some insight into this non-isolropy cun be gained
with turbulence theory. Turbulence in single phase Mow is generated by the viscous
shear forces, which in turn are the results ol the mean velocily gradient.  Using the
Einstein convention. the time averaged turbulent energy budget assumes the lollowing

form (Tennekes and Lumley, 1972):
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and:
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V. 7)

(v.8)

(V.9)

Thesubscripts 1, 2and 3 indicate x, rand 8 directions, respectively. If one assumesthat

the Mlow is dominated by flow in the axial. x, direction, then one can ignore U; and

dU /8x; except for U and dU/dr.  Taking the velocities in the x, r and 8 directions as

U. V and W, respectively, the equations for _J’

respectively to:

e
2

0__[/,30 1 ad 81/‘/__6

——— — ——

dr p odx oar2

1 o/ 8 1 o, 1
0=0+—p———(pVp + J-;;/--e
> ar or 3

l? can be simplified
5

-

(V.10)

(V.11)
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The only turbulent production term is the first one on the right hand side of
Equation 11; there is no generation of turbulence in the r and 8 directions. They cun
only acquire kinetic energy [rom the non-linear pressure-velocity interactions (Tennckes
and Lumley, 1972). This argument also implies that larger velocity gradients along a
particular direction would produce more turbulence and skew it towards that direction.
However, it should also be noted that turbulent kinetic energy tends to break up large
eddies which are more likely o cause the non-isotropy. so that isolropy would be
improved by pressure-velocity interactions. The measured 8 lor [our different pas
flowrates are shown in Figure 1V.20, where the degree of non-isotropy decreuses with
increasing gas flowrate, and the relation can be represented with the following

regressional equation for the present data:
8 = 55 - 0.02522 s (V.13)

This observation qualitatively supports the above argument (Sheng and Irons, 1992b).

The above equations may also be used Lo estimate the turbulence level in the
two horizontal directions. Since in both directions, turbulence is developed in asimilar
way through the pressure-velocity interaction, it is likely that v’ and w'are at the same
level. Some experimental measurement of turbulence in developed pipe low (Lawn,
1971) and in a self-preserving jet (Wygnanski & Fiedler, 1969) scem to support this
argument. Asa result, it should be reasonable to assume that the turbulence intensity
is the same in the horizontal directions for the calculaiion of k as presented in Chapter

IV.



" CHAPTER VI
MATHEMATICAL MODELLING OF BUBBLY PLUME FLOWS

6.1 General Considerations

Bubbly plume flows encountered in a ladle metallurgical process have been
experimentally studied with the physical model described in chapters IH and IV. Since
Lthe principal mechanism of the flow in the molten metal is the same as the flow in the
waler, and the behaviour of bubbles is similar in the two liquids according to Morton
similarity as discussed in Chapter IV, except for the thermal expansion of the gas at the
exit, the physics of the flow as revealed by the experimental results improved the
understanding of the plume behaviour in a steelmaking ladle. Based on this
understanding, a detailed flow simulation can be performed with a mathematical model,

which solve both the liquid flow equations and th= motion equations ol the bubble.

The llow is & buoyvancy-driven two-phase flow in the bubbly plume zone. The

flow in the liquid phase is assumed to have the following properties:

(N it is ¢ Newtonian incompressible [low,
2 it is & turbulent recirculating flow,
(3) it is & steady and two-dimensional axisymmetrical flow,

161
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These assumptions are appropriate since both water and molten steel are
Newtonian fluids with negligible compressibility. The llow is generated by the bubbles
rising in the center of the cylindrical vessel and then recirculates from the plume centre
towards the side walls. The magnitude of the liquid flow is in the range ol 0.1 10 0.4
nvs, asa result, the Reynolds number in terms of this velocity and the dimension ol the
vessel isin the order of 10° which is well above the value required lor the transition from

laminar flow 1o turbulent {low.

The computation is divided into the following two parts:

(1) In the first part, only the liquid Mow iscomputed. Theliquid phaseis treated
as a pseudo-continuum with the void fraction resulting (rom the existence of bubbles
assumed to be completely inter-penetrating with the liquid. Consequently, the liquid
flow can be predicted with the computation code TEACH and the modilicd k-e model
in an Eulerian frame as discussed in chapter 11, using the experimentally measured void
fraction distributions. The predictions of both the mean [Tow [ield and the turbulent
kinetic energy obtained with different groups of the exira source constanls are
compared with the experimental results obtained in the previous chapters for the
determination of the most appropriate values for the extra source constants of the
modified k-e model. The results of the first part computation is presented in Section

6.6.1: Part I---Determination of extra source term coefficients,

(2) In the second part of the computation, the behaviour ol bubbles in the plume
is modeled in a Lagrangian frame to yield the void fraction distribution, which is then
used to predict the liquid flow in the same way as in the first part of the computation

with the modified k-e mode! and the newly determined coefTicients of the extra source
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terms, The large bubbles rising in the centre of the plume are called mother bubbles,
and the small bubbles produced from the break up of the mother bubbles are called
daughter bubbles. The bubble motion equations are to be solved for the trajectories of
both mother and daughter bubbles to yield the void fraction distribution. The results
ol the second part computation is presented in section 6.6.2: Part II---Predictions of the

plume flow (Sheng and Irons, 1992d).

The dimensions and the grid design for the computation is shown in Figure
VLI, A 14x22 grid system is chosen for half of the llow field inside the model ladle.
The locations of the narrow window on the cylindrical wall of the model for the LDA

measurement are marked in Figure VI.1.
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Figure VI.1 Iilustration of the grid design for the computation

The boundary is shown with the thicker solid line, the symmetrical axisis shown
with the dashed line and the slots for LDA measurement are marked with
dashed lines with arrows.
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6.2 ‘ H P 100

The overall structure of the computer program PLUME [or the calculation
of the both liquid flow field and the void fraction distribution is shown in Figure V1.2,
The algorithm of the main program is virtually the same as the TEACH code discussed
in Chapter II. The only difference is that, in the part I computation, when the
convergence of the liquid flow is achieved, a subroutine BUBBLE is called in 1o track
the motion of the bubbles and calculate the resulting void fraction distribution., The
renewed void fraction is then brought back into the main program to update the liquid
Mow field. The program stops when convergency for both the liquid {low field and the
void distribution is achieved. In the first part of the computation, where the measured
void [ractions are used for the determination of the extra source term coelTicients,

subroutine BUBBLE is turned off in the computation process.

6.3 Modclling of the Bubble Behaviour in Plumes

Based on the experimental observations presented in the previous Chapters
and previous work on similar processes discussed in Chapter II. the following
considerations and assumptions are considered appropriate for the mathematical

modelling of the plume {low in the part Il computation:

6.3.1  General Considerations and Assumptions

() The liquid flow field can be first obtained with an initial estimate of void

fruction distribution by solving the wrbulent Navier-Stokes equation in an Eulerian
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Figure VI.2 Illustration of the structure of the progrum PLUME
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scheme, where turbulence is modeled with the modified k-e model discussed in Chapter
I1. With this estimate for liquid flow field, the bubble motion equations can be solve
in a Lagrangian frame Lo give such variables as the bubble rising velocity. which would
then be used to make a newestimate of the void fraction distribution. Theupdated void
fraction is used for a new round of computation of the liquid flow field. Theiteration
ends when both the liquid flow field and the void fraction distribution converge.

2 The bubble rising process consists of an initial rising period during which no
bubble break up occurs, and a free rising period in which break up of bubbles happens
randomly. This assumption is based on the [acts observed in the experimental work ol
Brimacombe (1991) and this project as discussed in Chapters [T and 1V. Brimacombe

identified the lollowing three regimes during bubble rise in plumes:

(1) Primary zone where a bubble detaches the nozzle,
(2) Free Bubble zone where no breakup occurs, and.

(3) Breakup zone where a plume forms.

In the present model, the detachment of bubble from the nozzle is simplified as a

smooth rising period and treated as a part of the initial rising period.

3) For the purpose of local void [raction distribution calculation, the shupe of
bubbles must be known to determine such paramelers as transit time ol & bubble in a
given cell and the volume of the cell occupied by the bubble during its passage th rough
the cell. The shape of the bubble at the nozzle is assumed to be a sphere and gradually
elongates in the horizontal direction during rising. The shape variation of the bubble

is approximated with the variation of its shape ratio E which is the ratio of the bubble



168
height to its chord length. It was assumed that, during the rising process E declines
linearly from 1, which is the shape ratio of a spherical bubble, to the minimum value of
0.24 which 2 bubble can maintain before break up (Clift et al. 1978). The minimum
value of E is reached in about 0.3 to 0.5 s afier detachment from the nozzle for the
present experimental conditions, based on the experimental observation performed in
this project (Figure 1V.8) and reported in the literature..i The minimum value of E of
0.24 for a single bubble (Clift et al., 1978) is assumed valid also for bubbles in the

plume.

4 The principal mechanism causing the break up of bubbles in the plume is
assumed to be the interface instability, which is intensified by the liquid turbulence and
shear lorce. The break up criteria based on the combined Kelvin-Helmholtz and
Rayleigh-Taylor inslability theory is used to determine the breakup of bubbles in the
process (Kitscha and Kocamustafaogullari, 1989). Fora bubble bigger than thecritical
size of break up. it will break up during rising, and the breakup position is determined
randomly. The number and size of the daughter bubbles produced [rom the break up
is also determined randomly. In the model, these random processes are controlled by
generaling several series of random numbers independently from a standard normal

distribution.

(5) The mechanism of the lateral motion of bubbles in the plume is not
completely understood at the present time, however the [ollowing assumptions are
considered necessary and appropriaie based on the previous work and experimental
observation of this project. The lateral motion of the mother bubbles rising in the
center of the plume is assumed mainly caused by the interaction with the turbulent

eddies and the spiral movement related to the wake shedding. For small daughter
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bubbles, the lateral migration is caused by the interaction with turbulent eddies and the
lateral lift force resulting [rom the axial liquid velocity gradient in the radial direction.
The lateral migration of bubbles is also a result of the mean liquid flow in the radial

direction which carries bubbles with it due to the drag effect.

(6) The bubbles are followed one by one in the computer siinulation. When one
bubble is being followed, the influence [rom other bubbles existing in the plume al the
same time is neglected. Coalescence is considered not to have a significant effect since
few cases of coalescence were observed during the [ree rising period of a bubblc in the

experiments,

(N The void fraction iscalculated in the following way. The grids covered by 4th
bubble (both mother and daughter bubbles) during its rising are recorded. Fora given
grid cell with coordinates (i,j). if the cell is occupied by a part ol the bubble for &
transient time t,(i,j). the contribution to the void fraction in the cell by the bubble is

calculated in the following way:

V
&, ~ i) =L (VL.1)
a

where V,; is the volume of the grid cell, and V,, is the volume of the part of the bubble

in the cell. The time averaged void fraction over a period of T and N, bubbles is then:

1 Ny | Ny v
a(L)) = —2 a, ==, LJ —&n (V1.2)
k=l iel V('.
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6.3.2 Flow Sheet of Subroutine BUBBLE

The flow chart is shown in Figure VL3a and VI.3b. The subroutine is

composed of the following parts.

6.3.2.1 The Initial Conditions

The gas flowrate, Q. is determined with the input of one of the monitoring
parameters of the program, NQG, which assumes values of 1, 2, 3and 4, correspo nding
to the gas flowrates of 50, 100, 150 and 200 ml/s used in the water model experiments.
For each Qg, the bubble size and [requency al the exit were determined based on the
experimental measurements and previous work. Bubbles are assumed to slart rising
with U, = 0 at the nozzle. The effect of coalescence and the mushroom shape of the

bubble is neglected.

The transition from the period of the initial rising of the bubble to the free
rising is affected by many factors and there has not been a clear criterion 1o determine
it. However. based on the experimental observation in this project and those reported
by Brimacombe (1991). it is reasonable Lo assume that the initial rising period is within
a distance ol approximately 1.5D,, from the nozzle. During this period. to simplily the
computation, the shape variation of a bubble is neglected and the bubble is assumed to

be a sphere.
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Figure VI.3a The illustration of the flow sheet of subroutine BUBBLE
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Figure VL.3b The illustration of the flow sheet of subroutine BUBBLE
(Continued)



6.3.2.2 Determination of the Liquid Flow Conditions

Since the grid points do not always fall on the same place as the trajectories
of bubbles. the necessary information of the liquid {low field at the point where the
bubble passes is determined with linear inlerpolaﬁon of known values at the grids
surrounding the point. Subroutine VALUE is designed for this purpose. It calculates
the values of U, V. k. e and other flow variables at the point. which are to be used for

the solution of the bubble motion equations.

6.3.2.3 Modeclling of Breakup Process of Bubbles

The treatment of the bubble breakup process is based on the experimental
results of the size and shape variation of bubbles during rising presented in Chapters 1V
and V (Figures IV.7 and IV.8). The simulation of the breakup process is done in the
subroutine BREAK. After the initial rising period has ended. the bubble with a size
larger than the critical breakup size is assumed to undergo a random breakup process.
The critical breakup size is estimated with (Kitscha and Kocamustalaogullari, 1989,

Sheng, 1992):

D a (.25
0.25—2 > 1.612[ ‘ (V1.3)
U 0g

r

where, D, is the bubble sizeand U, is the local slip velocity. Inan air-water system, the

critical bubble size can be then determined with the following equation:
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D
—Z.,0.1064 (VL4)

r

Thatis, the bubble would breakup at a random position and produce a random number
of daughter bubbles with random sizes. The process is controlled in the program by
generating a series of random numbers. When a random number falls in Lhe range of
possible break up, the bubble is considered to break up at the point. The range of
possible breakup is represented by the random numbers greater than Ry and smaller
than Ry from a standard normal distribution. The determination of this breakup
range is based on the breakup rate of bubbles, which is the ratio of number ol broken
bubbles to total bubbles counted and determined empirically with the help of the video
camera study of the bubbly plume. The experimentally observed mean breakup rates
were 0.159, 0.197. 0.236 and 0.274 for gas flowrates of 50, 100, 150 and 200 ml/s,
respectively. Consequently, the breakup ranges of the random numbers at each lime
step used in the model are(-0.2. 0.2), (-0.24, 0.24), (-0.30, 0.30) and (-0.35, 0.35) for the
gas llowrates ol 50, 100, 150 and 200 ml/s, respectively. The occurrence ol the random
numbers within these ranges are equal to the breakup rates ol bubble for the
corresponding gas flowrates at each time step. The largest bubble alter the break up
would be treated as the new mother bubble and be tracked accordingly. The new
mother bubbles are assumed to breakup only once, and their breakup rates have the
values of 0.064. 0.096. 0.143 and 0.19 for the gas llowrates of 50, 100, 150 and 200 mVs,
respectively. The corresponding breakup ranges are (-0.08. 0.08), (-0.11. 0.11), (-0.18,
0.18) and (-0.25. 0.25) for the gas flowrates of 50, 100, 150 and 200 ml/s, respectively.
The information of the daughter bubbles is first stored and. after the tracking of the
mother bubble has ended. it is used to follow each daughter bubble. The daughier

bubble is considered not to break up and the interaction among them is also neglected.
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6.3.2.4 Calculation of the Bubble Trajectory and the Void Fraction

The new positions of bubbles are obtained by solving the bubble motion
equations. which are discussed in detail in section 6.4.3. Since the randomly determined
turbulent components of the liquid velocity are used in the caleulation. the bubble
trajectories are also of a random nature. When a bubble has reached a new position,
the void [raction it created during its passage [rom last position Lo the rew one i

calculated in the following way.

The grid cells covered by a bubble during its rising in the last time step are
determined based on the information of the bubble trujectory by scanning all the grids.
The transit time of the bubbie through these grids is calculated, and the void [raction
in these grid cells are then calculated by summing the transit time contributed by all the

bubbles previously followed.
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6.4 Mathematical Formulation of the Model

6.4.1 Modified Reynolds Averaged Equations

Cylindrical coordinates are chosen for the mathematical model. The notation

used to depict the velocity field are listed in Table VI.1 and expressed with the [ollowing

equations:
Table VI.1 Velocity Notations
DIRECTIONS VECTOR x r
Unit Vector i ]
Scalar Coord. X r
Liquid Velocity U u v
Bubble Velocity U, U, V,
Slip Velocity U, u v,
Instant. Vel. u u v
R.M.S Component uw u v
for the liquid velocity:
U- Ui+ Vj (VL.5)
The bubbie velocity is expressed with the following equation:
Uy = Uy + Vi (V1.6)

and the relative (slip) velocity assumes the form as follows:

U=Uz-U=(Uy~- Wi+ (Vy-Vy
i 8 : (VLT)
- Ui+ Vy
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The two dimensional conservation equations for mass, momentum and other

transportable variables are listed as follows,

The massconservation is written in the form o Eq.(V1.8). where the slip velocity
between the two phases is ignored as it has negligible efTect on the total mass balance

due to the large density difference between the liquid and air:

del) |, lae V) _ (V1.8)
ox r or
where:
p=ap, + (1-a)p, (V1.9)

The general conservation equation for a transportable variuble ¢ is:

r dar ox X ‘bax ) ;‘5 *ar

16(rdp V) . b)) i[l" i@] 1a[m 29] -5, -0 (VI.10)
The conservation equation for momentum in the x-direction:

a(p UY) , YaerUv) - 9p _Q(m_lf_lf) .S, (VLI
ox r or dx ox ax '

where SU is the source term.

a| auU 13 3
L (PR A L S (V1.12)
da ox rot ox
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in the r-direction:

NoUV)  13er¥?)_ _dp, ai av]

ox r or ar o ox (VL.13)
,,mjm v, s
ra E v
where S, is the source term.
a| U la{ a 2V (V1.14)
Voo Tar] rag lor] TP

6.4.2 Modified k-e Model

In thecase ol'axisymmetrical cylindrical coordinates, the k-e model modified (or

two phase flow assumes the following form (Malin and Spalding. 1984):

by Cuf (VL.15)
€
Dk 9|kl L s (VL16)
Dt a,\-j.\ o kaf\.',-j
(v \
De 9d|Vrde| o (VL.17)
Dt dx|o a,\_-. ¢
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where;

[v]l [au av]' (VL18)
+ =]+ g — + —
r ar ox

[a V]-
A | —
ar

au
=2, [—]
Py ox

is the production term.

The source terms are written in the following forms as already discussed in

Chapter IL:

S, = P.-Cppe+Ca(l-a)PrC.Capk (V1.19)

(V1.20)

CeP. Cpé€
¢ . ¢ &

e = +C’::1a(1_a')Pk§:+C;lapqu

In the computation program, the above sources are writlen into linear and non-

linear terms in the [ollowing way:

u

sk - P+ Cua(l-a)P+C,Capk (VI.21)
¢ Cppe C,C,pk (V1.22)
: k b
CeP,
g. b A+qla(1-a)1>ki+qzap/cﬁ (V1.23)



6.4.3 Bubble Motion Equations and Their Solutions
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(VI.24)

In the derivation of the bubble motion equations, the force terms [or drag,

pressure, added mass, buoyancy and lateral lift are considered while the history term s

assumed small and neglected due to high turbulence and large bubble size under the

present experimental conditions.

The bubble motion equations used here assume the following forms (Thomas et

al., 1983). In the vertical direction:

dU G
__”..-..]. DIqB(UB_u)IUB-u|+&V£j
dt 2V p, or

-

du
_1&[ ) Vﬂf]_(,_p_f,g
2p,\ di ar P,

where A, and ¥V} are cross sectional area and volume of the bubble.

direction;

dVy 1CAy Py OV
A L e

1Py

2p!

daVv, p
Yy Ua_lf]__ma_u
dt ax) p, or

(V1.25)

In the radial

(V1.26)
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In the above two equations, the first term is the drag term. the second is the pressure
term and the third is the added mass term. Thelast term in Eq.(V1.25) is the buoyancy

while in Eq.(V1.26) represents the lilt force.

The drag coefficient, Cp,, can be written into the following lorm:
pg
Cym -2——2— (V1.27)

Inserting Eq.(V1.27) into Eq.(VL.25) and (V1.26) results in Eq.(VL28) and (V1L.29).
where U, is the terminal rising velocity of a bubble in stagnant liquid. The drag
coefficient can be obtained with an empirical relation, Eq.(V1.30), which is in good

agreement with the experimental results presented in Chapter V. (CIift. et al.. 1978).

dUB-- p‘i (Up- u)IU—u‘ VaU

dt
.U
o (V1.28)
-1&[ W 20,12
Py
Vs 22yl PRV
dt ngb"f' P, ax
(V1.29)
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U, -| 2120 +0.505gDB} (VL.30)
P2y

Forair-water systems(thesurface tension, =0.072 N/s, p=1000 kg/m"), Eq.(V1.30)can

be wrillen as;

s 0.5
Uy = Mm.gsa,py (VL31)
DB

I the velocity variables of the liquid flow can be assumed constant during the
short time step of iteration, Eq.(V.28) and (V.29) become ordinary differential equations
and can be then easily integrated for a time step, At=t - 1, where (_ is initial time and

assigned to 0, Lo yield the following equations for the calculation of bubble velocities :

h_
U= Us LB_M (V1.32)

\/-—A—(er'+])

and:
7
B, (e*-1
RETN Cll (VL33)
V-A (e7+])
where:

T.=2/(-AB) (%z-c,.). =12 (V1.34)
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L, (\/E * Um‘/:) (V1.35)

C;"
-AB (/B -UN-4)
ST R /B, +V.H-A) (V1.36)
~AB, (B, -V.i-4 )
A--tE (V1.37)
PgUbr
B,-I.SB—{ _U_(l_.ﬂ')g (V1.38)
Py or P
32-1.5.p_’ —V—&CLUﬁQg (V1.39)
Py ox Py
c-0.5% (V1.40)
p£~'

In the iteration process, the values of the previous iteration of the llow field are
used for the calculation of B, and B,, and the experimentally measured lateral
coefficient C, for bubbles in a plume has been presented in Chapter V (F igure V.12,
Table V.2). Based on these experimental measurements, in the computer simulation,
a value of 0.1 for C, is considered a reasonable estimate for bubbles in a plume

generated with a flush-mounted nozzle at the bottom of the model ladle.
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The usual technique used to determine the time step for the integration o motion
equations of fine solid particles in an air jet is to compare the dissipation eddy life time
with the transit time of the particle through the eddy; the smaller one is taken as the
time step (Gosman and Loannides, 1981). This technique would result in too straight
a rising trajectory for the large bubbles as observed in this work, and consequently a
narrow distribution of the void fraction around the centerline. The reason is that the
variations in the direction of a bubble is not mainly a result of its random interaction
with dissipation eddies, in contrast (o fine solid particles. The wake shedding activity
and the interaction with large energy containing eddies contribute much more to the
spiral motion of the large bubbles. The wake shedding frequency can be determined
with the Strouhal Number Sr = 2af/U , where a is the horizontal dimension of the
bubble and [is the wake shedding (requency. For a spherical cap air bubble in water,
Sris approximately constant, 0.3 (Clift et al., 1978). Ifthe spiral of a bubble is mainly
controlled by the wake shedding. the time during which the bubble moves in the same
direction is then in the range of 0.1 to 1.5 s. On the other hand, if the interaction with
the large energy containing eddies is mainly responsible for the bubble spiral. then the
transit time of the bubble through these large eddies should be used as the integration
time step. The sizes of the energy containing eddies may be characterized with the
macro length scale of the turbulence and is estimated with the following equation

(Hinze. 1975):

1.5
/;0.5445- (V1.41)
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The calculated 1, using the computed values of k and e discussed in section 6.3.3 15 in
the range of 0.06 to 0.1 m, and the resulting transit time of bubbles through these eddies
in the range ol 0.1 to0 0.15 s for bubble velocity in the range of 0.6 to 0.8 m/s. Based on
the above discussion. a reasonable estimate of the time step should be between 0.1 and
0.15 s for the present experimental conditions. For simplicity. the lime step used in the
present program is 0.1 s. With time step properly chosen and liquid flow information
obtained from VALUE, the bubble motion equations are then solved in the subroutine

VELB.

6.4.4 Boundary Conditions

The boundary conditions at the free surface and at the centreline ol the plume
as well asat the side and bottom walls of the model ladle assume the conventional form

(Mazumdar and Guthrie, 1985).

The free surface is treated as a moving solid wall and the boundary conditions

arc:

v _
e (V1.42)

ok ode

L.Zo

dx ox
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At the centreline of the plume:

V-0 (VL43)

8k ode
or or

At the side wall and the bottom wall:

U= V=0
(V1.44)

k=e=0

The well known wall function embodied in the original TEACH code is
employed for the calculation of the velocity profile in the vicinity of the walls (Launder

and Spalding, 1974) as already discussed in Chapter II.
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6.5 Convergency Criterion

The calculation of the void fraction distribution is carried out after 300 bubbles
have been processed. Computation with more than 500 bubbles were also carried out,
however, the average difference between the predicted liquid velocity with 1000 bubbles

and the predicted liquid velocity with 500 bubbles is less than 5%.

Convergency of the liquid flow field and the void fraction is assumed to be
reached when the maximum relative difference of void fractions and other flow
variables at each node as expressed by the following equation is lower than i certain

value:

& ™ Max [ e “¢(w)""’] (V1.45)

GU) s

where ¢ stands for @, U, V, k and e. The value used for U, V, k and e was 0.002, while

for void fraction 0.02 was used.
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6.6 Computational Results

6.6.1 Part I---Dctermination of extra source term coefficients

The modified k-e model as discussed in Chapter II and section 6.4.2 was
developed for the gas/gas mixing. The model takes into consideration of the extra
gen:eration and dissipation of turbulence due to the interaction between the two phases
at their "interface” and due to the passage of the second phase, by adding extra source
terms to the conventional k-e models. In the present case of gas/liquid flow, however,
the extra generation and dissipation due 1o the existence of the second phase is much
stronger than in the case of gas/gas flows. As a result, the original values of the extra

source coefficients must be modified based on the experimental measurements.

The measured void [raction data were used in all the runs in this part of
computation and only the liquid flow field is computed to avoid complicating the
comparison with differences in the calculation of the void fraction. The testing
procedure is as follows. Firstly. the original coefficients were used to run the program
PLUME without the subroutine BUBBLE. When the predicted turbulence was
underestimated compared to the measurements, groups ol coeflicients with larger values
were tested. Theappropriate values of the constants were found afier testing a number
of groups of constants. The evaluation of the constants was based on the comparison
between predicled and measured values of both the mean liquid velocity and the
turbulent kinetic energy along the centerline of the plume. The difference is less than
10% for the four gas flowrates. 50, 100, 150 and 200 ml/s, when the following values are

used:
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CippCir Carr €2 = (V1.46)

6.0,0.75,4.0,0.6

The predicted mean flow and turbulence fields for the gas Mlowrates ol 50 and
150 ml/s are shown in Figure VL4, VLS, VL.6 and VL7, where the measured results are
also shown for comparison. The predictions with the tested coefTicients obviously agree
well with the experimental measurement. This demonstrated that the turbulence in the
plume is indeed stronger than the cases studied by the original authors of the modilied
k-e model. The sensitivity of these coefficients to various experimental parameters will

be discussed in section 6.7.1.

6.6.2 Part II---Predictions of the plume flow with PLUME

6.6.2.1 Void Fraction Distributions

The computed distributions of the void [raction for the gas flowrates of 50 and
150 ml/s together with the measured results are shown in Figures VL8 and V1.9,
respectively. Compared with the measured void fraction distributions [or the same
operating conditions, which have been shown as Figures 1V.4 and IV.Sin Chapter IV,
reasonably good agreement have been obtained. The void fraction in the center region
of the plume is still slightly higher than the measured one, implying that the swirling
movement of big bubbles in the real situations is still stronger than predicted with the
present technique. The void fraction distribution away [rom thecenter ling ol the plume

is better predicted in the model.
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6.6.2.2 Mean Liquid Flow Fields

The predicted mean flow fields for the same experimental conditions in the
previous section are shown in the Figures VLI0 and VLIl together with the
experimental measurements (Figures [V.11 and IV.13), respectively. Itisinteresting to

note that the predictions are in good agreement with experimental results.

6.6.2.3 Turbulent Properties of the Liquid Flow

For two gas fTowrates, 50 and 150 ml/s, the computed results of the turbulent
kinetic energy are shown with the contour maps shown in Figures VI.12 and VI.13,
together with theexperimental results (from FiguresIV.20 and IV.22), respectively. The
contour maps for the computed dissipation of the turbulent kinetic energy, and for the
computed distribution of the turbulent viscosity are shown in Figures V1.14 through
VL 17. respectively. Compared with the measured distributions of the turbulent kinetic
energy for the same gas flowrates, and the prediction of k based on the measured void
fraction distributions (Figures V1.7), reasonably good agreements have been achieved.
[1is the first time that such comparison of the predicted turbulent kinetic energy is made

with the experimental measurements.
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DISSIPATION (Qg=50 mi/s)
MODIFIED k-e MODEL
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Figure V.14 Turbulent dissipation rate predicted with modified k-e modeland
optimized constants for extra source terms. This was obtained with the

predicted void fraction distribution, unit of e is m’/s’. Q,=50 mlss.
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DISSIPATION (Qg=150 mi/s)
MODIFIED k-e MODEL
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Figure VI.15 Turbulent dissipation rate predicted with modified k-¢ model and
oplimized constants for extra source terms. This was obtained with the

predicted void (raction distribution. Unit of e is ms’. Q=150 ml/s.
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Figure VI.16 Turbulent viscosity predicted with modified k-¢ model und
optimized constants for extra source terms. This was obtuained with the

predicted void fraction distribution. Unit of viscosity 1s m/s. Q=50 mis.
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VISCOSITY (Qg=150 mi/s)
MODIFIED k-e MODEL

040 =i g d C¢1 = 4-0
e

Ce2 = 0.6

Ca =56.0
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Figure V1.17 Turbulent viscosity predicted with modified k-e model and
optimized constants for extra source terms. This was obtained with the

predicted void fraction distribution. Unit of viscosity is m’/s, Q,=150 ml/s.
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6.7 Discussion

6.7.1 Turbulence Modelling in Two-Phase Plume Zonc

Although the modelling of turbulence in various single phase lows has achieved
considerable progress, the application of these models to the multiphase low situation
is still facing many difficulties. In Chapter I1, different approaches taken to model the
turbulence generation and dissipation inside the two-phase bubbly plume zone have
been discussed. Among the models, the modified k-¢ model would be the most
convenient one, if the constants of the extra turbulence source terms applicable to the
bubbly plume situation can be determined. as demonstrated in the previous sections.
In this section., the predicted turbulent fields with various turbulence models are
presented and compared with the measured turbulence fields as already discussed in
Chapter IV. The models discussed in the following sections includes the modified k-e
model with original extra source coeflicients, the bulk viscosity mode! (Mazumdar and
Guthrie, 1985), which has been the most applied model for bubbly plume modelling und
the conventional k-¢ model. The program PLUME with subroutine BUBBLE turned
off was employed for the computation. Experimentally measured void fraction data
used 1o avoid complicating the comparison with dilferences in the calculation of void

fraction distributions,

6.7.1.1 MODIFIED k-e MODEL

Results of predictions using the modified k-e¢ model with three groups of

constants are discussed in the following paragraphs. In the Figures VI.18 through



VI.21, the constants suggested by the original authors of the model were used:

c,.C.,C,C, -
k1 k2 €l e2 (VI.47)

2.5,0.3,2.5,0.30

The computed results underestimate the turbulence level in the two-phase zone, which
was expecled since turbulence generation in bubbly plumes due to theexistence of large
bubbles is much stronger than in the case of mixing hot and cold gases. Asa result, the
centerline velocity of the liquid is higher than the experimental data while turbulent
kinetic energy along the centerline is lower than the measured values. The flow pattern
and the contour maps of the turbulent variables, nevertheless, match well with the
measured ones below the free surface. The highest values of k and € appeared to be in
the zone right below the free surface as predicted by the model, other than in the lower
center part of the plume as demonstrated by the measured results. This discrepancy is
probably caused by the treatment of the [ree surface in the model asa moving solid wall
so that the excessive strong turbulence is produced when the upward plume hits the

imaginary wall which converts the mean flow into turbulence.

Since the predictions of the model with the original constants failed to agree
with the experimental results, groups of constants with different values weretested. The

predicted results of one of the groups with the constants assuming the following values:

C ,C-.,C 9C-1 -

10.0,1.5,10.0,1.5
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are shown in Figures VI.22 through V1.25. The values of constants in this group are
obviously too high, so that the predicted turbulence is overestimated, while the

predicted centerline velocity is lower than that measured.

The appropriate values of the constants were found after testing a number of
groups of constants which are larger than the original constants and smaller than the
values in Eq.(VL.48). The evaluation of the constants was based on the compirison
between predicted and measured values of both the mean liquid velocity and the
turbulent kinetic energy along the centerline of the plume. The difference is less than

about 10% when the following values of the constants were used:

Cp CinCop Cn -
kil 2 el 2 (v]-49)

6.0,0.75,4.0,0.6

The predictions have different sensitivity to these constants. They are more sensitive Lo
C,, and C,, e.g., when C,, decreases from 6 to 5, the mean liquid upward velocity
along the centre line would increase from 0.35 10 0.45 nvs. An 10% change in C,, and
C,, would yield less than 10% change in the same velocity. The values shown in
Eq.(V1.49) are recommended for the modeiling of the bubbly plume flows produced
with experimental conditions similar to those used in this project. Further work,
however, is still needed to determine if these constants are universally applicable to

different gas flowrates and gas/liquid systems than those used in this project.

Both the velocity field and thedistribution of the turbulent kinetic energy forthe
gas flowrates of 50 and 150 ml/s, predicted with theabove model, arein good agreement
with the experimental measurements as already shown in Figures VL4. VL3, V1.6, and

VL7, respectively, where the experimental results are also shown for comparison. The
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MEAN VELOCITY (Qg=50 ml/s)
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Figure VI.18 Mean flow field predicted with modified k-e model and original
constants for extra source terms. The maximum U in the centre is over 0.5 nvs.
This was obtained with the input of the measured « to the program described in

Section 6.2. Q=50 ml/s.
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k DISTRIBUTION (Qg=50 ml/s)
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Figure VI.19 Turbulent kinetic energy predicted with modified k- model and
original constants for extra source lerms. This was obtained with the inpul of

the measured  to the program described in Section 6.2. Unit ol K is ms.

Q,=50 mbss.
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Figure V1.20 Turbulent dissipation predicted with modified k- model and
original constants for extra source terms. This was obtained with the input of
the measured & to the program described in Section 6.2. Unit of € is m’s’.

Qg=50 ml/s.
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Figure VI.21 Turbulent viscosity predicted with modilied k-e model and
original constants for extra source terms. This was obtained with the input of
the measured « to the program described in Section 6.2. Umit of viscosity is

m’s. Qg=50 ml/s.
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Figure V1.22 Mean flow field predicted with modified k-¢ model and large
constants for extra source terms. The maximum U in the centre is about 0.25

m/s. This was obtained with the input of the measured « to the program

described in Section 6.2. Q,=50 mi/s.
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Figure V1.23 Turbulent kinetic energy predicted with modified k-e¢ model und
large constants for extra source terms. This was oblained with the input of the
measured & to the program described in Section 6.2. Unit of kis mYs, Q,=50

ml/s,
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Figure VI.24 Turbulent dissipation predicted with modified k-e model and large

constants for extra source terms. This was obtained with the input of the

measured « to the program described in Section 6.2. Unit of ¢ is m*/s”. Q=50

ml/s.
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Figure VI.25 Turbulent viscosity predicied with modified k-e model und lurge

constants for extra source terms. This was obtained with the input of the

measured e to the program described in Section 6.2. Unit of viscosity 1s m/s”,

Q,=50 mlss.
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Figure V1.26 Turbulent dissipation predicted with modified k-e model and
optimized constants for extra source terms. This was obtained with the input of
the measured « to the program described in Section 6.2. Unit of € is m’s’.

Q,=50 ml/s.
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Figure VI.27 Turbulent viscosity predicted with modilied k-¢ model and
optimized constants for extra source terms. This was obtained with the input of
the measured a Lo the program described in Section 6.2. Unit of viscosity is

m’/s. Q=50 ml/s.
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DISSIPATION (Qg=150 mi/s)
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Figure VI.28 Turbulent dissipation predicted with modified k-e model and
optimized constants for extra source terms. This was obtained with the input of
the measured « to the program described in Section 6.2. Unit of € is m’/s’.

Qg=150 ml/s.
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Figure VI1.29 Turbulent viscosity predicted with modified k-e¢ model and
optimized constants for extra source terms. This was obtained with the input of
the measured « to the program described in Section 6.2. Unit of viscosily is

m*s. Q,=150 mi/s.



predicted results of dissipation and viscosity are shown in Figures VL.26. V1.27, VL.28

and V1.29 for gas Mowrales ol 50 and 150 ml/s, respectively.

6.7.1.2 Conventional k-e Model

The results predicted with the conventional k-€ model as discussed in Chapter
[1, and the measured void fraction distribution are shown in Figures V1.30 1o V1.33. In
the centre of the plume, the liquid velocity is almost twice that of the experimental data
when one compares Figure VI1.30 with Figure IV.12, while the turbulent Kinetic energ,
(Figure V1.31) is only about the half of the measured data shown in Figure IV.21. The
distribution pattern ofk around the centerline of the plumeis also distorted if compared
with the experimental results. The inaccurate prediction using the conventional k-€
model may be explained in the following way. The generation of turbulence resulted
from the mean shear flow is accounted for only by the source in the transport equations
for both k and e. while the source for the bubble existence is not taken into
consideration. With lower turbulence intensity in the plume zone, the eflective viscosity
is correspondingly lower, as a result, the entrainment of liquid into the plume is
underestimated and the liquid in the plume centre losses less momentum to entrain (resh
liquid from the outside of the plume zone with lower velocities. [tisinteresling to note
that some of the predictions using the conventional k-€ model have been claimed to be

in good agreement with their experimental measurement (Sahai and Guthrie, 1982b).
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6.7.1.3 Bulk Effective Viscosity Model

The efTective viscosity calculated with the bulk viscosity model proposed by
Mazumdar (1989) is in the range of 0.2 kg/(mes) inside the plume zone, and its
maximum is about 0.8 kg/(mes) at the place outside ol the plume and below the lree
surface (Figure VI1.37), which is even lower thun the values obtained with the
conventional k-¢ model in the two-phase plume zone (Figure V1.33). Locul values of
the void [ractions were used in this computation instead of the cross-section averaged
values used by Mazumdar (1989). The difference in the calculated viscosity. however,
is negligibly small. For Q,=30 mls, the calculated values of the ellective viscosity are
0.25 and 0.27 for the void fractions of 0.5 and 0.1. respectively. The predicted mean
Mow field (Figure V1.34) and the distributions of turbulent kinetic energy (Figure VI.35)
and its dissipation (Figure V1.36) are very similar to the results obtained with the

conventional k- model.

This model has been extensively used with empirical correlations lor the void
fraction distribution inthe plume; good agreement with theexperimental measurements
were claimed (Mazumdar and Guthrie, 1985; Sahai and Guthrie. 1982). However,
according to thecomputation resultsshown in Figures V1.34 through VI.37. someother
modifications must be used in the computation Lo achieve a good agreement with the

experimental measurements for both mean velocity and turbulence variables.
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6.3.4 Bricf Summary

Predictions with experimentally measured void fraction distributions and various
turbulence models used lor the treatment of turbulence in the bubbly two-phase flows
were compared with the experimental data, and the modified k-e model were found to
be the most convenient. The values of the constants of the extra sources used in the
modilied k-e model, which are most appropriate to the bubbly plume modelling, were
determined based on the comparison with the experimental measurement. The modilted
k-ec model with the constants determined in this study is able to yield predictions for the
bubbly plume llows, which are in good agreement with the experimental measurements

in terms of both liquid velocity Mow field and the turbulence intensity distribution.
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CONVENTIONAL k-¢ MODEL
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Figure V1.30 Mean flow field predicted with conventional k-¢ model. This was
obtained with the input of the measured « to the program described in Section

6.2. Q=50 ml/s.
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Figure V1.31 Turbulent kinetic energy predicted with conventional k-e model.
This was obtained with the input of the measured « to the program described in

Section 6.2. Q=50 mls.
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Figure V1.32 Turbulent dissipation predicted with conventional k-e¢ model.

This was obtained with the input of the measured e to the program described in

Section 6.2. Q=50 ml/s.
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Figure V1.33 Turbulent viscosity predicted with conventional k-e model. This
was obtained with the input of the measured « to the program described in

Section 6.2. Qg=50 ml/s.
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MEAN VELOCITY (Qg=50 ml/s)
BULK VISCOSITY MODEL
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Figure V1.3¢ Mean flow field predicted with bulk viscosity model. This was
obtained with the input of the measured « to the program described in Scction

6.2, Qg=50 ml/s.
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Figure V1.35 Turbulent kinetic energy predicted with bulk viscosity model. This
was obtained with the input of the measured « to the program described in

Section 6.2. Q=50 ml/s.
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DISSIPATION (Qg=50 mi/s)
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Figure V1.36 Turbulent dissipation predicted with bulk viscosity model. This
was obtained with the input of the measured a to the program described in

Section 6.2. Qg=50 ml/s.
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Figure V1.37 Turbulent viscosity predicted with bulk viscosity model. This was
obtained with the input of the measured « to the program described in Section

6.2. Q=50 mlss.
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6.7.2 Evaluation of the Void Fraction Prediction

The void fraction predictions obtained with the present model are in good
agreement with the experimental measurement as discussed in the previous scction
which is basic for the model o be able to achieve good predictions ol the liquid flow
field. However, the model has strong reliance on the input of the experimental
information in the treatment of the bubble behaviour, which limits the universal
applicability of the model. Some of the models on the bubble behaviour in a plume as
presented in chapter V and used in the model are still in their early development stage,
for instance, the determination of the drag on bubble and the treatment ol the bubble
breakup process. Although these phenomena certainly need further investigation for
the improvement of the present model, the knowledge obtained in this project is very
useful to the computer simulation of the process as presented in the ubove sections,
More information is needed for a better understanding ol the parameters of the process,
such as the effects of the liquid properties and temperature on the bubble shape
variation, [ree rising distance before [irst break up and the breakup [requency.
However, it is certainly a significant improvement in the modelling ol the plume Mows
to take these paramelers into consideration. The present model is therelore much closer
{o reality in revealing those important details of the plume compared with all the

previous models.

The void fraction distribution is most sensilive to the breakup and spiral
movement of big bubbles rising in the centre of the plume. The breakup of these big
bubbles determined the size distribution of bubbles in the plume, which would in turn
affect the void fraction distribution significantly. Inthe presentsimulation, the breakup

was modeled based on the experimental observation which guaranteed reasonable
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predictions of the void fraction distributions. The mostimportant factor is the breakup
rate as discussed in section 6.3.2.3. Too high a breakup rate of bubble would result in
a flatter distribution of bubble size and void fraction along the radial direction than the
experimentally measured ones. On the contrary, if the breakup rate is oo low, more
bubbles would rise through the bath without breaking up to produce an inadequate
amount of small bubbles. Conseguently, the radial void fraction distributions are too
concentrated around the centre line of the plume. In the present computer simulation
process, a drop of 50% in the breakup rate would result in 15% to 30% increase of void

[raction along the centre line of the plume.

The radial distribution of the void fraction is mainly controlled by the

following two factors as observed in the waler model experiments:
(1) The swirling movement of big bubbles in the centre of the plume;

(2) The lateral migration of the smaller bubbles resulting from the breakup of big

bubble.

To model the swirling movement of the big bubbles, it is critical to determine
the most important reason of the swirling, Therandom interaction of bubbles with the
all kind of eddies would result in random variation of the direction of the bubble
movement, which is contrary to the regular spiral movement of bubbles as observed in
the experiments, and too narrow distributions of the void fraction. The proper
treatment of the swirling is therefore based on the random interaction of bubbles with
the energy containing eddies. which carryenough energy to change the course of bubble

movement, and the wake shedding behaviour of bubbles. Itis veryinteresting that the
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two factors yield quite similar characteristic frequencies of bubbles as discussed in

section 6.4.3.

Forthe treatment of the lateral migration of smaller bubbles, there have been
different approaches as already discussed in Chapter I In an Eulerian scheme, the
most interesting technique is the adoption of the so-called bubble effective difTusivity
concept, which must be determined independently with experiments (Kikuchi et al,
1986). All the factors which affect the lateral migration of bubble, such as the effect of
eddies and lateral lifi force, are included in the determination of the bubble eflective
diffusivity. The shortcoming of the technique is its lack of physical significance, and
therefore difTiculties in properly designing experiments to measure it. Ina Lagrangian
scheme, all the previous models calculated the bubble trajectories based on the random
interaction of the bubbles with turbulent eddies without considering thelateral lilt force
effect. The lateral lift force also plays important role when a signilicant radial velocity
gradient in the liquid flow {ield exists. The physical significance of the laterul lilt force
is not as difficult to understand as the bubble effective diffusivity; and it is also casier
1o measure experimentally. A better Lagrangian model of the plume, therefore, should
include both the effect of the eddies and the effect of the lateral lift force. Theremaining
problem is the generalization of the experimentally measured lateral lift coellicient,
which is 0.1 to 0.15 as measured with the present water model. Further work is needed

to determine the coefTicient in other physical processes, such as in a molien steel bath.

As a result of the above effort, the predicted void fraction distributions in the
radial direction are very close to the measured ones. As in the case of treating bubble
breakup process, however, experimental information was needed [or the determination

of the lift coefficient, C;, which is one of the limitations of this model to be applied



234
elsewhere. In mostcases, small bubbles away from the plume centre are mostly aflected
by the luteral 1ift force, which could drive them laterally for 10 to 30 mm under the

“present conditions during their rising to the [ree surface. The contribution of these
small bubbles to the void fraction value at the plume boundary, however, is not
significant compared to the void fraction values at the centre of the plume. Asa result,
with the present mathematical model, when C| increased [rom 0.0 10 0.1, the predicted
void fraction contour line of 0.001 shifted about 10 to 20 mm in the radial direction.
Further increases of C, from 0.1 to 0.15 showed negligible effect on the radial
distribution of the void fraction due to the limited amount of void carried by these small

bubbles to the boundary zone of the plume.

6.7.3  Fecatures of the Mean Liquid Flow Field

The predicted mean liquid flow fields reflect a very strong upward flow of
liquid in the center region of the plume. With the rise of the plume. more and more
fresh liquid is entrained into the plume. The treatment of the free surface asa moving
solid wall caused this upward flow 1o decelerate rapidly in the area close o the [ree
surface, which isa distortion to the real situation where a spout would form (Castillejos
and Brimacombe, 1987; Brimacombe. 1991). Away from the plume and not very close
to the side wall, the recirculation of the liquid is generally weak. The recirculation
pattern of the liquid is also afTected by the treatment of the [ree surface as a solid wall.
The predicted downward flow along the side walls is usually higher than the measured
resulls, since the momentum dissipated in the spout of the plume in the real process is
not totally consumed when the upward plume encounters the free surface in the

simulation. part of it is converted into the radial momentum and then further into the
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downward momentum. As a resull, 1o better model the recirculation ol liquid in this
case, the behaviour of the spout formed above the free surface would need careful
consideration, even though the heights of the spout are only 0.01 to 0.025 m in the

present study.

6.7.4 Predicted Characteristics of the Turbulence

The predicted results oblained in this chapter, together with the experimental
measurement discussed in chapter 1V, offered a much closer understanding ol'the topic

than any attempt made in the past.

Thestrongest turbulence is in the centerarea of the plume. In the predictions,
the turbulence is even stronger in the small zone very close to the free surlace than in the
area close to the nozzle, which is also a distortion by the treatment of the free surface
asamoving solid wall. Inreality, the strongest turbulence should be in the spout region
above the [ree surface as reported by Sahajawalla and Brimacombe (1989). Both the
intensity of turbulence and the dissipation of the turbulent kinetic energy ure much
stronger in the two-phase plume zone than in the single phase zone. Thix information
is very helpful for the modelling of mass or heat transfer in the plume zone. The
transportation of the turbulence by the meanliquid flow is also reflected in the predicted

result, as the contours for k, eand p-pextend along the way ol the liquid recirculation.

The predicted results and the convergency of the turbulent variables is more
sensitive to the void fraction distribution, which may be due to the fact that the void

fraction appears in both ol the extra sources for both k and e.



6.7.5 Effect of Grid Size on Predicted Results

The computational results obtained with the solution of the [inite dilTerence
equations are only approximations to the solutions of the original differential equations,
Only when the grid sizes are infinitely small, the approximations may agree perfectly
with the real solutions. However, in the computer simulation process, it is impractical
to employ infinitely small grid size. To determine an appropriate grid size used for
present model. three different grid designs were tested. One design was already shown
in Figure VI.1, with 14 grids points along the radial direction and 22 along the vertical
direction. The second is the design with all grid sizes double the first design, which
yields 9 grids points along the radial direction and 12 along the vertical direction. The
third design has 25 grids points along the radial direction and 42 along the vertical
direction with each cell size being hall of the corresponding grid of the first one. The
program used was as the same as that used in the previous sections of this Chapter for
the testing of the extra source constants of the modified k-e¢ model with the
experimentally measured void fraction. For the grids where no experimental
measurement had made, interpolation was used to assign proper values of void [raction
to these points. This treatment was to eliminate the influence from the iteration of the
void fraction on the prediction of the flow field. To show the results more clearly. only
mean liquid velocity in the vertical direction along the center line of the plume is

presented in Figure VL.38 together with the measured velocity data for Qg of 50 ml/s.

All the three predictions are close to the experimental results, and the
predictions based on the 14x22 and 25x42 designs are obviously better than that based

onYx12design asshown in Figure VI.38. The reason could be twofold. The first is that
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the 9x12 design was slightly too coarse to yield accurate prediction. The second,
however, is not asstraightforward. Since the void fractions used at the center linc grids
are the same for all three designs, with larger grid size, the void fraction is actually
higher than those for smaller grid sizes, considering the radial decrease of void {raction

distribution. As a result, the predicted velocity at the center line is also higher.

From the above discussion, it is reasonable to conclude that the predictions
using the present computer program depend weakly on the design ol the grid size, und
grid designs smaller than the 14x22 design would not yield obviously better accuracy

when compared to the experimental results.

6.7.6 Convergency Speed

It was relatively easy to obtain the convergency of the mean liquid flow ficld
with the present model. The number of the iterations is usually less thun 500 alter the
first convergency isreached. After each update of the void fraction, i new convergency
of the mean liquid MNow field would be reached within 50 more iterations. With & IBM
compatible 386 PC machine (25 MHz) equipped witha WEITEK mathcoprocessor and
NDP FORTRAN, an iteration of the liquid flow lor the 14x22 grid design needs about
210 3 seconds. The update of the void fraction for 500 bubbles would require 1510 30

minutes.
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Figure V1.38 Grid size on predicted results with measured void fraction
Predictions with three grid designs, 9x12. 14x22 and 25x42 are shown
together with the measured velocity for Qg = 50 ml/s.



CHAPTER VII
FUTURE WORK AND APPLICATIONS

This project has been intended to develop a fundamental understanding ol the

following practically important subjects:

(1) Behaviour of bubbles in the plume generated under conditions similar to those

encountered in the injection metallurgy process:

(2) Turbulent features of the two-phase flow in the plume zone:

(3) Mathematical simulation of the turbulent two-phase flow.

The above mentioned subjects are usually encountered in & bubbly plume low
study and have not received appropriate attention in the literature. In the previous
chapters, the results of the experimental measuremenl and of the mathematical
simulation of 2 water model have been presented. However, the ultimate purpose ol'the
project is to apply these results to benefit steelmaking processes. It is then important

to review the significance of the study to the iron and steel industry.

The most important experimental findings of this project are the

determination of the drag coefficient for bubbles in water and the turbulent structure
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in the plume. Based on the Morton similarity theory discussed in Chapter IV, these
findings can be applied directly to industrial processes to determine such important
variables as bubble rising velocity and bubble residence time. For various ladie
metallurgy processes, to simulate the liquid flow in the ladle, the most appropriate
consideration of similarity between a water model and a full scaleladle should be based
on the Froude Number, which is the ratio of inertial force to buoyancy force asstressed
recently by Mazumdar and Guthrie (1990), who also proposed the following scaling
equation for the calculation of the gas flowrale to be used in a water model based on the

above consideration:

1
L,z (VIL)
L!.'a-

@
Q

where, Q is the gas [lowrate and L is the liquid depth. Subscripts m and s stand for

model and lull scale furnace, respectively. The operational conditions of the present

waler model and thecorresponding full scale ladle of 125 ton capacity are listed in Table

VII. 1.
Table VIL.1 Data of water model and [ull scale ladle
L.m R.m M, ton | Q. ml/s U, nmvs Ly 8
MODEL 0.42 0.25 (.08 50-200 [ 0.20-0.35 0.6-0.9
LADLE 2.5 1.5 125 800-3000 | 0.70-1.10 1.2-1.8

The average rising velocity of a bubble of size of 0.1 m in a steel making ladle can be

estimated with the following equation:

Uy=U,+ Uy, (VIL2)
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where, Uy, is the terminal velocity of a single bubble with the sume size and U is the
average rising velocity of the plume. U, isabout 0.70 m/s in this case ascaleulated with
Eq.(VL.31), assuming the surface tension ol the steel is 1.5 N/m and the density of the
steel is 7000 kg/m’. U, can be obtained with the mathematical model presented in the
previous Chapter, The calculated mean velocity of the plune, U.. together with the
estimated residence time of bubble based on U, and the corresponding liquid depth. t,,
arealso listed in Table VII.1 for the present water model and itscorresponding full scale
ladle. The mean plume rising velocity canalso beestimated with the following empirical

equation proposed by Mazumdar and Guthrie (1990):
Up - 4507 L R (VIL3)

With the knowledge of the bubble rising velocity and its residence time in the
plume, it is then possible Lo establish such mathematical models as those developed in
the present study for the prediction of the turbulent Mow field in the ladle, and the
various reaction models to predict metallurgical reactions in the plume. It would be
possible to construct a mathematical model for the calculation of the flow field ol the
molten steel and the void fraction distribution in the ladie. The behaviour ol bubbles
in the ladie can be modelled in the similar way as the model presented in Chapter Vlto
calculate distributions of bubbles size. Once the flow field of liquid steel and the
distribution of bubble size are known, it is then possible to calculate the rising velocity
of bubbles with the drag coefficient determined in this project and calculate the
residence time distribution of a bubble in the ladle. In the following sections, a brief
discussion on the possible application of the lindings ofl this study to various iron and

steel making processes will be presented.
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7.1 . o P « v -

Various steel making vessels equipped with gasstirring are actually chemical
reactors. The metallurgical reactions in these vessels are governed by mass and heat
transfer processes. The rates of these transfer processes can only be obtained after the
behaviour of bubble and the turbulence feature in the plume is known. The findings
discussed above is therefore very important for controlling and monitoring these
metallurgical reactions. In a bottom stirred ladle, for example, the mass and heat

transler in the melt are usually affected by the following factors:

(1) Theintensities of the turbulence. Turbulence can affect mass or heat transfer
processes either by turbulent diffusion or by turbulent convection processes. Local
turbulent properties must be known for the further investigation of local reaction

processes.

(2) The mixing conditions in the vessel which depend on both the mean flow field

and the turbulence intensity:

(3) The behaviour of bubbles in the plume which include the drag on a bubble,
the lateral migration of 2 bubble and size variation of bubbles as a result of the breakup
or coalescence;

4 The interfacial area supplied by the bubble phases for reaction;

(5) The distributions of the void fraction and the residence time ol the bubbles.
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The findings of the present work, such as the residence time of bubble, the
gas/liquid interfacial area and the turbulence features in the plume. could contribute
important information to the estimation of these variables. These would be helpful to
the exploration of the mass or heat transfer processes. Take the determination ol mass
or heat transfer coefficients as example. In most engineering processes, these
coefficients are expressed in terms of a group ol non-dimensional numbers (Kay and

Nedderman, 1985; Geiger and Poirier, 1973). Forexample, the mass translercoellicient

in a circular pipe with Re > 2100 can be written into the following correlation:

Sb - 0-023R€(AMSC”“ (Vll.4)

where Sh = k_D/D1s the Sherwood Number, Re = UD/v the Reynould Number and
Sc = p/(p D) the Schmidt Number. k_ is the mass transfer coefficient, D, pipe diameter
and D the diffusivity. Similar correlation has also been used lor the heal transfer

coeflicient:

Nu=0.023Re™ Pr (VIL5S)

where Nu = hD/k, is the Nusselt Number and Pr = pc /k,, the Prandtl Number. h is the
heat transfer coefTicient, k, the thermal conductivity and ¢, the specilic heat at constant

pressure.

The above technique would be also useful if applied to the study ol the
metallurgical problems. However, due to the usually more complex nature of the
metallurgical processes, it is generally more difficult to establish similar dimensionless-
number correlations for the calculation of the transfer coefficients. One of the
difficulties is the selection of an appropriate length scale. This length scale should be

a characteristic length scale of the local turbulence {low, which has not been available
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due to the lack of the knowledge of local turbulence. This situation could be improved
with the turbulence modelling technique developed in Chapter VI. With the local
turbulence variables predicable, the length scales can be also calculated. This would
certainly be helpful for the establishment of more plausible correlations to calculate the

transfer coelficients.

The lindings of the present work can also be directly beneficial to the better
understanding and improvement of the steelmaking processes where gas injection is
employed as an important refining process. Some of these processes are brieflly

discussed in the following section.

7.2 Industrial Applications

7.2.1  Ladle Metallurgy

One of the most popular applications of the gas injection is encountered in
various ladle metallurgy processes. The operation of most ladle refining processes
consists ol combinations of the operations such as Degassing. Deoxidation,
Desulphurization. Dephosphorization, decarbonization, composition adjustment and
temperature control (Szekely et al., 1989). Almost all of these unit operations are
affected by such gas blowing operation variables as the position of the lance or the
nozzle, the gas lowrate and the blowing time. Although much work has been done in
the past for the optimization of these operational parameters, most of these efforts only
yielded some macroscopic understanding of the process in terms of the mixing time of

the melt. Itisstill not possible to predict the various metallurgical reactions in terms of
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the local variables, such as the local reaction rate and the variation ol the composition
distribution, due to the lack of the knowledge of the turbulent llow. the behaviour of
bubbles and the interaction between the gas and the liquid phase as discussed in the
previous section. The design and control of the operation based on such predictions is
consequently lacking. Take deoxidation in a ladle furnace equipped with the gas
bottom blowing as an example, Basically, the deoxidation can be achieved through

three different routes:

(1) Deoxidation with dissolved carbon through the lollowing reuctions:
[C] + (0] - CO, (VIL6)
where, [ ]stands for element dissolved in the melt, and subscript g stands for the gas

stale.

(2) Deoxidation with agents such as Aluminium and Silicon, which are added 1o
the melt in the form of either lumps or powders, and then dissolve into the steel 1o react

with [O]:
[Me] + [O] - (MeO) (VILT)

where, ( ) stands for slag phase and, Me lor deoxidalion agents.

(3) Deoxidation at the slag/melt interface:

[O] + [Fe] - (FeO) (VIL3)
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In the Mirst case, the reaction can be significantly improved with inert gas
bubbling asa result of the intensified diffusion of both [O] and [C] caused by the inert-
gas-driven turbulent recirculation of the melt, and as a result of the inert gas bubbles
acling as nucleation sizes for the resultant CO. The void fraction distribution of the
inert gas is then the crucial variable needed for the prediction of the reaction.
Furthermore, the turbulent diffusion of the dissolved elements is predictable only when
the correct turbulence level could be predicted. The techniques developed in the
previous chapters for the prediction of the void [raction distribution in the melt and the
modified k-e model for the turbulence in the two-phase zone, can therefore contribute
to the future work to build such a model for the prediction and monitoring of the
reaction process. With this reaction under control, the deoxidation process can then be
oplimized in terms of the operation time and the energy input with computer

simulations instead of the costly industrial experiments.

In the second and third cases, a mass and heat transfer model could be
established based on the predictions of the turbulent fluid flow in the steel phase with
the mathematical model discussed in chapter VI. It is then possible to calculate the
amount of deoxidation agent transported by both the mean flow and the wrbulent
diffusion from agent-rich zone to other places in the furnace. Itisto be noted that all
the previous models of the bubbly plume [lows as discussed in Chapter 1 {ail 1o predict
correctly the turbulence in the two-phase plume zone, and consequently cannot be used

as the base of the models for the prediction of the mass and heat transfer in the zone.
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7.2.2  The Electric Arc Furnace

Electric Arc Furnaces (EAF) have been playing a very important role in the
steel making industry in recent years, and its steel output has been steadily growing (o
amount to about 30% ol the total world steel production (Berthet and Grosjean, 1990).
However, the elficiency of the furnace as a chemical reactor is low due to the shallow
furnace hearth and the stagnant melt. The application ol bottom gas biowing to the
EAF was therefore made to improve the reaction conditions inside the furnace. With
the invention of the eccentric bottom tapping and the direct current furnace in reeent
years, bottom gas blowing has gained more importance in EAF steel making, The
apparent benefits [rom the bottom gas blowing include (Berthet and Grosjean, 1990;

Noda et al, 1990):

(1) Lower (FeQ) content in the slag phase, which can yield about 1% ol Fe
saving;

(2) Lower [O] content of the steel, which meuns better quality of the steel;

(3) Better homogenization of the mell in terms ol the temperature and

composition distributions. This is most significant when alloying is made instde the
furnace. The gas blowing helps the melting and the dispersion of the alloy elements, and

therefore shorten the operation.

Although the benefits are obvious, there have been few studies on the
optimization of the bottom gas blowing in the EAF. The reason is partly due to the

lack of understanding of various dynamic processes inside a two-phase turbulent plume.
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The problem could be tackled now with the computation simulation technique
developed in this project. With the behaviour of bubbles and the turbulent liquid flow
inside the bubbly plume zone being simulated with a computer, it is possible Lo oplimize
such operational variables as the number of nozzles to be employed, the distribution of
the nozzles in the furnace boltom, and the biowing intensity. As a result, the various
reaction rates and the homogenization of the melt can be further improved and the

potential benefit of the bottom gas blowing [ully exploited.

7.2.3 The Combined Blowing Converter

One of the most important factors which affect the operation of a combined
blowing converter is the mixing conditions of the melt and slag during the steel making
process. The two-phase plume flow plays an important part in the vessel and have not
received adequate attention. Studies performed on cold models yielded only some
empirical correlations between the mixing time and the various operational variables
(Singh and Ghosh, 1990: Koria and Pal, 1990; Koria and George. 1988). Various
mathematical simulations have had difficulties in interpreting the effects of the
turbulence caused by the bubbles on the mass and heat transfer processes. such as the
efTects on the convective difTusion and dispersion of additions in steel melts(Chung and
Lange, 1988). The solutions to these problems could be obtained now with the
application of the fundamental understandings of the bubbly plume flow developed in
the previous chapters. With the turbulent liquid flow in the two-phase zone being better
predicted, it is possible 1o obtain an better estimation of the entrainment rate of the
liquid by the plume. and consequently better predict the overall recirculation of the

liquid in the furnace to give better estimation of the mixing time. It isalso possible to
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improve the mixing operation with computer simulations by manipulating various
operational variables as the inputs to the computer. instead of expensive und time-
consuming physical modelling. To reach this goal, the applicability of the present

model to the higher gas {lowrate situations should be further investigated.

7.2.4 Non-Ferrous Metallurgical Processcs

Gasinjection hasbeen usedincreasingly in the refining and converting ol'such
non-ferrous metals as copper and aluminium (Lehner et al, 1991). The practical
purpose of employing gas stirring varies according to different processes. 1t is used Lo
remove such impurities in the copper or nickel matte as lead, zinc and arsenic (Lehner,
1991), or to enhance smelling or converting reactions of copper in the furnace
(Themelis, 1991). It may also be used to reduce thermal stratification in these smelting
furnaces which usually have very shallow baths with significant thermal stratilication.
Gas stirring can evidently improve the temperature distribution in these [urnices and
therefore increase the productivity and efficiency of the processes as investiguted by

Banerjee and Irons (1992).

The mechanisms of the gas stirring in the above mentioned processes wre
similar to the processes discussed in the previous sections, and therefore cun be ulso
simulated with the mathematical model developed in this project. The application of
the present model to these non-ferrous metallurgical processes is anticipated Lo benefit

both the theoretical investigations and practical operations in this field.



CHAPTER VIII
CONCLUSIONS

The purpose of this study was to measure the various parameters, which
characterize bubbly plume flow with high void fraction and large bubbles. and based
on the information obtained from the experiments, develop a new mathematical model
for the prediction of both the void fraction distribution and the turbulent liquid flow

field. The study is consisted of the following three parts:

1. Analysis of theexisting techniques for the bubbly two-phase study. and development
ol an experimental technique which can be applied conveniently to the bubbly plume

measurement.

2. Application of the newly developed technique to the experimental study of the
bubbly piume phenomena. The parameters studied include the void [raction
distribution, the bubble frequency distribution, mean and fluctuating velocities of the
bubble. mean and Muctuating velocities of the liquid. the dragcoefficient and the lateral
lift coeflicient for bubble as well as some of the turbulent leatures of the liquid flow.
With the help of the video camera technique. the information of the shape and size of

bubbles was also obtained.

3. Mathematical modelling of the bubbly plume {low. The void fraction distribution
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was obtained by tracking the movement of bubbles in a Lagrangian {rame, and taking
into account of the breakup behaviour of bubbles based on the information obtained
in the experimental study. The liquid flow was then computed in an Eulerian (rame

based on the predicted distribution of the void fraction.

The following conclusions may be drawn from the results obtained in the

above mentioned three parts work:

Part I

L1 Techniques to discriminate between gas and liquid signals based on laser
signal wavelorm analysis or blockage of laser light are difficult toapply to large bubbles
at moderate void fraction. The probability distribution function of the mixed velocity
of the two-phase also cannot be used for the separation of the two phase velocities in

this case.

I.2 Forsmall bubbles (less than approximately 4 mm) and low void [Taction (less
than approximately 0.4), the mean and RMS values for the gas and liquid velocities can
be determined from manipulation of the mixed velocity probability distribution
function. The limits of applicability depend on the accuracy required, the uniformity

of the bubble size, and the level of the turbulence.

L3 For large void fractions and large bubbles, a combined Laser Doppler
Anemometer and Electric Probe Technique was developed for the simultancous

measurement of the bubble and liquid velocities inside a bubbly two-phase flow. The
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void fraction and bubble lrequency can be measured at the same time as the velocities

of both liquid and gas phases.

Part 11

IL1 The void fraction is concentrated in the area close to the centerline of the
plume. This is due 1o the fact that most of the void fraction is contained by the large
bubbles rising along the center of the plume. The void fraction decays rapidly in the
radial direction. The radial dispersion of the void fraction is a result of the swirling
movement of the big bubbles rising in the centre of the plume, and of the lateral

migration of the smaller bubbles produced from the break up of the big bubbles.

1.2 The possible reasons for the lateral migration ol the small bubbles in the
bubbly plume are considered Lo be the random interaction of the bubbles with the
turbulent eddies. and the lift force resulting from the relative movement of the bubbles

with respect to the liquid and the radial velocity gradient in the liquid.

1.3 Large bubbles in the center of the plume undergo significant breakup during
rise. The following factors play an important role in the breakup process: interfacial

instability, the shear forces in the liquid phase and the strong turbulence.

1.4 The relative velocity of bubbles in an unconfined bubbly plume, as well asin
a chain of bubbles, is not significantly affected by the void fraction. The difference
between the measured relative velocity of bubbles in these cases and the terminal rising

velocity of a bubble with the same size is negligible.
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ILS The experimentally measured lateral lift coefficient for small bubbles
produced by the fritted glass is in the range of 0.08 to 0.15. It is influenced by such
variables as bubble sizes and the vertical slip velocity of a bubble. With the vertical slip
velocity of bubble increases from 0.2 to 0.4 my/s, the lateral lift coefficient increases

slightly [rom about 0.1 to 0.13.

I1.6 The strongest liquid flow is in the center of the plume. Along the centerline
of the plume, the mean vertical velocily ol the liquid is almost a constant, with the
intensity of turbulence in the range of 0.5 to 0.7. The recirculation of the liquid is
caused by the entrainment of the liquid by the bubbly plume, and stronger recirculation

is obtained with larger gas [lowraies.

I1.7 The intensity of turbulence in the two-phase plume zone is generally greater
than 0.5 as a result of the strong interaction between the liguid and bubbles. The
intensity of turbulence in the single liquid phase, however, is much lower. usually in the

range of 0.1 to 0.3.

[1.8 The turbulence in the two-phase plume zone is not isotropic; i slightly skew
to the vertical direction was observed for all the gas Mowrates used in the work. This
anisotropy of turbulence is believed to be a result ol the much strong flow in the vertical

direction, and is weakened with increases of the gas [lowrate.
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I1L.1 Various turbulence models which have been used in the bubbly plume study,
such as the bulk effective viscosity model, were found 1o result in distorted distribution
ofthe turbulent kinetic energy in the two-phase plume zone, when their predictions were

compared to the experimental result obtained in this project.

I11.2 The modilied k-e¢ model, which takes into account the turbulence generation
and dissipation caused by the existence of bubbles, can yield good predictions of both
the mean flow field and the distribution of the turbulent kinetic energy in the plume
zone when the following valuesare chosen for the extra source lerms in the model based
on the experimental measurements made in this project:

. Cer Cir Ces G = (V1.46)

6.0,0.75,4.0,0.6

1.3 The behaviour of bubbles in the plume was modeled in a Lagrangian frame
10 yield reasonably good fitting of the distribution of the void fraction. In the model,
the bubble motion equations weresolved lor the trajectories of the bubbles, and the size
and shape variation of the big bubble rising in the center of the plume can be
approximated with random processes. For the lateral migration of the bubbles, effects

of both the turbulent diffusion and the lateral lift force were considered.

1114 A new mathematical model was developed for the prediction of the bubbly
plume flows. In this model, the distribution of the void fraction was first calculated
based on an estimated liquid flow field. by solving the bubble motion equations in a

Lagrangian frame. The liquid flow field was then calculated in an Eulerian scheme by
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solving the turbulent Navier-Stokes Equations using the TEACH computer code and
the modified k-e model. The updated void fraction distribution can be then obtained

based on this new estimate of the liquid flow [ield.

IILS The predicted distributions of the void fraction with the new mathematical
model developed in this project are in good agreement with the experimental
measurements. The model also yields good predictions of both the mean liquid flow
field and the turbulence distribution in the two-phase plume zone, which agree well with

the experimental measurements.



CLAIM TO ORIGINALITY

The following aspects of this thesis constitute, in the Author’s opinion, new

and dislinct contributions to knowledge:

(1) The combined Laser Doppler Anemometry technique for the gas/liquid two-
phase measurement. This technique supplied a basic experimental means for the

investigation of the gas/liquid two-phase flows in various engineering fields.

(2) The mathematical methods for the separation of the mixed velocity data from
gas/liquid flows. Theapplication of this technique is not limited to the gas/liquid flow
velocily separation, it can also be used for the separation of a mixture of data from any

two Gaussian distribution samples.

(3) This is the first time that the velocities of both the bubble and liquid in a
plume Mow have been measured. [ is also the first time that turbulence characteristics
in the plume zone have been revealed experimentally. These findings enlarged the
present understandings of the plume phenomena. and are very important to the lurther

investigation of the process.

(4 The results of the present project showed that the relative velocity of bubble
in the plume situation is not affected by the distribution of the void faction in the plume,

which clarified one of the controversial aspect in the modelling of the plume {lows, and
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therefore is very important for the further investigation of the bubble behaviour in the

plume,

(5) The modified k-e model for the turbulence modelling in the plume with the
experimentally determined coelficients for the extra source terms has supplied a solid
base for the further development of computer simulation techniques for the plume

flows.

(6) The mathematical model, which employs an Eulerian scheme lor the liquid
flow modelling and an Lagrangian scheme [or the modelling of the bubble behaviour
is not the innovation of this project, however, the incorporation of the bubble luteral
migration and breakup into the model, though not very mature at this stage. ix an
important new contribution to the understanding of plume flows. This may represent

the most realistic modelling techniques of the plume flows o dale.
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