Chapter 2
Turbulence Structure of Two-Phase Jets

2.1 Mean Flow Characteristics

2.1.1 Introduction

Gas injection techniques have been extensively used for current steelmaking
processes, such as converters, ladles, RH degassing processes, and other metals
refining processes. In order to enhance the efficiency of these processes, precise
information on the behavior of rising bubbles in a molten metal bath and resultant
molten metal flow induced by the bubbles is required. Since it is difficult to study
bubble and liquid flow characteristics using actual processes, many experimental
and theoretical model investigations have been carried out. Details of the previous
investigations should be referred to, for example, a review article by Mazumdar and
Guthrie [1].

Concerning the bubble characteristics specified by gas holdup «, bubble fre-
quency fg, mean bubble rising velocity ug, and mean bubble chord length Lg in
a high temperature molten metal bath agitated by bottom gas injection, hot model
experiments have been carried out for molten copper and molten iron baths using a
newly developed two-needle electro-resistivity probe [2—-5]. In the axial region far
from the nozzle exit, experimental results of @, fg, ug, and Lg for iron—Ar sys-
tems at 1,250 and 1,600°C and a copper—Ar system at 1,250°C were found to be
predicted satisfactorily by empirical correlations derived originally for a water—air
and a mercury—air system [6,7] as long as the radial distributions of gas holdup and
bubble frequency follow Gaussian distributions.

Compared with the bubble characteristics, the information on the liquid flow
characteristics specified by the axial and radial mean velocities, # and v, the root-
mean-square values of the axial and radial turbulence components, /. and v/ _,
the Reynolds shear stress #/v/, and higher correlations of turbulence components,
such as the skewness and flatness factors, are limited except for a water—air system
[8-12].

In general, precise measurements of the liquid flow characteristics in a molten
metal bath at high temperatures are very difficult. At present, the mean velocity can
be measured under limited conditions by using reaction probes [13—16] and Karman
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vortex probes [17, 18] even if the bath temperature is higher than 1,000°C, whereas
the measurement of turbulence is practically impossible in this temperature range.

Numerical simulation techniques therefore have acted as a bridge between water
models and actual processes [19,20]. The aforementioned liquid flow characteristics
in a molten metal bath agitated by gas injection were predicted numerically by using
turbulence models, such as the k — ¢ model, developed originally for single-phase
flows [19,20]. Numerical results thus obtained, however, have not received reliable
experimental confirmation even for mercury and Wood’s metal flows.

In this section, a description is provided of the bubble and liquid flow characteris-
tics measured in a molten Wood’s metal bath stirred by bottom helium gas injection.
The aim is to provide experimental data for judging the adequacy of numerical re-
sults and to examine whether the results of liquid flow characteristics obtained for a
water—air system are useful to predict molten metal flows.

A magnet probe, specifically the Vives probe, [21,22] was used to measure the
mean velocity and turbulence components of molten Wood’s metal flow at around
100°C. Helium gas was chosen to simulate the density ratio between molten steel
and Ar.

2.1.2 Experiment

2.1.2.1 Bubble characteristics

Figure 2.1 shows a schematic diagram of the experimental apparatus. The cylin-
drical vessel made of stainless steel had an inner diameter D of 20.4cm and a
height H of 30.0cm. Wood’s metal (commercial name: U-alloy 70, melting tem-
perature: 70°C) was melted in it to a depth, Hy, of 15.0cm. The bath temperature
was kept at 105 = 1°C using a thermo-controller. The physical properties of the
molten Wood’s metal are as follows: density p; = 9.56 g/ cm®, kinematic viscosity
vy = 0.341 mm? /s, and surface tension o = 460 mN/m.

Helium gas was preheated up to 105 &+ 5°C with a heat exchanger installed up-
stream of the vessel and injected at a flow rate Q, of 60 Ncm?/s through a centered
single-hole bottom nozzle with an inner diameter, dy;, of 0.5 mm. Therefore, it is
not necessary to consider the expansion of gas at the nozzle exit due to temperature
difference between the bath and the injected gas. The density ratio of the molten
Wood’s metal to the Helium gas is the same order of magnitude as that of steel to
Ar. The nozzle was made of fluororesin (commercial name: Teflon). The origin of
the axial and radial coordinates, z and r, were placed at the center of the nozzle
exit. The volumetric gas flow rate at the nozzle exit was 67 cm?/s. Some additional
measurements were made for Q, = 95 Nem?/s.

Gas holdup «, bubble frequency fg, mean bubble rising velocity ug, and mean
bubble chord length Ly were measured using a two-needle electroresistivity probe
(not shown in Fig. 2.1). The vertical distance between the tips of the two electrode
needles was set at 2 mm. The output signals of the electroresistivity probe system
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Fig. 2.1 Experimental apparatus

were A/D converted and then processed on a personal computer to determine these
quantities. Further details of the measurement method should be referred to a previ-
ous paper [6,7]. A special consideration was provided to prevent oscillations of the
electrode needles induced by quasi-periodical arrival of bubbles. The measurement
errors were approximately £3% for @ and fg and +5% for ug and Lg.
Electroresistivity probe measurements were carried out on the centerline of the
bubbling jet at equal intervals of 1 cm. Also, the radial distributions of the bubble
characteristics were measured at four representative axial positions of z = 1.5, 4.0,
7.0, and 10.0 cm. The experimental results were compared with empirical relations
proposed previously by Iguchi et al. [6, 7] for an arbitrary combination of metal

and gas and with those proposed by Xie et al. [23] for a molten Wood’s metal-N,
system.
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2.1.2.2 Liquid Flow Characteristics

The axial and radial velocity components, u# and v, were measured by means of a
two-channel magnet probe. The magnet probe works on the basis of Faraday’s law
[21,22]. According to Weissenfluh, [22] if an electric conductor moves through a
magnetic field, the conductor has an electromotive force induced in it which is in
a direction normal to the magnetic field and the direction of motion. The electro-
motive force generates an electric field which is nearly proportional to the intensity
of the magnetic field and to the velocity of the conductor. Therefore, it is possible
to measure the velocity of the conductor by detecting the electromotive force. Fur-
ther details of the working principle of the magnet probe are found in the articles of
Ricou and Vives [21] and Weissenfluh [22].

The magnet probe is applicable to molten metal flows at a temperature lower than
the Curie point of the permanent magnet. Previous magnet probe measurements for
a Wood’ metal bath were carried out by Xie et al. [23] at bath temperatures lower
than 150°C. The magnet probe used by Xie et al. cannot detect the axial and radial
velocity components simultaneously. Accordingly, data on the Reynolds shear stress
and higher order turbulence correlations, such as the skewness and flatness factors,
have not been published.

An outline of the magnet probe described here is illustrated in Fig. 2.2. The orig-
inal output voltage of the magnet probe is basically small (approximately 50 wV)
under normal conditions, and hence, two amplifiers are necessary (see Fig. 2.1). The
original voltage was amplified by 10,000 (100 x 100) times and then recorded on a
data recorder. Signals originating from bubbles were removed using a differentiating
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Fig. 2.2 Schematic of the present magnet probe
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circuit and a personal computer in a manner shown in Fig. 2.3, where Ez and
Er denote the output voltage values for the axial and radial velocity components,
respectively, and ¢ is time.

The measurement of the radial velocity component, v, is relatively more difficult
than the axial velocity component, u, because the magnitude of v is much smaller
than that of u. The errors in measuring u are estimated to be 5%, while those for
v are +10%. The time required for measuring the Reynolds shear stress is basically
quite long. Thus, the measurement at only one axial position z = 4 cm was done.

2.1.3 Experimental Results

2.1.3.1 Bubble Characteristics
Axial distribution
Figures 2.4-2.7 show measured values of gas holdup, «, bubble frequency, fgc,

mean bubble rising velocity, ug 1, and mean bubble chord length, Ly, where the
subscript cl designates the value on the centerline of the bath. In Fig. 2.4, the
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Fig. 2.4 Axial distributions
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measured o values are approximated satisfactorily by two empirical equations
[6,7,23]. The same degree of agreement between the measured fg values and
two empirical equations can be seen for z > 5cm, as shown in Fig. 2.5. The ax-
ial distribution of the mean bubble rising velocity on the centerline, ug 1, shown in
Fig. 2.6, is well correlated by the empirical relation of Xie et al. [23] in the axial
region of z > 5cm. However, it is not reasonable to judge the adequacy of the em-
pirical correlations by focusing solely on the centerline values, as can be seen from
comparisons between the empirical correlations and measured radial distributions
of the bubble characteristics shown in a subsequent section.
In Fig. 2.7, the measured Lg  distribution for z > 5cm is also approximated

satisfactorily by the empirical correlation of Xie et al. [23] The measured Lg

value obtained at z = 1cm is much larger than 2cm, implying that the bub-

ble generation region extends far beyond z = 2cm. Consequently, the measured

ug,q value in the close vicinity of the nozzle exit does not present the real bubble
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rising velocity of a bubble but includes the contribution of the expansion veloc-
ity of the bubble. A peak appearing at around z = 2.5cm in the axial distribution
of ug shown in Fig. 2.6 may be considered to be related to such an expansion
velocity.

Radial distribution

The radial distributions of gas holdup, «, measured by Iguchi et al. [24] at four
representative axial positions are shown in Fig. 2.8. The « distribution at z = 1.5cm
is very steep near the centerline of the bubbling jet. Two peaks appeared in the «
distributions measured at z = 4.0 and 7.0cm. These two peaks are not caused by
the swirl motion of a bubbling jet because no swirl motion was observed under the
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experimental conditions considered. They are closely associated with the shape of
bubbles like a bell commonly seen in oriental temples [25].

Although any evidence is not given, agreement between the measured o« values
and the empirical correlations is not good at z = 4.0 and 7.0 cm because these
two correlations assume Gaussian distributions. The measured radial distribution of
« approached a Gaussian distribution as z increased further (see o distribution at
z = 10cm). As a result, the measured o values at z = 10 cm were approximated
adequately by the empirical correlation by Iguchi et al. [6, 7], as demonstrated in
Fig. 2.9.

In Fig. 2.10, showing the radial distributions of bubble frequency f3, a plateau
appeared in the distributions at z = 4.0 and 7.0cm. This is also attributed to
the formation of bell-shaped bubbles [25]. The radial fg distribution measured at
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z = 10.0 cm was also predicted by the two empirical correlations (see Fig. 2.11) to
within approximately the same accuracy.

Figures 2.12 and 2.13 show the radial distributions of mean bubble rising velocity
up and mean bubble chord length Ly, respectively. The measured values of ug and
Ly at z = 1.5 cm were not plotted. The relatively large ug values near the centerline
(r = 0) at z = 4 and 7 cm may be caused by the vertical elongation of bell-shaped
bubbles [25]. The empirical correlation of up proposed by Iguchi et al. [6, 7] can
predict the measured values only in the outer region of the bubbling jet. At every
axial position, the measured Ly value is relatively small near the centerline, being
caused by thinning of the bell-shaped bubbles. Any empirical correlations for the
radial distributions of ug and L were not proposed by Xie et al.

A reexamination of previous experimental results for an Fe-Ar system, [2, 3, 5]
a Cu-Ar system [4], and a Wood’s metal-N, system [26] reveals that the radial
distributions of «, fg, ug, and Lg are similar to those mentioned above near the
nozzle exit, although each radial distribution is not so distinguished compared with
the results presented in Figs. 2.12 and 2.13.
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Iguchi et al. [6, 7] did not observe two peaks in the radial distribution of o for a
water—air system and a mercury—air system. For the water—air system, this might be
because even if bell-shaped bubbles are generated, they are likely to disintegrate into
smaller bubbles in complex shapes near the nozzle exit due to low surface tension
and high turbulent shear stress of liquid flow.

Two peaks did not appear in « distributions for the mercury—air system, either.
The surface tension of mercury is nearly equal to that of the Wood’s metal, but
the density ratio pp /p, for the mercury—air system is much lower than that of
the Wood’s metal-He system, where the subscripts L and g designate liquid and
gas, respectively. Consequently, the density ratio p./p,; seems to be another can-
didate responsible for the difference in the bubble characteristics near the nozzle
exit [27,28].
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2.1.3.2 Liquid Flow Characteristics
Axial Distribution

Figure 2.14 shows the axial mean velocity on the centerline of the bath, u, and
the root-mean-square values of the axial and radial turbulence components, '/ 1
and v;ms,cl, against the axial distance, z. The measured g value remains almost
unchanged in the axial direction and approaches the following empirical correlations

originally proposed for a water—air system [9]:

Ta = 2.3u,Fri®9%€(0.1 < P < 0.5) 2.1)
= 1.2u,P7%28(0.02 < P <0.1) (2.2)
Froo = pgQ¢”/(gdyi” pr) (23)
= (80,/2)'? (2.4)
P =[0.%/(g)'"? (2.5)

where u, is a representative velocity (cm/s), Fry, is the modified Froude number, g
is the acceleration due to gravity (cm/ s?), and P is a dimensionless parameter [9].
The units of uc, pg, Qg. pL, dni, and z are cm/s, g/cm?, cm?/s, g/cm3, cm, and
cm, respectively.

The axial turbulence intensity on the centerline, u, /%, is about 0.55 in the
axial region except near the nozzle exit. The radial turbulence intensity on the cen-
terline, vﬁms’cl /U1, 18 also approximately 0.55 for the Wood’s metal-He system. It is
known that u), /ta = 0.5 and v] /i = 0.4 for a water—air system. The mea-
sured values of u; /U are almost the same for the two systems, whereas those of
Vims.c/Uel are significantly different. This difference seems to be due mainly to the
difference in the shapes of bubbles that influence the turbulence production in the
wake of the bubbles.
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The measured values of the half-value radius, by, of the radial distribution of u
are shown in Fig. 2.15. The b, value approaches the following empirical correlation

as z increases:
b, =0.13z (2.6)

This relation is known to hold for a water—air system [11].

Radial Distribution

The radial distribution of the axial mean velocity u measured at z = 4 cm is shown
in Fig. 2.16. In the bubbling jet region (r/b, < 1.5) where almost all rising bubbles
are present, the radial # distribution is approximated satisfactorily by a Gaussian
distribution marked by the broken line, although the radial « distribution does not

follow a Gaussian distribution, as shown in Fig. 2.7. Measured u values for z =
10 cm are also approximated by a Gaussian distribution.
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The measured u values shown in Fig. 2.16 and those obtained at an other mea-
surement position (z = 10 cm) are nondimensionalized by # and replotted against
r/b, in Fig. 2.17. The measured values of u/u, for a water—air system are also in-
cluded. The radial distributions of #/u for the two systems agree with each other
forr/b, < 1.5.

Figure 2.18 compares the radial distributions of the rms values of the axial
and radial turbulence components, u/, and v, ., measured at z = 4cm in the
Wood’s metal bath with those for single-phase free jets [29, 30]. Due to additional
turbulence production in the wake of bubbles, the measured u;ms /e and v;ms [
values for the bubbling jet in the Wood’s metal bath are much larger than those for
the single-phase free jets [11]. The measured ul, /% and v, /U, values for the
Wood’s metal-He system are nearly the same both in the bubbling jet and recircu-

lation regions. The latter region is located outside the former.
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The measured rms values of the axial and radial turbulence components shown in
Fig. 2.18 are replotted in Figs. 2.19 and 2.20, respectively. The values for a water—air
system are also shown in these figures [10, 11]. In Fig. 2.19, agreement between the
measured ], /U values for the Wood’s metal-He system and the water—air system
is quite good in the bubbling jet region (r/b, < 1.5). Meanwhile, in Fig. 2.20, the
Wood’s metal-He system exhibits a relatively large v/, /% value compared with
the water—air system. Such a difference seems to be caused mainly by the difference
in the turbulence production in the wake of the bubbles [25].

In the recirculation region, the measured values of ul /% and v,/ for
the Wood’s metal-He system are the same, as observed for a water—air system
[8,11,12].

The radial distributions of the Reynolds shear stress /v’ are shown in Fig. 2.21.

In the bubbling jet region, r/b, < 1.5, the values for the Wood’s metal-He system
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are much larger than those for a single-phase free jet because of the additional
turbulence production in the wake of bubbles. Furthermore, the measured values
of u'v' for the Wood’s metal-He system are slightly larger than those for a water—
air system. As mentioned above, this difference seems also to be attributable to the
shape of bubbles.

2.2 Conditional Sampling

2.2.1 |Introductory Remarks

Many experimental studies have been carried out to investigate the turbulence char-
acteristics in gas—liquid and gas—solid two-phase jets under various flow conditions
[31-35]. In single-phase jets, turbulence is produced mainly by entrainment of sur-
rounding fluid into the jets, [29, 30] while in two-phase jets, turbulence production
takes place also in the wake of bubbles or solid particles in addition to turbulence
production due to the entrainment typical of single-phase jets. The size and shape of
bubbles or solid particles are considered to affect the structure of turbulence [36,37].
The effects of the size of bubbles or solid particles on the modulation of turbulence
characteristics have been reported by many researchers [35-38]. However, the in-
formation on the effect of bubble shape is quite limited.

As shown in the previous section, the shape of bubbles was found to affect prefer-
ably the modulation of radial (horizontal) turbulence component [24]. However, the
mechanism of turbulence production was not mentioned. In this section, the appli-
cation is described of the four-quadrant classification method, [39] one of the most
popular conditional sampling methods, adopted to elucidate the coherent structure
of turbulence or the mechanism of turbulence production in a He-Wood’s metal
bubbling jet.
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2.2.2 Experimental Apparatus and Procedure

A detailed description of the apparatus and experimental method for molten Wood’s
metal flow has been provided in the preceding section.

2.2.3 Shape and Size of Helium Bubble

Before discussing the turbulence structure in a bubbling jet in detail, it is worth
describing first the shape and size of bubbles. The radial distribution of gas holdup in
a vertical bubbling jet is widely known to obey a Gaussian distribution when bubbles
can be classified as the so-called wobbling type, as schematically shown in Fig. 2.22
[40]. The axial mean velocity of liquid flow also follows a Gaussian distribution
in the presence of wobbling bubbles [39]. Under the experimental condition being
described here, the radial distribution of gas holdup has a plateau near the centerline
of the bubbling jet and exhibits a mild peak outside the plateau. This somewhat
curious distribution of gas holdup can be explained as follows.

The cross-section of bubbles was observed using a multi-needle electroresistiv-
ity probe [25]. The bubbles have a cross-section illustrated in Fig. 2.23, and could
be classified into the well-known skirted type. This kind of bubble appears when
the following modified Weber number, We,,, and the Reynolds number, Re,, are
relatively small [41].

Wem = (pg/pL)pLdBUB> /0, (2.7)
Rem = ()Og/)oL)dBMB/VLa (28)
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Fig. 2.23 Measured bubble
shape at z = 0.050 m in
He—Wood’s metal bubbling
jet

where p, is the density of gas, pr is the density of liquid, dp is the mean bubble
diameter, up is the mean bubble rising velocity, o is the surface tension of liquid,
and vy, is the kinematic viscosity of liquid.

2.2.4 Four-Quadrant Classification Method

Turbulent motions in single-phase boundary layers, pipe flows, and jets are not com-
pletely random but have coherent or ordered structure [42—-45]. According to the
four-quadrant classification method, the turbulent motions are grouped into four dis-
tinct categories, as illustrated in Fig. 2.24. In this figure, “ejection” denotes a higher
momentum fluid motion directed outward, “outward interaction” denotes a lower
momentum fluid motion directed outward, “sweep” denotes a lower momentum
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fluid motion directed inward and “inward interaction” denotes a higher momentum
fluid motion directed inward. The frequency of occurrence of these four turbu-
lent motions, and their contributions to the turbulence kinetic energies and to the
Reynolds shear stress, are discussed subsequently by comparing them with those
for the air—water bubbling jet [39,45].

2.2.5 Experimental Results Based on Four-Quadrant
Classification Method

Figure 2.25 shows the occurrence frequencies of the four turbulent motions in the
He—Wood’s metal bubbling jet together with those in an air—water bubbling jet [25].
In the region near the center line (r = 0), the occurrence frequency of each turbulent
motion is approximately 0.25, and hence, there is no coherent structure there. In a
radial region of 0 < /b, < 1.0, the occurrence frequency of sweep is the highest,
followed by the ejection. The occurrence frequency of inward interaction is the low-
est. The order of the first two motions is the same as that for an air—water bubbling
jet [39]. As r/b, becomes greater than approximately 1.0, around which the peak
of gas holdup appeared, the occurrence frequency of sweep decreases drastically,
while that of inward interaction increases. Consequently, the coherent structure for
r/by, > 1.0 in the He—Wood’s metal bubbling jet differs significantly from that in
the air—water bubbling jet.
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Fig. 2.26 Radial distributions of the axial turbulence kinetic energy for each turbulent motion

Figure 2.26 presents the axial turbulence kinetic energy for each turbulent mo-
tion, ky ¢, calculated from the axial turbulence component #’, thus,

ku,c = [ — ”)Z]C/Nm (2.9)

where the subscripts ¢ and i designate each turbulent motion and the ith digitized
datum, respectively. The contributions of ejection and inward interaction to the axial
turbulence kinetic energy are dominant for r/b, < 1.0. Although the appearance
frequency of inward interaction is the lowest for /b, < 1.0, its contribution to the
axial turbulence kinetic energy is the largest. For r /b, > 1.0, the sweep and outward
interaction play an important role on the axial turbulence kinetic energy.

Figure 2.27 compares the measured data on the contribution of each turbulent
motion to the total turbulence kinetic energy in the axial direction with those in an
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Fig. 2.27 Contributions of four turbulent motions to the axial turbulence kinetic energy
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Fig. 2.28 Radial distributions of the radial turbulence kinetic energy for each turbulent motion

air—water bubbling jet [45]. The contribution of ejection is most dominant every-
where in the air—water bubbling jet, while in the Wood’s metal-He bubbling jet,
the contribution of inward interaction is most dominant for r/b, < 1.0 and that of
outward interaction is so for r/b, > 1.0. These results imply that the wake behind
bubbles play an essential role on turbulent production in bubbling jets because the
behavior of wake is closely associated with the shape and size of bubbles.

Figure 2.28 illustrates the radial turbulence kinetic energy for each turbulent mo-
tion. The contribution of inward interaction is particularly large for /b, < 1.0 in
spite of its lowest appearance frequency just like the axial turbulence kinetic en-
ergy. Meanwhile, in this radial region (r/b, < 1.0), the contributions of sweep and
outward interaction are hardly different from each other.
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Fig. 2.30 Correlation factor for each turbulent motion

Figure 2.29 shows the radial distribution of the Reynolds shear stress for each

turbulent motion. The absolute values for the inward interaction and ejection are
large, as suggested from the turbulence kinetic energies.
Figure 2.30 shows the measured values of the correlation factor, F., defined by
Fe = 2[(u; — 0)(vi = D]/ [(Z (i — 0))e(Z (i — 9)?)c]'/? (2.10)
The measured values of F, for each turbulent motion remain almost unchanged in
the radial direction, but in a strict sense, those for ejection and sweep changed trend
around r/b, = 1.0. This implies that the He—Wood’s metal bubbling jet has two
large-scale coherent structures, the boundary being located around r/b, = 1.0. This
result is consistent with the above-mentioned findings on the appearance frequency
and the contributions of each turbulent motion to the turbulence kinetic energies and
the Reynolds shear stress.
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2.3 Summary

2.3.1 Mean Flow Characteristics

The bubble and liquid flow characteristics in a molten Wood’s metal bath agitated by
bottom Helium gas injection measured using a two-needle electroresistivity probe
and a magnet probe, respectively, can be summarized as follows:

2.3.1.1 Bubble Characteristics

(a) The axial distributions of gas holdup and bubble frequency on the centerline,
aq and fp o, for z > 5cm are approximated satisfactorily by two empirical
correlations [6,7,23]. The empirical correlations of Xie et al. [23] for the mean
bubble rising velocity and the mean bubble chord length on the centerline, ug |
and Lg (1, also approximate adequately the measurement for z > 5cm.

(b) The radial distributions of gas holdup « and bubble frequency f measured at
the axial position of z = 1.5 cm are very steep near the centerline of a bubbling
jet. Two peaks appear in the o distributions at z = 4.0 and 7.0 cm. The two-peak
distribution is closely associated with bell-shaped bubbles. Further downstream
of the nozzle exit (z = 10 cm), the disintegration of bell-shaped bubbles occurs
and the distributions of « and fg are nearly Gaussian. The empirical distribu-
tions of o and fp [6,7,23] can approximate the measured radial distributions
only atz = 10cm.

The mean bubble rising velocity up and mean bubble chord length Ly measured at
z = 1.5, 4.0, and 7.0 cm, exhibit a complex behavior in the radial direction. These
radial distributions are also closely related to the shape of bubbles. An empirical
correlation of up is proposed that could approximate the measurements only at the
outer region of a bubbling jet.

2.3.1.2 Liquid Flow Characteristics

(a) In the axial region where the measured radial distribution of gas holdup « fol-
lows a Gaussian distribution, the axial mean velocity on the centerline, 7, and
the half-value radius of u, denoted by by, are well correlated by empirical corre-
lations derived originally for a water—air system. The axial turbulence intensity
on the centerline, u;ms, o/ U1, is approximately 0.55 except near the nozzle exit.
This value is nearly the same as that for the water—air system. The radial turbu-
lence intensity on the centerline, v; & ,/#, is also approximately 0.55 for the
Wood’s metal-He system, while it is about 0.4 for the water—air system. This
difference seems to be due to the fact that the turbulence production in the wake
of bubbles is dependent on the shape of the bubbles.
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(b) In the bubbling jet region (r/b, < 1.5), the radial u distributions measured at
axial positions except near the nozzle exit are Gaussian, as observed for a water—
air system. The radial distributions of the axial turbulence intensity, u/, . /u,
measured at z = 4 and 10cm also compare well with those for the water—air
system. On the other hand, the radial distributions of the radial turbulence inten-
sity, v/../ e, are larger for the Wood’s metal-He system than for the water—air
system. As a result, the radial distributions of the Reynolds shear stress u/v' /7
in the two systems are different from each other. This difference seems also to
be attributable to the shape of bubbles.

/
rms

/
rms

In the recirculation region, the measured values of u
equal as in the case of a water—air system.

The experimental results suggest that empirical correlations of the bubble char-
acteristics and the axial mean velocity and turbulence components of liquid flow,
derived from cold model experiments, are applicable to actual refining processes
stirred by bottom gas injection when the radial distributions of gas holdup and
bubble frequency follow Gaussian distributions. These distributions appear to be
a result of the disintegration of rising bubbles due to highly turbulent liquid motion
in the bath.

/g and V. /u. are nearly

2.3.2 Conditional Sampling

A description is provided of the use of the 4-quadrant classification method, for
measuring the coherent structure of turbulence in a He—Wood’s metal bubbling jet.
The results were compared with those obtained in an air—water bubbling jet. The
main findings can be summarized as follows.

There exist two different types of coherent structures with respect to the radial
distance in a He—Wood’s metal bubbling jet. The boundary between the two types
is located around /b, = 1.0. This radial position nearly corresponds to the outer
edge of the bubble dispersion region. Most He bubbles rise in the radial region of
r/b, < 1.0. Turbulence is produced mainly by inward interaction for r/b, < 1.0,
and by outward interaction for /b, > 1.0.

There exists only one coherent structure of turbulence in an air—water bubbling
jet. Turbulence is produced mainly by ejection everywhere in the bubbling jet. The
difference in the turbulence structures in the two types of bubbling jets is attributable
to the shape and size of bubbles. Bubbles in the He—Wood’s metal bubbling jet are
of the skirted type, while those in an air—water bubbling jet adopted for comparison
can be classified into the wobbling type.
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