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Gas injection into fiquid metals has been studied extensively with gas injection into water models. 
While the general features of such flows are appreciated, the structure of the two-phase region 
has not been well characterized. To improve our understanding of the fundamental transport 
phenomena in the two-phase region, a combined laser Doppler anemometry (LDA) and electrical 
probe (EP) technique has been developed to measure the time-averaged and fluctuating liquid 
velocities, bubble velocities, and void fraction. The primary findings are: (1) The slip velocity 
of the bubbles is close to the terminal rising velocity of bubbles in stagnant fluids. (2) The 
intensity of turbulence in the two-phase region is generally higher than 0.5, which is higher 
than in the single-phase region. (3) The turbulence is not isotropic; it is greater in the vertical 
direction. The implications for mathematical modeling and process analysis are discussed. 

I. INTRODUCTION 

G A S  injection is widely practiced in the metallurgical 
industry for converting, refining, temperature and com- 
position homogenization, and inclusion flotation. There 
has been a great deal of work performed on water models 
of the various injection processes in order to understand 
the fluid mechanics associated with gas injection. One 
of the major achievements of such studies has been the 
measurement of the liquid velocity in the single-phase 
region. Furthermore, complementary mathematical models 
of the turbulent, recirculatory flow in the single-phase 
regions can account for the observations quite well. The 
nature of the flow in the two-phase region is not under- 
stood in detail, principally because the measurement of 
gas and liquid velocities and phase fractions is more dif- 
ficult. Furthermore, the mathematical modeling of tur- 
bulent, two-phase flow is at a more rudimentary stage 
of development. Nevertheless, a detailed description of 
the two-phase region is necessary to understand the ex- 
changes of momentum, heat, and mass in injection 
systems. 

Several techniques have been used to investigate the 
nature of flow in the two-phase region. Electrical probes 
(EPs) have been used extensively for the measurement 
of void fraction and bubble frequency distributions.I~.2.3] 
Information on bubble rising velocity can also be ob- 
tained with a modified probe having double tips aligned 
in the direction of the bubble rise. 14,s,6~ Electrical probes 
of this type cannot be used to measure the liquid velocity. 

Velocity measurements have been performed with a 
variety of techniques, such as cinematographic obser- 
vation of the motion of tracer particles of the liquid flow 
field, 17~ video flow visualization and laser Doppler ane- 
mometry (LDA) measurement of the liquid flow, I8,91 and 
the hot film anemometry of the liquid velocities3 l~ Strictly 
speaking, the latter two techniques are limited to veloc- 
ity measurements in liquid phase, unless special precau- 
tions are taken to identify the individual phases. 
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Nevertheless, efforts have been made to obtain velocity 
information from inside the two-phase zone. Grevet et al. 
used LDA to obtain velocity data inside the plume zoneY ] 
They did not mention any specific procedures for dis- 
crimination of the velocity data from the gas and liquid 
phases, so the measured velocities were a mixture of gas 
and liquid velocities, probably skewed to the liquid phase. 
In the work performed by Oeters et  al.,tL~ the velocity 
signals from the gas phase may have been eliminated 
because the cooling effect caused by bubbles to the hot 
film is rather weak; as a result, most of their data prob- 
ably originated from the liquid phase. Anagbo and 
Brimacombe developed a new approach by measuring 
the liquid velocity in the single-phase zone with an LDA 
and measuring the bubble velocity in the plume zone with 
an electrical probe; tl 1] they made no liquid velocity mea- 
surements in the two-phase region. Johansen et  al.  mea- 
sured liquid velocities in the whole flow domain with an 
LDA, eliminating bubble signals by assuming that all the 
signals from the bubbles had much stronger intensities 
and could be eliminated by setting a maximum threshold 
for the photomultiplier tube. 112t This procedure is not al- 
ways correct, since a large fraction of the signals from 
bubbles is not significantly stronger than the signals from 
the liquid. I~3l Consequently, their velocities in the plume 
zone are expected to be a mixture from both phases. 

To summarize, there has been no reliable technique 
developed to discriminate between the gas and liquid ve- 
locities in the plume, and moreover, simultaneous void 
fraction measurements are required to fully characterize 
the two-phase flow. The lack of such experimental data 
has severely limited progress in mathematical modeling. 
The aim of the present article is, therefore, to analyze 
the turbulent characteristics of the liquid flow in the plume 
zone and the relative velocity between the bubbles and 
the liquid phase based on the experimental results ob- 
tained with a combined LDA and EP technique. 

II. PRINCIPLES OF 
TWO-PHASE VELOCITY SEPARATION 

The major difficulty encountered in the measurement 
of velocity in two-phase flows is the separation of ve- 
locity signals of the liquid phase from those of the gas 
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phase. A review and discussion of the many approaches 
developed to tackle the problem have been presented 
elsewhere, t131 The major conclusions are summarized 
below. 

In general, the flow regime may be divided into three 
categories in terms of the combined gas and liquid ve- 
locity probability distribution function (PDF), as follows: 
(1) The PDF of the velocity mixture clearly demon- 
strates two separate peaks representing the gas and liquid 
velocity distributions (Figure l(a)). This occurs when 
small bubbles (less than 5-mm diameter) rise in single 
file with a low level of turbulence. The velocities of the 
two phases can be separated easily by setting a threshold 
between the two peaks. 
(2) The two peaks of the mixed velocity PDF partially 
overlap each other, which makes the determination of 
the threshold value difficult (Figure 1 (b)). More sophis- 
ticated data processing techniques are required to sepa- 
rate the velocities. By assuming that the PDF of each 
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Fig. 1 - - P D F s  of the mixed two-phase velocities: (a) was obtained 
with a flitted glass bubbler; the bubble size was approximately 3 mm 
for Qs = 5.0 x 10 -6 Nm3/s; (b) was obtained from a chain of bubbles 
where bubble size was about 7 mm for Qg = 7.75 • 1 0  -6  Nm~/s; 
(c) was obtained from a large bubble plume with bubble sizes ranging 
from 4 to 40 mm for Q8 = 1.0 x 10 -4 Nm3/s. 

phase is Gaussian and is independent of the other, a sta- 
tistical procedure has been developed to separate the two 
PDFs. [ 1 3 ]  

(3) The combined PDFs of the two phase velocities merge 
almost completely (Figure l(c)). This takes place in most 
bubbly two-phase flows with large bubble sizes, high 
void fractions, and high turbulent intensities, character- 
istic of water models of ladle metallurgy processes. The 
simultaneous measurement of both liquid- and gas-phase 
velocities can be achieved with a combined laser Doppler 
anemometer and EP technique. At the point where the 
velocity is to be measured, the LDA is first focused, and 
the EP tip is positioned as close to the focus as possible 
so that the acquisition of signals from LDA and EP is 
from virtually the same measuring point. The function 
of the EP is twofold. It measures the void fraction and 
bubble frequency, as well as differentiates the LDA bub- 
ble velocity signals from the liquid ones. [131 

The techniques for two-phase velocity separation have 
been employed in the present study to obtain velocities 
of both the liquid phase and the bubble phase, together 
with the distributions of the void fraction and the bubble 
frequency. These experimental results are analyzed to 
yield additional understanding of the turbulent nature of 
the two-phase flow in ladle metallurgy processes. 

III.  APPARATUS 

Two vessels were used for the investigation. The first 
was a 1/10 scale model of a steelmaking ladle, as shown 
schematically in Figure 2. The model consisted of a 
500-mm-diameter acrylic cyzlinder 760-mm high, inside 
an outer box 560 • 560 mm • 760-mm high. The depth 
of water in the model was 420 mm. Both the cylinder 
and the outer box were filled with water to minimize 
distortion due to curvature of the cylinder. Five hori- 
zontal slots were cut on the inner cylinder wall to elim- 
inate the curvature effect for lateral velocity measurements 
at those five planes; the slots were 3-ram high and one 
quarter of the cylinder circumference long. (Slots not in 
use were taped closed.) Two types of injectors were used. 
A glass lance with fritted glass at the end was used to 
produce small bubbles, 0.5- to 4-ram diameter. Larger 
bubbles (approximately 5- to 40-mm diameter) were pro- 
duced by a flush-mounted orifice (4-ram inner diameter) 
located at the center of the bottom. Most of the work 
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Fig. 2--I l lustrat ion of the experimental setup. 
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was performed with the later injector, except where spe- 
cifically noted. The vessel was filled with distilled water. 
Market rice powder was used as seeding for the LDA 
measurement of liquid velocities. 

The other vessel was a smaller PLEXIGLASS* box 

*PLEXIGLASS is a trademark of Rohm & Haas Company, 
Philadelphia, PA. 

(100 • 100 mm 2 • 150-mm high) which was used for 
low flow rates. The box was filled with distilled water 
to a height of  125 mm. A 4-mm inside diameter copper 
tube placed 25 mm above the bottom was used as an 
injector. This vessel was used for low flow rates only 
(0.5 to 20 ml /s ) ,  where individual bubbles follow each 
other in single file (bubble chains). The bubble sizes range 
from 5 to 15 mm. 

The LDA used in this work was DANTEC Model 127 
(He-Ne) with a power of 60 mW, which could be used 
either for forward or backward scattering. The focal 
lengths of  the objective lenses were 80 and 310 mm. The 
layout of the equipment is shown in Figure 2. 

A DISA 55L90a counter was used to process the LDA 
data. Two operational modes were used: fixed and com- 
bined. Under fixed mode operation, data are taken 
whenever a signal is validated, whereas only one datum 
is taken from one signal burst in the combined mode. 
Since a signal burst usually contains many more fringes 
than required for velocity validation, more velocity data 
can be obtained under the fixed mode. There are also 
two modes for the operation of the LDA interface to the 
computer: timer and LDA. In the timer mode, data are 
taken at a preset time interval. However,  in the LDA 
mode, the "data ready" command is enabled by a vali- 
dated signal itself; thus, data are taken as rapidly as pos- 
sible. ~141 The timer mode is very convenient for analog 
data acquisition (in conjunction with the electrical probe), 
while for the purpose of the velocity measurement, the 
LDA mode is usually used. 

The construction of the electrical probe tip used in this 
experiment is shown in Figure 3. When the probe tip is 
enclosed by a bubble, there is a large change of voltage 
in the measuring circuit compared to when the tip is in 
water; thus, bubbles are easily identified. To increase 

STEEL TUBE 

ELECTRICAL TAPE SILICA TUBI / EpoxY RESIN 

3.18 MOLYBDENUM WIRE 
Fig. 3--Structure of electrical probe. The molybdenum wire (0.5-mm 
diameter) was wrapped with electrical tape and then inserted into a 
silica tube. The silica tube was, in turn, wrapped with the electrical 
tape and then inserted into a steel tube. The probe tip was sealed with 
liquid epoxy resin, leaving 1.5-mm wire exposed. Dimensions are in 
millimeters. 

sensitivity, a bridge circuit was developed. The probe 
signals were collected by the same analog/digital (A/D)  
interface as the LDA signals; thus, it operated in either 
the timer or LDA mode described above. The data ac- 
quisition rate could be up to 140 kHz. The probe was 
bent into a "dog leg" shape so that the tip could be po- 
sitioned less than 1 mm below the LDA focus without 
interrupting the beam. t~31 

To determine the bubble drag coefficients, bubble sizes 
and velocities were measured from video recordings taken 
simultaneously with liquid velocity measurements from 
the LDA. 

I V .  E X P E R I M E N T A L  R E S U L T S  

Both back scattering and forward scattering were in- 
vestigated. The back-scattering configuration was found 
to be best to obtain simultaneous gas and liquid veloc- 
ities. When the laser measurement volume intersected 
the bubble interface, strong interference fringes were 
created. These were more easily observed by back scat- 
tering, because the photomultiplier tube was on the same 
side of  the bubble as the fringes. Bubbles not in the mea- 
surement volume could disrupt either laser beam, re- 
sulting in no data; there were fewer of these events in 
the back-scattering configuration. A typical time series 
for the data in back-scattering operation are shown in 
Figure 4 for both the LDA and the EP. 

A. Liquid Velocity Measurements 

The mean liquid velocities and their fluctuating com- 
ponents were calculated with the conventional equations: 

1 NI 
- -  ~ ui [!] 

U = Nl i=] 

' - ( u i -  U )  2 [2 ]  
u = Nt 1 i=l 

where Nt is the number of the liquid velocity data. 
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Fig. 4 - -  Signals from LDA/EP. Time series of velocity (upper) and 
EP voltage (lower) produced in the backward-scattering configura- 
tion. This experiment was performed in the small vessel with the 4-mm- 
diameter nozzle. The LDA was operated under the combined/LDA 
mode. Q8 = 7.75 • 10 -6 Nm3/s, U6 = 0.44 m/ s ,  a = 0.38, f6 = 
15/s, and Db = 9.96 mm. 
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Different gas flow rates, Qg, varying from 50 to 
200 ml/s  were used in the large vessel; typical results 
with 100 ml/s  are presented. The variation of the mean 
and fluctuating components of the upward liquid veloc- 
ity along the centerline of the vessel are shown in 
Figure 5. In the lower regions, liquid entrained from out- 
side the plume is accelerated; 100 mm above the bottom, 
the liquid starts to slow due to expansion of the plume 
and breakup of the bubbles. Near the free surface, up- 
ward flow of liquid is restricted by the free surface. 

The mean and fluctuating liquid velocity flow fields 
are shown in Figures 6 and 7, respectively. The mean 
liquid flow field (Figure 6) reveals that the flow inside 
the two-phase plume zone is much faster than the flow 
in the single-phase region. The velocity decays signifi- 
cantly along the radial direction due to the rapid decline 
of the void fraction along the radial direction. Along the 
side walls, the downward flow is still strong. However, 
in the region close to the bottom wall, the flow is slow, 
and a stagnant zone may exist. The turbulent compo- 
nents of the velocity shown in Figure 7 are also much 
stronger in the two-phase region. The angle of the tur- 
bulent velocity vectors from the horizontal is given by 

O, = arctg (u ' /v ' )  [3] 

If the turbulence is isotropic, the angle is 45 deg; how- 
ever, the angle is approximately 55 deg, decreasing 
slightly with increasing flow rate, as shown in Figure 8. 
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B. Bubble Velocity Measurements 

The mean bubble velocities and fluctuating compo- 
nents were calculated once the bubble velocities were 
separated from the mixed velocity sample. Expressions 
analogous to Eqs. [1] and [2] were employed. Figure 9 
shows the vertical bubble velocities along the centerline 
of the vessel taken at the same time as the liquid veloc- 
ities in Figure 5. The bubble velocities are obtained when 
a bubble interface crosses the laser measurement vol- 
ume; thus, the bubble velocities are the interfacial ve- 
locities. The root mean square (RMS) velocity in the 
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Fig. 5 - - M e a n  and RMS component  of  the liquid velocity variation 
along the centerline of  the plume. Result from the bubbly plume pro- 
duced with the f lush-mounted nozzle at Q8 = 100 ml / s .  
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centerline of the plume produced with the f lush-mounted nozzle in 
the large vessel at Qg = 100 ml / s .  

vertical direction is primarily due to wobbling of the in- 
dividual bubble interfaces, rather than a spectrum of ris- 
ing velocities. The wobbling is readily apparent from 
visual observation of the bubbles. Figure 9 shows that 
immediately after detachment, the bubbles accelerate 
rapidly and oscillate dramatically; the RMS value of the 
bubble velocity is comparable to the rising velocity. These 
fluctuations decrease as the bubbles rise but are always 
more than half of the mean rising velocity. 

From video measurement of bubble size in the plume, 
it was determined that the bubbles break up. The bubble 
size during rise is shown in Figure 10, where the volume 
equivalent bubble diameter is obtained by measuring the 
chord length and height of  these spherical cap bubbles 
with a video camera and assuming that the base of the 
bubble is circular. The decrease in bubble size with ris- 
ing time may partially account for the decrease in the 
mean velocity of the bubbles. As shown in Figure 5, the 
liquid is also moving more slowly at this point. 

Along the radial direction, the variation of the bubble 
velocity reveals other characteristics of  the bubble be- 
havior (Figure 11). In the center of the plume, bubbles 
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Fig. 11 - -Rad i a l  distribution of the mean and the RMS component 
of the bubble velocities in a plume produced with the flush-mounted 
nozzle for Qg = 100 ml / s .  The data were taken from a plane 298 m m  
above the model bottom. 

rise with much higher velocity than those away from the 
plume center because larger bubbles rise in the center of  
the plume. Bubble equivalent diameters are several times 
smaller on the outer edges of the plume, as shown in 
Figure 12. The rapid decay of the bubble rising velocity 
along the radial direction also reflects the decreasing up- 
ward liquid flow along the radial direction. 

C. Distribution of the Void Fraction 

The distribution of void fraction obtained with the 
electrical probe measurement is shown in the form of a 
contour map for gas flow rate of  100 ml / s  in Figure 13. 
The radial variations of the void fraction are similar to 
the Gaussian distribution, as observed by many 
researchers, t5,6,15,16] 

D. Distribution of the Turbulent Kinetic Energy 

The turbulent kinetic energy of the liquid, k, can be 
calculated from the RMS values of the liquid velocity 
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1 
k = - ( u ' 2  + v'2 + w'2) [4] 

2 

where u '  and v' were measured with the LDA/E P  tech- 
nique and w'  is assumed to be equal to v '  at the same 

30 

location in the flow. The resulting distribution of k is 
shown in Figure 14 for a gas flow rate of 100 ml/s .  The 
magnitude of the turbulence in the two-phase zone is sig- 
nificantly greater than that in the single-phase area, which 
reflects the strong effect of bubble movement on the tur- 
bulence in the liquid phase. The strongest turbulence ap- 
pears immediately above the nozzle. 
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from the ladle bottom. The plume was produced with the flush-mounted 
nozzle for Qg = 100 ml / s ,  
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Fig. 1 3 - - C o n t o u r  map of the distribution of the void fraction in the 
large vessel produced with the f lush-mounted nozzle for Q~ = 
100 ml / s .  

V. DISCUSSION 

A. Relative Velocities and Drag Coefficients 
of Bubbles 

The bubbles can be conveniently divided into three 
groups, according to the manner in which they were 
formed. The bubbles produced with the flitted glass in 
the larger tank were smallest (Figure 15(a)). Intermediate- 
sized bubbles were produced in a bubble chain by the 
injector at low gas flow rates in the smaller vessel 
(Figure 15(b)). The largest bubbles were obtained from 
the flush-mounted injector in the larger tank at higher 
gas flow rates (Figure 15(c)). 

Bubble diameters were estimated from video record- 
ings of the bubbles; thus, it is possible to determine the 
drag coefficients of the bubbles in the plumes 
according to 
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Fig. 1 4 - - C o n t o u r  map of the distribution of the turbulent kinetic en- 
ergy in the large vessel produced with the f lush-mounted nozzle for 
Qg = 1130 ml / s .  
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where the body force is taken as bubble buoyancy: 

FB = V s ( P l -  Pg)g [6] 
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Fig. 16 - -Var i a t ion  of  drag coefficient with the bubble Reynolds 
number.  The three groups of  data were obtained from the three mea- 
surement configurations shown in Fig. 15. (O) Small bubble plumes; 
(~ )  bubble chains; (Q) large bubble plumes,  H = 378 mm;  (11) large 
bubble plumes,  H = 294 mm; (&) large bubble plumes,  H = 210 ram; 
and (@) large bubble plumes,  H = 126 mm.  

Other forces due to the acceleration of the bubble added 
mass, and history terms are small compared to the buoy- 
ancy. The acceleration of bubbles in the plume is typi- 
cally less than 0.1 m/s  2. Consequently, added mass forces 
are less than 1 pet of the buoyancy force due to gravi- 
tational acceleration (9.81 m/s2). For these drag coef- 
ficient measurements, the bubble velocity was obtained 
from the video measurements along with the bubble size, 
while the liquid velocity was acquired from the LDA. 
The drag coefficients are plotted as a function of Reynolds 
number in Figure 16. The standard drag curve for spheres 
and drag coefficients for bubbles in pure and contami- 
nated water are also shown for comparison, t~Tl In the 
present apparatus, bubble size and void fraction depend 
on flow rate and position in the vessel. These relation- 
ships are shown in Figure 17 for both the small and large 
vessels. The void fraction in the small bubble plume pro- 
duced with the fritted glass was less than 1 pet and, 
therefore, not included in Figure 17. Comparison of 
Figures 16 and 17 shows that the drag coefficient is only 
weakly dependent on void fraction. It is very surprising 
that there is such good agreement between the single 
bubble drag coefficients and those in the two experi- 
mental systems at high void fractions and high levels of 
turbulence. It should be noted that distilled water was 
used for the small bubble plume in the small vessel, while 
seeding was used in the larger vessel. For the bubbles 
produced in distilled water with the fritted glass at low 
void fraction (<0.02),  the data (circles in Figure 16) are 
almost identical to the single bubble data for pure water. 
The bubbles in the bubble chain in distilled water (tri- 
angles in Figures 16 and 18) had drag coefficients higher 
than for bubbles in pure water. This discrepancy 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 Figures 16 and 17) had drag coefficients close 
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Fig. 17 - -T ime-ave raged  local void fractions for the data in Figs. 16 
and 18. (The void fraction in the small bubble plume produced with 
the flitted glass was less than 1 pet and therefore not included.) 
(A) Bubble chains; (@) large bubble plumes,  H = 378 mm; (11) large 
bubble plumes, H = 294 mm;  (A) large bubble plumes,  H = 210 mm;  
and (0 )  large bubble plumes,  H = 126 mm.  

to the single bubble values, but there was more scatter 
in the data. The mean values of the drag coefficient are 
in reasonably good agreement with those of a single 
bubble. 

The data are replotted in Figure 18 to show the 
relationship between the relative velocity and equivalent 
diameter and to compare it with the curves from Clift 
et al.,llTl which summarize the terminal rising velocities 
of single bubbles in stagnant water. The range of void 
fractions can be taken from the companion diagram 
(Figure 17). 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. 
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Fig. 18- -Var ia t ion  of drag coefficient with the equivalent bubble di- 
ameter from the same data as Figs. 16 and 17. (�9 Small bubble 
plumes; (A) bubble chains; ( 0 )  large bubble plumes,  H = 378 mm; 
(11) large bubble plumes,  H = 294 mm;  (A) large bubble plumes,  
H = 210 mm; and (0 )  large bubble plumes,  H = 126 mm.  

This is the first time that the slip velocities of bubbles 
in plumes relevant to ladle metallurgy have been mea- 
sured. A variety of simplifying assumptions have been 
used for plume velocities. The earliest approach was also 
the simplest: no slip between the two phases, f~8~ The ter- 
minal velocity for a single bubble of one size has been 
used most often to represent the relative velocity of the 
entire bubble phase.J19.2~ The present experimental re- 
sults demonstrate that there is a range of bubble sizes 
due to breakup. At any instant, the slip velocity of par- 
ticular bubbles is close to the velocity of a single bubble 
of the same size rising in stagnant liquid. In order to 
simplify mathematical modeling, it is not unreasonable 
to assume that bubbles of one size rise with slip veloc- 
ities similar to single bubble rising velocities. 

More recently, Johansen and Boysan have adopted a 
Lagrangian frame of reference to track individual bub- 
bles through the turbulent flow.I22~ In this model, the rel- 
ative velocities of bubbles were calculated based on the 
drag coefficient model originally proposed by Ishii and 
Zuber, t231 which takes the following form: 

Cod = Co(1 - ( a ) )  b [7] 

where Coo is the drag coefficient on bubbles in the two- 
phase flow with an average void fraction of (a ) ,  CD is 
the standard drag coefficient for single bubbles in stag- 
nant fluid, and b is a constant assuming a value of 1 for 
bubbly pipe flow and 2 for bubbly churn flow. For a 
void fraction of 0.25, the drag coefficient is reduced by 
between 25 and 44 pct, depending on the value of b. 
Clearly, this is not the case in Figure 18. It is important 
to note that the void fraction measured by Ishii and Zuber 
was cross-sectional averaged, rather than the local val- 
ues as measured in this experiment. The cross-sectional 
averaged void fractions in this experiment would be much 
lower than those measured by Ishii and Zuber. 

Ishii and Zuber t23j developed Eq. [7] for a gas-liquid 
pipe flow. It was assumed that the pressures in the liquid 

and the gas phases were the same so that the mixture 
pressure drop could be calculated with a momentum bal- 
ance of only the gas phase, while the other momentum 
losses in the liquid phase could be neglected. The drag 
between the gas and liquid was calculated by simply 
summing the drag forces on all of the bubbles inside the 
control volume. When bubble density is high in a pipe 
flow and the boundary layers of these bubbles are over- 
lapping, both phases may be approximated as continua, 
and the above assumptions may hold. In an unconfined 
plume, the vertical pressure drop is more appropriately 
given by the hydrostatic head in the liquid. Thus, the 
calculation of pressure drop based only on a momentum 
balance in the gas phase is not applicable. 

The above discussion implies that the model of Ishii 
and Zuber tz3j may only be applied to confined bubbly 
flows with rather small bubbles and dense bubble pop- 
ulations. For the bubbly plume flows encountered in the 
present study, the bubbles should be treated as individual 
bubbles, and the relative velocity with respect to the liq- 
uid flow around the bubble can be better predicted using 
the terminal velocity rather than using the model of Ishii 
and Zuber. 

B.  Turbu l ence  Charac ter i s t i c s  

In most single-phase flows, the turbulence intensity is 
usually less than 0.2. However, in bubbly plume, the 
turbulence intensity of the liquid flow can be greater than 
0.5, as shown in Figure 5. The movement of bubbles 
contributes a great deal to the generation of the turbu- 
lence in the two-phase region simply by their motion but 
also through interfacial interactions, such as the wake 
shedding and wobbling motion. Wake shedding and 
wobbling involve the transfer of energy from the gaseous 
phase to the liquid phase in an unsteady manner; thus, 
they contribute to liquid turbulence. Larger bubbles have 
more momentum and more violent interface wobbling; 
therefore, they tend to generate more turbulence than 
smaller bubbles. This may be shown with the radial decay 
of turbulence intensity as measured in this experiment 
(Figure 11). Turbulence is strongest in the plume center 
where bubbles are largest and decays in the radial di- 
rection in a similar way as the decay of bubble size 
(Figure 12). 

It has usually been assumed that the turbulence is iso- 
tropic so that the k-e  model can be employed to model 
flow in ladles; however, this assumption has never been 
justified. The present results in Figures 7 and 8 indicate 
that 0, is approximately 55 deg rather than 45 deg for 
isotropic flow. If one assumes that the tangential com- 
ponent is equal to the radial one, the turbulent kinetic 
energy, k, can be calculated, as shown in Figure 14. The 
assumption of completely isotropic turbulence would re- 
sult in values 30 to 50 pct higher. Thus, the assumption 
of isotropic turbulence is a reasonable assumption within 
these limits. 

Some insight into nonisotropy can be gained with tur- 
bulence theory. Turbulence in single-phase flow is gen- 
erated by the viscous shear forces, which, in turn, are 
the results of the mean velocity gradient. Using the 
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Einstein convention, the time-averaged turbulent energy 
budget assumes the following form: [24,25] 

_ _  - -  r ! ! 

Uj Oxj Oxj u jp  ~- 2 UiUiUj 

- 2~'u[sj) 

where 

and 

- u [ u ] S i j -  2vsos o [8] 

l (Ou" O u j )  
sir =- 2 \ o x j  + - -  Oxi/  

[9] 

so =- 2 \ + / [10] 

The subscripts 1 through 3 indicate x, r, and 0 direc- 
tions, respectively. If one assumes that the flow is dom- 
inated by flow in the axial, x, direction, then one can 
ignore Uj and O Ui/Oxj, except for U and O U/Or. Taking 
the velocities in the x, r, and 0 directions as U, V, and 
W, respectively, the turbulent energy balances in the same 
three respective directions can be simplified to 

O "~ - - U r V  p -  
- -  OU 1 Ou' 0 1 1 

+ - p  - -  u'Zv ' - - e [11] 
Or p Ox Or2 3 

l Ov' O (  1 ,2)V ' 1 
O = O + - p  p / p + - v  - - e  [12] 

p Or Or 2 3 

1 Ow' 0 1 1 
0 = 0  + - p - -  w'2v ' - - e  [13] 

p OO Or2 3 

The only turbulent production term is the first one on 
the right-hand side of Eq. [11]; there is no generation of 
turbulence in the r and 0 directions. They can only ac- 
quire kinetic energy from the nonlinear pressure-velocity 
interactions, t24,251 This argument also implies that larger 
velocity gradients along a particular direction would pro- 
duce more turbulence and skew it toward that direction. 
However, it should also be noted that turbulent kinetic 
energy tends to break up large eddies which are more 
likely to cause the nonisotropy, so that isotropy would 
be improved by pressure-velocity interactions. The mea- 
sured Ot for four different gas flow rates are shown in 
Figure 8, where the degree of nonisotropy decreases with 
increasing gas flow rate. This observation qualitatively 
supports the above argument. 

Equations [12] and [13] may also be used to estimate 
the turbulence level in the horizontal directions. Since 
in these directions the turbulence is developed in a sim- 
ilar way through the pressure-velocity interaction, it is 
likely that v '  and w'  are at the same level. Some ex- 
perimental measurement of turbulence in developed pipe 
f l o w  [26] and in a self-preserving jet t271 seems to support 
this argument. As a result, it should be reasonable to 
assume that the turbulence intensity is isotropic in the 

horizontal directions for the calculation of k, as shown 
in Figure 14. 

VI. CONCLUSIONS 

A combined laser Doppler and EP technique was ap- 
plied to the study of  gas plumes in water to simulate 
ladle metallurgy practice. The experimental results re- 
veal that: 

1. The relative velocity of bubbles in an unconfined 
plume, as well as in a chain of bubbles, is not af- 
fected by the void fraction. Therefore, the slip ve- 
locity of the bubbles is within about 10 pct of the 
velocities of  single bubbles rising in stagnant liquid. 
Ishii and Zuber's correlation r231 for rising velocity 
cannot be applied to the situations discussed in this 
work. 

2. The intensity of turbulence in the two-phase plume 
region is generally greater than 0.5 due to the strong 
interaction between the liquid and gas phases. 

3. The turbulence in the plume region is not completely 
isotropic; it is slightly skewed to the vertical direc- 
tion. The isotropic assumption results in errors of the 
order of 30 to 50 pct in the calculation of turbulent 
kinetic energy. The anisotropy of turbulence is a re- 
sult of the fact that the shear in the vertical direction 
is much greater than in any other directions. Further- 
more, the anisotropy is weakened with the greater input 
of energy into the system. 
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