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Abstract

We present an experimental study on the formation and behaviour of a liquid metal bubbly flow arising
from a downward gas injection through a top submerged lance (TSL). A visualization of the bubble
dynamics was achieved by the X-ray radiography combined with high-speed imaging. The experiments
were carried out in a parallelepiped container (144x144x12 mm?®) using GalnSn, a ternary alloy that is
liquid at room temperature. The gas flow rate Qgas Was adjusted in a range between 0.033 and 0.1 I/s. Three
different injection positions were considered with respect to the submergence depth L. X-ray images allow
for a characterization of the flow regimes and provide the properties of the individual bubbles such as size,
shape and trajectory. Formation and entrainment of smaller gas bubbles are observed at the free surface.
These small bubbles can be trapped in the fluid for a long time by recirculation vortices. Bubbles size
distributions are determined for different Qg,. The bubble detachment frequency is measured as a function
of Qgas and L. The results are compared with previously published data for water. The X-ray radiography
offers an effective method for determining the local void fraction and allows for an estimation of the bubble
volume.

I. Introduction

Since the emergence of first ideas and concepts about 50 years ago, the TSL (top submerged lance) process
has become an essential component of the non-ferrous metallurgical industry.™ The process, which is
characterized by blowing reactive gas through the submerged lance into a liquid slag bath, is applied for
waste treatment, E-Waste recycling or the production of several metals such as tin, copper, nickel, lead,
platinum group elements, or zinc. The gas injection nozzle is designed as a straight lance which is aligned
vertically and is immersed in the liquid bath from above. The attractiveness of the TSL process results from
the simple configuration, the robustness and the variability of the operating conditions. The process can be
readily controlled by variations of the gas composition, the gas flow rate or the submergence depth of the
lance in the bath. The productivity of the reactor is determined by the efficiency of the chemical reaction
between the gas (or solid particles transported in it) and the liquid. Achieving a high reaction rate requires
an excellent exchange between the phases and therefore a large interface. This, in turn, varies greatly with
the number and size of gas bubbles formed on the nozzle or the extent of splashing on the free surface.
Obviously, the degree of turbulence in the bath plays a decisive role here. For this reason, it is obvious that
the design of an efficient TSL process requires a profound knowledge of the fluid dynamic conditions
taking into account complex multiphase flows.

Over the years, a number of experimental and numerical studies focusing on flow behavior in the TSL
process have been performed. Igwe et al. @ studied the nitrogen gas injection into a water bath through
different nozzle types. The authors suggested empirical relationships concerning the penetration of the gas
jet into the liquid phase and qualitatively described the bubble dispersion and the splashing behavior.
Mazumdar & Guthrie & developed a steady-state, turbulent flow model for various axisymmetric
configurations of gas injection systems (including TSL) used in ladle refining. A satisfying quantitative

1


mailto:m.akashi@hzdr.de

agreement between predicted flow fields and a reduced scale water model was achieved. Iguchi et al. “
considered the possibility that the gas injection through a top submerged lance can create a swirling motion
in the liquid. It is feared that such rotational bath movement in a metallurgical reactor can lead to
uncontrolled flow conditions causing erosion of the wall material. The swirling motion starts when the gas
flow rate exceeds a certain value. This onset can be delayed by adjusting a deeper immersion of the lance in
the fluid. Experiments were performed in water, aqueous glycerol solution, mercury and Wood’s metal. On
the basis of the experimental data, the vertical migration distance of a bubbling jet were given by the
empirical equation as a function of the modified Froude number. These findings were clarified and refined
by more recent water experiments.”) Another experimental study dealing with the submerged lance
injection process was published by Gosset et al. ® The bubbling frequency at the downward facing nozzle
was measured for variations of the gas flow rate, the lance diameter and the submergence depth. A related
dimensionless correlation is suggested in terms of the bubble Strouhal number and the ratio of the Weber
and the Bond number.

Driven by the objective to improve the efficiency of the process by achieving a higher reaction rate, the
effect of a cross-flow on the bubble formation at a downward-facing single-hole nozzle has been
investigated by Goda et al. [ Here, the cross-flow was generated by rotating the cylindrical vessel around
its vertical axis. The measurements demonstrated that the frequency of bubble formation increases with
growing rotational velocity.

Morsi et al.! performed experiments using a lance design which resembles the so-called SIROSMELT
lance which is applied in industrial extractive metallurgy. ™ This lance consists of two coaxial steel pipes.
While the inner tube serves to convey reactants into the reactor, oxygen-enriched air is blown through the
outer cylindrical gap into the fluid. It was found that it is beneficial to generate a swirl component for the
gas flow in the annulus. A strong swirling flow increases the turbulence and enhances the heat transfer. !
The latter ensures a better cooling of the lance and, consequently, a longer lifetime.

A CFD model for TSL gas injection was introduced by Huda et al. (% and validated against the air-water
experiment carried out by Morsi et al. ! The authors suggest a certain submergence depth of the lance to
achieve a better mixing and a higher turbulence level in the liquid. A swirling gas injection increases the
mixing near the lance tip. Furthermore, a large-scale recirculation has to be formed in the liquid bath for
achieving uniform mixing, but, the recirculation regions were found to be weak considering the water case.
The CFD model was extended and applied to the zinc fuming process. ™! The predicted zinc fuming rate
was compared with data available from pilot plant trials. A numerical study of ladle stirring by top and
bottom gas injection was reported by Torres & Barron. (12 The simulations showed that the bottom gas
injection leads to a higher mixing efficiency as the submerged lance injection. The mixing efficiency for
the submerged lance injection increases with increasing both the gas flow rate and the lance submergence
depth.

Despite previous work in this field, accurate prediction of reaction kinetics in the real process remains an
extremely difficult and largely unsolved task. The efficiency of the TSL process is largely determined by
the fluid dynamics and the spatial structure of complex multiphase flows at high gas contents. Numerical
calculations of these flows with the additional option of chemical reactions are quite complex and not
feasible until today without adequate modeling. Corresponding accurate experimental data, which are
characterized by a high spatial and temporal resolution and are therefore suitable for validation of the
numerical models, can be obtained only with great effort and hardly exists for liquid metals until today.
Many experimental studies rely on water models. However, significant differences regarding the properties
of liquid metals such as density, viscosity and surface tension lead to discrepancies in essential non-
dimensional parameters as the bubble Reynolds number, the Weber number or the Morton number. In
particular, the higher surface tension of liquid metals tends to reduce the deformation of the bubble and the
bubble size. ™! Moreover, liquid metal bubbly flows show a high rate of bubble collision and subsequent
coalescence. ™ For a horizontal gas injection into mercury Oryall & Brimacombe ™ observed an
extremely rapid expansion of gas jets upon discharge from the nozzle being significantly higher as found
for air jets in water.



Usually a lance blows into a slag in TSL furnace. This study is a first step towards a physical modeling of
the TSL slag blowing and presents experimental investigations of the bubbly flow regime arising from a
downward gas injection through a top submerged lance into a liquid metal. In the future the viscosity will
be modified to emulate TSL slag blowing. X-ray radiography in combination with high speed imaging is
applied as a diagnostic technique to visualize the motion and dispersion of the gas bubbles. Experimental
data with respect to the bubble frequency, bubble area and void fraction are obtained by image processing.
The main focus of this work lies on the formation and the behaviour of particular bubbles at different gas
flow rates and submergence depths of the nozzle. Ultimately, these results will be used to calibrate CFD
models of TSL furnaces.

1. Experimental Setup
A. Apparatus

The experiments were carried out in the X-ray laboratory at HZDR. The experimental configuration is
almost identical to the measuring arrangement developed by Keplinger et al. (3.1 for investigating the
behavior of bubble plumes generated by bottom gas injection. The ternary alloy GalnSn was used as a
model fluid whose eutectic composition (Ga®’1n*>>Sn**°) is liquid at room temperature. A compilation of
essential thermophysical properties measured in a wide temperature range was reported by Plevachuk et al.
I n particular, the low viscosity (v = 3.4x107 m?/s), the high density (o = 6360 kg/m?) and the high
surface tension (cj = 0.533 N/m) result in very low values of the Morton number Mo = 2x10™*. Figure 1
shows schematic drawings of the experimental setup, the vessel and the positions of the gas injection
nozzle. The liquid metal was filled up to a height of H = 144 mm into a narrow vessel made of acrylic glass
with a horizontal rectangular cross section of 144x12 mm? (see Figure 1(b)). The high attenuation of X-ray
radiation in the liquid metal and the dynamics of the bubble motion restrict the dimension of the fluid
container along the X-ray beam. Images with good intensity contrast and low signal-to-noise ratio can only
be achieved by using such a flat geometry. Previous measurements ! have shown that a gap of
D =12 mm is a good compromise to obtain a clear visualization of the bubbles and the gas-liquid interfaces
on the one hand and on the other hand to allow sufficient dynamics of both the bubble plume and the free
surface of the melt. The acrylic glass used as the wall material does not cause any significant attenuation of
the X-ray beam intensity.

The inert gas Argon (density p, = 1.78 kg/m® and viscosity v, = 1.25x10° m?/s) is injected through a
straight lance made of stainless steel having an outer diameter of doy, = 5.5 mm and an inner diameter of
din=5.0 mm. A gas flow control system (MKS Instruments) is used to vary the gas flow rate in a range
from 2000 cm*/min to 6000 cm*/min (Qgas = 0.033 ... 0.1 I/s). The system is normed to Nitrogen at
standard conditions (1bar, 0°C). Thus, the desired gas flow is adjusted by applying a correction factor. The
lance was aligned vertically and immersed in the melt from above at the centre of the container’s horizontal
cross-section. Three injection positions have been chosen with different submergence depths L: L = 1/4 H
(top), 1/2 H (middle) and 3/4 H (bottom).

The applicability of X-ray radiography for quantitative measurement of bubble parameters rising in a
stagnant liquid was already validated by previous studies. ™! A high power X-ray source
(ISOVOLT 450M1/25-55 from GE Sensing & Inspection Technologies GmbH) operating with a maximum
voltage of 320 kV and a current of 14 mA generates a divergent polychromatic X-ray beam. A scintillation
screen (SecureX HB from Applied Scintillation Technologies) is attached to the surface of the container as
shown in Figure 1(a). It converts the fraction of the X-ray beam, which is not absorbed within the fluid
container, into visible light. The further imaging is completed with a lens system (Thalheim — Spezial —
Optik) and a high-speed video camera (Pco.edge from PCO) equipped with a SCMOS-sensor. The images
were captured with a frequency of 125 frames per second (fps) and an exposure time of 3 milliseconds. The
exposure time was optimized to achieve a good signal-to-noise ratio together with a low in-motion blurring
caused by the bubbles high rising velocities. The measurement time was 40 seconds starting with the
initiation of the bubble injection. In all experiments presented here the size of the observation window was
approximately 116x172 mm? (1730x2560 px?) as shown in Figure 1(b) yielding a spatial resolution of each
pixel of l,,= 0.067 mm. The difference between the very high attenuation of X-ray radiation of the liquid
3



metal and the extremely weak attenuation of Argon leads to a clear contrast in the resulting images. The
local image intensity thereby correlates with the fraction of gas at a specific position in the y-z-plane. The
quantitative analysis of bubble parameters is performed by means of digital image processing. The fact that
large parts of the volume in the fluid vessel, which are above the free surface, are almost completely filled
with gas (with the exception of a few small liquid metal droplets) would lead to a strong overexposure of
the recordings. To prevent this, this zone was covered with a thin lead foil and the corresponding image
area is not taken into account in the quantitative analysis.
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Fig. 1 - Schematic drawings of (a) the experimental setup and (b) the vessel and positions of the top
submerged lance.

B. Techniques of Image Processing

This section contains a brief description of the various techniques for image processing. All of the methods
applied in this study were implemented in Python 3.7.2 using various open source programming libraries.
The specific steps of image processing based on the procedures described below are exemplified by detail
views of a single bubble in Figure 2. The first step is to rescale the gray values of the raw images. These are
originally stored as 16bit values which are not supported by most image processing functions. In addition,
the chosen camera settings lead to maximum intensity values much smaller than 2'°. Therefore, the
intensity range is rescaled into 8bit values linearly without compromising the image contrast:

Ugamnsn---lar] = [0...28] (1)

where lgansn and 1, are the 16bit reference intensities of the image for a fluid container completely filled
with liquid metal or Argon, respectively. The resulting 8bit grayscale images are denoted as rescaled image
from now (cf. Figure 2(a)).

In order to reduce the image noise, a bilateral Gaussian blurring 09 s applied to the rescaled image. This
nonlinear filter effectively reduces the noise in a wide frequency range without obliterating sharp edges like
the gas-liquid phase boundaries as shown in Figure 2(b). An accordingly rescaled and smoothed
background image which is recorded without gas injection is subtracted from the smoothed images. This
reduces the inhomogeneous intensity distribution caused by the presences of the submerged lance and the
spatial Gaussian intensity distribution of the X-ray beam.

As a next step, an adaptive threshold 201 s applied to separate the individual bubbles and bubble clusters
from the background as shown in Figure 2(c). Due to the non-uniform distribution (Gaussian shape) of the
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X-ray beam in the y-z plane, bubbles located close to the side walls are less illuminated than bubbles
located in the centre. Although the background subtraction described above mitigates this, a global
threshold value would either ignore or underestimate less illuminated bubbles near the wall or overestimate
large bubbles in the centre. An adaptive threshold method offers a solution of this problem by computing a
different threshold value for each pixel as a Gaussian weighted mean value of the local neighbourhood.
This provides an increased robustness and higher sensitivity of bubble detection. The only significant
drawback of adaptive thresholding is the occurrence of locally frayed edges of the detected bubbles which
can be seen in Figure 2(c). This is compensated by a succession of an erosion and a dilation filter also
known as the morphological opening filter ®! which yields a physically reasonable, smooth phase
boundary as shown in Figure 2(d). To enable further statistical analysis, the binary images are labelled.
Hereby each region of connected pixels belonging to a certain bubble is assigned a specific number.
Quantities as the projected area can now be determined for each bubble individually.

C. Computation of the local void fraction

The local void fraction a(y, z), which can be assigned to a specific pixel, is associated with the extension of
the bubble along the x-direction being the direction of X-ray transmission. The local X-ray intensity is
given by the Beer-Lambert law that relates the attenuation of the X-ray beam to the properties of the
material which is penetrated by the beam. The Beer-Lambert law is described as

I =Ie @)

where g is the primary beam intensity, u is the X-ray absorption coefficient of the absorbing material and x
is the coordinate along the X-ray beam. In the present study, the reference intensity of Argon is regarded as
the primary beam intensity because the gas hardly attenuates the X-ray beam compared to the liquid metal
in the fluid layer. This corresponds to the assumption gainsn > uar = 0. The absorption coefficient of the
liquid metal pcainsn is estimated by the reference intensities of Igansn and 1, and the thickness of the layer
D (assuming a monochromatic X-ray beam):

= L. leamsn ®)
HGainsn D IAr

In case of the bubbly flow the local X-ray intensity I(y, z) is given by
1(y,z) = [Ar_ﬂGaInSn(D— L(v,2)) @

where L(y, z) is the thickness of the gas bubble. By converting eq. (4) this value can be calculated as
follows

lnliy_'Z)'H’—GaInSn'D (5)
HGaInsSn
The local void fraction a(y, z) is defined as
a(y,z) = L(y,2)/D (6)

Now, the volume Vg, for a particular bubble can be calculated by integrating for a(y, z) each individual
bubble area A;:



Vg, =D fAi a(y,z) dA, (7)

where A; is determined from the labelled binary image after the morphological transformation (see
Figure 2(d)). Figure 2(e) shows a bubble image in which the colours reflect the bubble thickness in the
beam direction. In order to only regard the pixel areas for which the presence of a gas bubble was detected,
the original raw images were masked by the binary images after the morphological transformation.

N -
(b) (c) (d) (e)

(a)

Fig. 2 - Consecutive steps of image processing leading to (a) a rescaled gray-scale image, (b) a bilaterally
blurred image, (c) a binary image resulting from the adaptive thresholding, (d) a binary image after
morphological transformation and, (e) a two-dimensional distribution of the local void fraction inside the
bubble projection area.

Figure 3 exemplary shows some representative images obtained by image processing. Figure 3(a) presents
a rescaled image for a gas flow rate of Qgs = 0.05 I/s and the bottom injection position. In this particular
image the intensity values are logarithmically rescaled to enhance the visibility. Figure 3(b) and 3(c) show
the binary image after morphological transformation and the two-dimensional distribution of the local void
fraction, respectively. Both images are calculated from the rescaled image in Figure 3(a). Figure 3(d) shows
a color representation of the temporal average of a sequence of one second of the respective binary images.
The resulting data can be interpreted as the probability P(y, z) to detect a gas bubble at a certain location
during the averaging period. Moreover, it can also be considered as a rough estimation of the time-averaged
void fraction. Figure 3(d) reveals the dynamics of the bubble trajectories: note the splitting of the main path
of the rising bubbles beneath the free surface. Moreover, the trajectories of the smaller bubbles become
visible. As a comparison, Figure 3(e) shows the time-averaged local void fraction for the same averaging
period as chosen in Figure 3(d). While Figure 3(d) possesses a higher contrast, which allows for a better
monitoring of small bubbles, Figure 3(e) is more accurate in terms of quantitative values of the local void
fraction.
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Fig. 3 - Distribution of the gas phase in the fluid vessel for a gas flow rate of Qg = 0.05 I/s and the bottom
injection position (L = 3/4 H): (a) rescaled gray-scale image, (b) binary image, (c) two-dimensional
distribution of the local void fraction, (d) the probability of bubble presence P(y, z) for an averaging period
of one second, and (e) distribution of the time-averaged local void fraction for the same averaging period.

I1l.  Results
A. Qualitative characterization of the bubbly flow

Figure 4 contains exemplary rescaled raw images of the bubbly flow recorded at a gas flow rate of
Qqas= 0.05 I/s for three different submergence depths. Corresponding movie sequences are available as
electronic supplementaly material. (5153 The image sequence in Figure 4(a)-(c) shows the formation, the
rise and the burst of a single bubble at the free surface for the case of a submergence depth of L = 1/4 H
(top). The projection area of the bubble, which at no time takes a circular or an elliptical shape, reaches a
lateral extent up to about 20 mm. The shape of the bubble is not stable, but shows significant oscillations.
Due to the impact of the bubbles, the free surface is strongly deflected. Occasionally, one can observe the
splashing of single droplets.

The images recorded for a submergence depth of L = 1/2 H (middle) (Figure 4(d)-(f)) usually show two or
three large bubbles within one frame. Successive bubbles approach each other after detachment from the
lance tip and bubble collisions occur. In detail, the succeeding bubble is sucked into the wake of the
prevenient bubbles, and therefore, both bubbles are strongly deformed. However, hardly any coalescence is
observed. Apparently, the bubble contact time is too short before the bubbles reach the free surface. After a
certain time following the onset of gas injection, it becomes apparent that the bubbles preferably rise on
one side next to the lance, which is a clear indication of the formation of a pronounced recirculation flow in
the liquid bath.

Figure 4(g)-(i) represent the flow structure in the case of a submerged depth of L =3/4 H (bottom). The

lateral deflection of the bubble trajectories reveals the occurrence of a distinct asymmetric large-scale

circulation in the liquid metal. The bubbles interact very strongly with each other. Usually, bubble clusters

occur below the surface and coalescence can be observed there. In the example shown here, the bubbles

come up against the free surface at a position to the right of the lance resulting in a strong bulge of the free
7



surface. Especially in this area, larger bubbles disintegrate into smaller bubbles. The majority of the
bubbles are released at the free surface, but a remarkable number of small bubbles are captured by the
large-scale circulation and transported into deeper zones of the fluid. On the left side of the lance, a strong
depression of the free surface can be observed in combination with gas entrainment which also creates a
remarkable number of small bubbles. The small bubbles remain trapped in the recirculation vortex for a
long time. Seemingly, the predominant part of the small bubbles results from the gas entrainment at the free
surface. A frequent breakup of the large ascending bubbles into smaller ones before approaching the free
surface is hardly observed. 5%

11.1760 s 10 mm 11.2320 s 10 mm 11.2960 s
F—t —

(b)

24 8000 s N 24 8560 5 10 mm 24,8960 s 10 mm
24 8000 s 10 mm 56 0 mry

10 mm 10 mm 10 mm
— R —

(2) (h) (1)

Fig. 4 — Sequences of rescaled images for a gas flow rate of Qg5 = 0.05 I/s for different submerged depths
of the lance: (a)-(c) L = 1/4 H (top), (d)-(f) L = 1/2 H (middle), and (g)-(i) L = 3/4 H (bottom).
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Figure 5 presents contour plots of the probability of bubble presence at a certain location P(y,z) for different
points in time calculated for an averaging period of one second. Figure 5(a)-(c) display the probability
distributions for a gas flow rate of Qg = 0.05 I/s. Immediately after starting the gas injection (see
Figure 5(a)), a straight rise of the bubbles can be observed. However, only a few seconds later (cf.
Figure 5(b)) the trajectories of the bubbles quickly change due to the onset of a strong large-scale
circulation in the fluid. The form of the mean bubble path reveals the asymmetric structure of the large-
scale recirculation. The transition from the originally symmetrical to the asymmetrical flow pattern might
be caused by instabilities arising from the asymmetric bubble wake, fluctuations of the free-surface or wall
effects leading to a horizontal non-homogeneity in the force balance. This transition of the flow structure is
also observed in the case of bubble chains generated by bottom gas injection. (22251 The pubbles prefer to
follow the trace of the preceding bubbles. This behavior reduces the hydrodynamic drag force acting on the
bubbles and enhances the bubble rising velocity. The asymmetric flow pattern is also observed half a
minute after switching on the gas flow (Figure 5(c)) and is maintained throughout the entire measurement
time. Figure 5(b) and (c) also render the phenomenon of gas entrainment at the free surface visible. This
feature becomes especially pronounced for the case of the lance bottom position. Furthermore, it is
observed that while approaching the free surface, the bubbles make a sideways motion and breakup occurs
just below the free surface. The small bubbles that are then captured by the recirculation and transported
downward are either the breakup products of these larger bubbles or form directly on the free surface.

The bubble trajectories are subject to distinct fluctuations, which may also be strong enough to change the
direction of the bubble path (right or left of the lance). Such a reciprocating motion of the trajectories
occurs primarily in the case of large gas flow rates and small immersion depths of the lance. The deeper the
lance is immersed, the more intense and stable the recirculating flow becomes. For instance, for the deepest
immersion depth of the lance and all gas flow rates considered here the time-averaged shape of the mean
bubble path is almost kept constant throughout the entire measurement. In contrast, the likelihood of the
bubbles rising to the right or left of the lance is nearly balanced for the upper and middle lance position at a
sufficiently high gas flow rate. As an example, Figure 5(d)-(f) contain probability distributions for a gas
flow rate of Qgas = 0.1 I/s injected at the middle lance position. While the flow pattern appears to be
symmetric just after the beginning of the experiment (see Figure 5(d)), the transition to the asymmetrical
flow pattern happens quickly. Here, the bubble trajectories are initially curved to the right (see Figure 5(g))
before the bubbles move into the left side of the container (see Figure 5(f)). The trajectories change their
orientation around 20 s after the onset of gas injection and maintain this direction until the end of the
measurement.

The characterization of the gas distribution is complemented by a long-term average covering the entire
measurement (= 40 s) of the probability of bubble presence shown in Figure 6. Figure 6(a)-(c) show time-
averaged gas distributions for a volumetric flow rate of Qg = 0.05 I/s and the three different lance
submergence depths. At this gas flow rate, an asymmetric bubble path is observed for all three injection
positions. A change in the direction of bubble rise is not observed here. Figure 6(d) presents the situation of
the higher gas flow rate (Qgas = 0.1 I/s) corresponding to the experiment already shown in Figure 5(d)-(f).
Due to the observed spontaneous change in direction of the bubble path after approximately half of the
measuring time, the result for the total measuring time is a nearly symmetric gas distribution. It has to be
noticed, however, that the maximum measuring time within this study is only 40 s. Therefore, the data do
not allow out for any prediction with regard to the flow stability during longer time intervals.



(d) (e) ()

Fig. 5 - Probability to detect a gas bubble (averaging period: 1 s) for a gas flow rate of Qg = 0.05 I/s and
the bottom injection position (L = 3/4 H) at different points in time after onset of gas injection: (a) 1 s, (b) 4
s, and (c) 31 s, and for a gas flow rate of Qgas = 0.1 I/s and the middle injection position (L = 1/2 H):(d) 1 s,

(e) 4s,and (f) 31s.

P(y,2)

(a) (b) (c) (d)

Fig. 6 - Probability of bubble presence during a measurement time of 40 s for a gas flow rate of
Qgas = 0.05 I/s at three different lance submergence depths: (a) L = 1/4 H (top), (b) L = 1/2 H (middle), and
(c) L =23/4 H (bottom), and (d) for a gas flow rate of Qgos = 0.1 I/sat L = 1/2 H (middle).

B. Frequency of bubble injection

For determining the frequency of bubble injection temporal changes of the image intensities were evaluated
along one horizontal measuring line which, strictly speaking, is a thin stripe with an extension of 1.5 mm in
z-direction. This measurement line is set at a height of 20 mm above the injection position as illustrated in
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Figure 7(a). The time-dependent integral S (t) of the intensities within this stripe is calculated for each time
step as

z=H-L+21.5 (y=130 8
S(t) = f f l(y,z) dy dz
z=H-L+20

The configuration and the corresponding coordinate system are shown in Figure 7(a). Exemplary results
obtained at the bottom injection position for a gas flow rate of Qg.s = 0.05 I/s are depicted in Figure 7(b).
Local maxima of the intensities occur if a single bubble crosses the measuring line. Typical frequencies of
bubble injections are obtained by the Fast Fourier Transformation (FFT, see Figure 7(c)) of the temporal
signal. Smoothing of the spectra obtained by FFT is achieved by dividing the time series of the data into
time intervals of 8 s. A Gaussian fitting is applied to the smoothed spectrum. The center frequency of the
obtained Gaussian function is taken as the bubble injection frequency.

y=14

Figure 8 shows the results for the bubble injection frequency as a function of the gas flow rate. For the gas
flow rates considered here the analysis yields bubble frequencies in a range between 10 and 13 Hz. In case
of the top and middle lance position, the frequencies decrease slightly with increasing gas flow rate, while
the gas volumetric flow rate does not have a significant effect on the bubble detachment frequency for the
bottom injection position. By averaging the bubble frequencies for a given lance position across all gas
flow rates studied here, the following mean values are obtained: fi,p, = 11.40 + 1.44 Hz (top), frigaie = 12.52
+ 0.76 Hz (middle) and fyoom =13.17£ 0.25 Hz (bottom). The fluctuation range around the mean value
decreases the deeper the lance is immersed.

i x107
& [::111’1] 2.0 10- T T T
Air
+ H
GalnSn
T 1I/4H+20
T l/4H
=—=:0
— I ——> »[mm]
0 14 1/2H 130 H
(a)

Fig. 7 - (a) Arrangement of the measurement line in the fluid layer, and (b) detail of the time series of the
sum of intensities S (t) along the measurement line at z = 20 mm for a gas flow rate of Qg.s = 0.05 I/s at the
bottom injection position (L = 3/4 H) and (c) corresponding power spectrum of S (t) (the dashed line
indicates the Gaussian fit and the solid line indicates the bubble injection frequency).
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Fig. 8 - Bubble injection frequency as a function of the gas flow rate Qg at three different injection
positions.

C. Bubble sizes and bubble distributions

With regard to the almost constant or even partially decreasing bubble detachment frequency with
increasing gas flow rate, increasing bubble sizes are to be expected. In this study, the bubble size is
estimated in two different ways. First, the mean bubble volume V¢ can be calculated from the chosen gas
flow rate Qg.s and the mean frequency of bubble injection f

Vi= 7d3/6 = Qgolf )

Thus, the equivalent diameter of an equivalent spherical bubble, d, is given as follow

d; = /6% (10)

The resulting values of d; (Qgs) for the case of the bottom injection position are included in Figure 11.

Second, the bubble size can be estimated by determining the two-dimensional projection area of the bubble
in the binary image obtained through image processing as explained in section I1.B. In most previous
studies 1242421 this method was used to estimate the bubble size. Assuming a spherical bubble the
diameter d, is calculated from the bubble area A

d, = \/g (11)

Finally, another option is provided on the basis of the local void fraction calculated from the X-ray images
as explained in section II.C. This method offers a three-dimensional reconstruction of individual bubbles,
thus allowing for an accurate determination of the individual equivalent bubble diameter dy calculated as:

3|6V

where the bubble volume Vg is given by eq. (7).

Fig. 9 contains exemplary snapshots of the two-dimensional distribution of the local void fraction a(y, z)

for three different gas flow rates at the bottom injection position. In general, three or four larger bubbles are

observed at one frame, which separate from the nozzle and rise to the free surface. In addition, the smaller

bubbles are again visible here, which form due to bubble breakage or gas entrainment at the free surface
12



and are conveyed with the recirculating flow. Obviously, both the projected bubble area and the thickness
of the gas layer within the corresponding projected bubble area become larger with increasing gas flow rate.
The latter is reflected in the higher values of the local void fraction a(y, z). In case of the highest gas flow
rate condition at of Qgas = 0.1 I/s, the void fraction approaches values close to unity for the most part of the
bubble. However, from the movies ¥ it becomes clear that there is still a liquid film between the gas
bubble and the side wall, which allows a continuous movement of the bubbles. In addition to this, an
increasing number of small bubbles are observed for the higher gas flow rates.

(a)

Fig. 9 - Snapshots of the two-dimensional distribution of the local void fraction for different gas flow rates:
(@) Qgas = 0.033 /s, (b) Qgas = 0.066 I/s and () Qgas = 0.1 I/s at the bottom injection position (L = 3/4 H).

Figure 10 depicts representative histograms showing the average number of bubbles per frame N for
varying equivalent diameters d, and dy, respectively (see egs. (10)-(12)). The histograms shown here for
the case of the bottom injection position involve 3500 frames and cover a period from 2s to 30s after
starting the gas injection. The following values are obtained for the total number of bubbles per frame (sum
over all N): 7.70 (Qgas = 0.033 I/s), 14.50 (Qgas = 0.066 I/s) and 19.13 (Qqas= 0.1 I/s). These values confirm
the main tendency, which is also evident in Figure 9 that the number of bubbles increases significantly with
growing Qgas. It is noticeable that there is a substantial increase in the number of small gas bubbles with
increasing gas flow rate. For the two higher gas flow rates (cf. Figure 10(c)-(f)) the bubble size distribution
becomes almost bipolar with the small bubbles dominating in numbers. It appears to be reasonable to
assume that the two peaks in the bubble size distribution are associated with primary bubble generated
directly by the gas injection and secondary bubbles arising bubble breakup or the gas entrainment at the
free surface.

As a next step, the mean equivalent bubble size of the primary bubbles rising from the tip of the lance
towards the free surface was determined. For this analysis, the smaller bubbles were excluded and only the
bubbles with a diameter greater than a threshold value, which was determined as the minimum between the
peaks associated with the primary and secondary bubbles, respectively, were included in the calculations.
The respective threshold values are marked as dashed lines in Figure 10. The calculations are based on the
evaluation of about 9000 bubbles per data point. The results are compared in Figure 11 with the equivalent
diameter d; obtained from eq. (10) based on the bubble detachment frequency f and the gas flow rate Qgas.
The values for di, are shown for the bottom and the middle injection position. The results at the top
injection position are not included in Figure 11 because in this situation the bubble is always strongly
affected by either the detachment at the nozzle or the interaction with the free surface.

The resulting values d, are slightly overestimated compared to the values of d;. This is not surprising since
the real void fraction (gas distribution) associated with the bubble projection area is not taken into account
by the binary images. In contrast to this, the values obtained for d, are found to be remarkably smaller than
the values of dy. It is possible that the allocation of the two peaks in the bubble size distribution to primary
and secondary bubbles does not prove accurate enough. Bubble breakup often occurs during rising and the
bubbles usually do not fragment into nearly equal sized bubbles. 53 54 Often only one or two smaller
bubbles separate, which only slightly changes the size of the original bubble. These larger products of the
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bubble breakup also contribute to the peak of the primary bubbles in Figure 10 and are thus erroneously
taken into account for the calculation of the average value dy, which at the end is then calculated as being
too low. The bubble size results, regardless of the calculation method, show the same trend of increasing
the bubble diameter with the gas flow rate as shown in Figure 11.
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Fig. — 10 Histograms of the average numbers of bubbles per frame for varying equivalent bubble diameters
estimated by the projected area d, and by the bubble volume dy for different gas flow rates: (a-b) Qgas =

0.033 I/s, (c-d) Qgas = 0.066 I/s and (e-f) Qgas= 0.1 I/s.

All histograms show the data obtained for the bottom

injection position (L = 3/4 H). The dashed line represents the threshold chosen for the minimum in the

bubble size distributions.
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Fig. — 11 Mean equivalent bubble diameter as a function of the gas flow rate Qg,s for the bottom injection
position.

IV. Discussion

The visualization of the liquid metal bubbly flow created by gas injection through a top submerged lance
reveals complex pattern which are distinctly influenced from both the gas flow rate and the lance
immersion depth. The flow dynamics involve phenomena of bubbly interaction such as collision,
coalescence and breakup as well as the entrainment of small bubbles at the free surface and their transport
by a strong liquid flow into deeper liquid domains. The parameter range in this study is restricted to low
and moderate gas flow rates. This means that there was no formation of a gas jet at the nozzle during gas
injection at any time. Thus, all experiments are conducted in the bubbling mode, in which the bubbles
separate individually from the nozzle. The bubble detachment frequency f is essentially governed by the
discharge velocity of the gas into the liquid. The mean gas velocity in the lance ug,s is calculated by the gas
flow rate Qgas and the inner lance diameter dj,

Ugas = ans/ﬂ(din/z)z (13)

Leibson et al. " studied bubbly flows in air-water systems by bottom gas injection and suggested the lance
Reynolds number

Re; = ugasdin/vg (14)

as the related non-dimensional parameter for determining the gas injection regime (with v as the kinematic
viscosity of the gas phase). The transition between the bubbling regime and the jetting regime was reported
for Re, ~ 2x10°. In our study we obtain lance Re numbers between 700 and 2120 for gas flow rates of 0.033
I/s and 0.1 I/s, respectively. Gosset et al. 1 measured the bubble detachment frequency for the
configuration of the top submerged lance in air-water for different lance diameters and gas flow rates. In
case of a lance diameter of 9 mm the frequency remains constant for low gas flow rates up to about 1.5 I/s
rises sharply before reaching a maximum value at 3.5 I/s. At higher gas flows f decreases, but remains
above the values for small gas flows. In our study we found a nearly constant bubble frequency at the
bottom lance position within the range of gas flow rates investigated. Because only rather low gas flow
rates are considered here, this behavior agrees very well with the plateau reported by Gosset et al.[®! for Quqas
< 3.5 /s (Re; < 2670). Although the gas flow rates investigated in our study are, at first sight, much smaller
than in Gosset et al.[®, comparable values are achieved for ug,s and Re; due to the smaller lance diameter
(see table 1).
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Table 1 — Comparison of experimental parameters Qgas, Ugas and Re; considered in 6 and in the present
work.

ans [IIS] Ugas [m/s] ReI
Gosset et al.’® (di, = 9 mm) 0.05...5 0.785 ... 7.85 382 ... 3820
this study (i, = 5 mm) 0.033...0.1 1.68 ... 5.09 700 ... 2120

The reported frequencies of bubble injection in water © are about half of the frequencies obtained in liquid
metal. This discrepancy could be related to the distinct differences in buoyancy, surface tension and the
wetting behaviour at the injection nozzle.

Gosset et al.l proposed a dimensionless correlation for the prediction of the bubble injection frequency in
terms of the Strouhal number and the ratio of Weber number and Bond number. Here, the injection
Strouhal number is defined by the bubble injection frequency f, the gas velocity ug,s and the inner lance
diameter d;,.

fdin (15)

Ugas

St =

The process of bubble formation at the tip of the lance is determined by a force balance between the inertia
of the injected gas, buoyancy and surface tension. The Weber number indicates the ratio between the
inertial force and the surface tension. In contrast to ' we use the inner diameter of the lance as a
characteristics length for calculating the inertia of the gas discharging from the nozzle:

— pgasdinuéas (16)
o

We

where o denotes the surface tension of the liquid metal. The Bond number is the ratio of the buoyancy (g is
the fluid density) acting on the forming bubble with diameter d; to the surface tension.

(pl - pgas)gdfz (17)
o
Thus, the ratio of Weber number and Bond number corresponds to the ratio of the inertia and buoyancy.

Bo =

We _ dinuéas (18)
Bo (pl/pgas - l)gd]%

The corresponding results for the liquid metal experiments performed in this study are shown in Figure 12.
Here, the analysis is restricted to the bottom lance position. At a position closer to the free surface, an
influence of the intense fluid flow at the free surface on the detachment of the bubbles cannot be fully
excluded. Such an interaction is difficult to describe in a quantitative way, which is why we did not
consider the other two lance positions here. A power law fit indicated as a dotted line in Figure 12 suggests
a scaling of

—0.7040.02 (19)
St = 0.00047 (—)
Bo

where the exponent is calculated by a least square approximation. In comparison, slightly different values
were reported for the exponent (0.61) and the coefficient (0.00126) in the water experiments by Gosset et al.
%] Based on the available data, it is not possible to definitively clarify what justifies this deviation. Both
experiments differ in several features regarding the properties of the liquids or the geometry of the fluid
vessel. The fluid properties, namely the strong mismatch in surface tension, are taken into account by the
dimensional analysis presented above. The question, of whether the difference in geometry or other
uncertainties can explain the deviations in the power law fit, needs to be addressed in future studies.
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Moreover, the examined parameter range is smaller in the present study (0.0019 < We/Bo < 0.009)
compared to °/(10°® < We/Bo < 1). Therefore, further studies will consider an extension of the experimental
parameter range.
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Fig. 12 — Variation of the injection Strouhal number as a function of the ratio of the Weber number to the
Bond number (the dotted line represents the fit St = 0.00048x(We/Bo)®"°).

It is widely accepted, that a motion of the liquid bath can promote the detachment of the bubbles and result
in a higher bubble frequency. Goda et al. I investigated the effect of a cross-flow on the frequency of
bubble formation by rotating the fluid vessel. The authors reported that the bubble frequency can increase
by a factor of up to three due to the swirling motion of the fluid. In the flat vessel used in the present study
the transition from the originally symmetric to an asymmetric bubble path occurs after a certain time. Liu et
al.” reported a similar behavior of bubble chains generated by bottom injection in a liquid metal by both
numerical simulation and experiments. The transition from the symmetrical to the asymmetrical flow
pattern is associated with the occurrence of an intense fluid flow in the vessel. The bubble-induced liquid
motion becomes stronger the deeper the lance is immersed in the bath. This might explain the differences
between the bubble frequencies found for the various lance positions (compare Fig. 8). However, at this
point we still have no conclusive explanation for the decline of the frequency with increasing gas flow rate
at higher lance positions. Further investigations of the flow structure in the liquid bath-are considered
necessary in order to achieve a better understanding of this phenomena.

Our experiments clearly indicate, that, in particular at the high gas flow rates, the bubble shape is strongly
influenced by the restricted dimension of the container in x-direction (parallel to the X-ray beam). At a gas
flow rate of 0.1 I/s, the bubbles extend over almost the entire thickness of the container for nearly their
complete bubble projection area. However, a dewetting of the container wall does not occur. There is still a
thin liquid film between the bubble and the wall which keeps the bubble as a free moving object. Although
the bubble does not stick to the wall, its movement is largely determined by the friction in the near viscous
boundary layers.

A large number of smaller bubbles are produced at high gas flow rates due to bubble breakup and gas
entrainment at the free surface. The number of small bubbles in the volume is then also increased by the
fact that they are captured by the intense recirculating flow in the container which in our experiment
reaches the maximum intensity with the bottom lance position. This, taken together, provides for a
significant increase in the specific phase boundary between gaseous and liquid. With regard to the TSL
process, this would be equivalent to achieving a high chemical reaction rate.

V. Conclusions

Complex bubbly flows arising from gas injection through a top submerged lance (TSL) were investigated
by laboratory experiments in a narrow enclosure filled with liquid metal. The experiments were carried out
in GalnSn, a ternary alloy that is liquid at room temperature. The dynamics of the bubble motion were
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visualized by means of X-ray radiography combined with high-speed imaging. The findings of this study
can be summarized as follows:

The X-ray radiography was demonstrated as an effective method for providing essential
information concerning the structure of gas-liquid two-phase flows in non-transparent fluids such
as metallic melts. It allows for a qualitative description of the flow regimes as well as for
quantification of the bubbles properties or the local void fraction. By considering the local
attenuation coefficients, even the three-dimensional bubble dimensions can be reconstructed which
is the basis for estimating the volume of each individual bubble.

The rising gas bubbles drive a recirculating flow in the liquid whose intensity increases with
increasing gas flow rate. Although the bubble trajectories are subject to fluctuations, the flow
structure stabilizes with increasing immersion depth of the lance. In particular, in case of the
bottom lance position a persistent lateral deflection of the bubble trajectories indicates the
formation of a distinct asymmetric large-scale circulation in the liquid metal. In contrast, the lower
the depth of immersion, the greater is the likelihood that the bubbles will rise evenly distributed on
both sides of the lance.

Frequent interactions between the bubbles are observed especially at high gas contents. Collisions
of adjacent bubbles and resulting phenomena such as coalescence and breakup are particularly
observed near the free surface. In this area, a noticeable number of small bubbles form as a result
of gas entrainment or bubble breakup. These smaller bubbles can be entrapped by the flow and
transported into deeper zones of the liquid metal.

The frequency of bubble injection is detected by analysing temporal changes of the image
brightness along a horizontal measuring line at a certain distance from the gas injection point. The
bubble injection frequencies found in our experiments are about a factor of two higher as
comparable data reported for water. 1 In case of the bottom lance position the bubbling frequency
remains almost constant within the range of gas flow rates investigated in this study. Counter-
intuitively, measurements carried out for higher positions even show a slight decrease in frequency
with increasing gas flow rate.

The mean equivalent diameter of the injected bubbles increases with increasing gas flow rate. The
bubble size histograms tend to show a bipolar distribution at sufficiently high gas flow rates which
indicates a substantial amount of smaller gas bubbles. As already mentioned, these smaller bubbles
are generated near the free surface by gas entrainment and bubble breakup. A sufficiently intense
flow in the liquid metal ensures that the small bubbles remain suspended in the melt for longer
times.

The combination of high gas flow rates and a deep position of the top submerged lance produces
the largest number of bubbles of various sizes and thus leads to an increase in the interfacial area.
Such conditions should lead to high reaction rates in the case of a metallurgical reactor.

The experimental results obtained within this study provide a substantial database for the validation of
respective numerical simulations. The work presented here is a first step in the systematic investigation of
liquid metal multiphase flows in the TSL configuration. Continuing studies will extend the range of diverse
experimental parameters taking into account a further increase of the gas flow rate, different nozzle
geometries or variations of the material properties (viscosity). In addition, future experiments will also
include the measurement of velocities of both the liquid metal and the gas bubbles.
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Supplementary Material

Video S1  Experimental video for a gas flow rate of Qgas = 0.05 I/s at the top injection position
Video S2  Experimental video for a gas flow rate of Qgas= 0.05 I/s at the middle injection position
Video S3  Experimental video for a gas flow rate of Qg.s = 0.05 I/s at the bottom injection position
Video S4  Experimental video for a gas flow rate of Qg,s= 0.1 I/s at the bottom injection position

Figure captions

Fig.1  Schematic drawings of (a) the experimental setup and (b) the vessel and positions of the top
submerged lance.

Fig.2  Consecutive steps of image processing leading to (a) a rescaled gray-scale image, (b) a
bilaterally blurred image, (c) a binary image resulting from the adaptive thresholding, (d) a
binary image after morphological transformation and, (e) a two-dimensional distribution of the
local void fraction inside the bubble projection area.

Fig.3  Distribution of the gas phase in the fluid vessel for a gas flow rate of Qgas= 0.05 I/s and the
bottom injection position (L = 3/4 H): (a) rescaled gray-scale image, (b) binary image, (c) two-
dimensional distribution of the local void fraction, (d) the probability of bubble presence P(y, z)
for an averaging period of one second, and (e) distribution of the time-averaged local void
fraction for the same averaging period.

Fig.4  Sequences of rescaled images for a gas flow rate of Qgas = 0.05 I/s for different submerged
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depths of the nozzle: (a)-(c) L = 1/4 H (top), (d)-(f) L = 1/2 H (middle), and (g)-(i) L = 3/4 H
(bottom).

Fig.5  Probability to detect a gas bubble (averaging period: 1 s) for a gas flow rate of Qg.s = 0.05 I/s
and the bottom injection position (L = 3/4 H) at different points in time after onset of gas
injection: (a) 1s, (b) 4 s, and (c) 31 s, and for a gas flow rate of Qgas = 0.1 I/s and the middle
injection position (L = 1/2 H):(d) 1 s, (e) 4 s, and (f) 31 s.

Fig.6  Probability of bubble presence during a measurement time of 40 s for a gas flow rate of
Qgas = 0.05 I/s at three different lance submergence depths: (a) L = 1/4 H (top), (b) L=1/2H
(middle), and (c) L = 3/4 H (bottom), and (d) for a gas flow rate of Qgs = 0.1 l/satL=1/2H
(middle).

Fig.7  (a) Arrangement of the measurement line in the fluid layer, and (b) detail of the time series of
the sum of intensities S(t) along the measurement line at z = 20 mm for a gas flow rate of Qgas =
0.05 I/s at the bottom injection position (L = 3/4 H) and (c) corresponding power spectrum of
S(t) (the dashed line indicates the Gaussian fit).

Fig.8  Bubble injection frequency as a function of the gas flow rate Qg at three different injection
positions.

Fig.9  Snapshots of the two-dimensional distribution of the local void fraction for different gas flow
rates: (a) Qgas = 0.033 /s, (b) Qgas = 0.066 I/s and () Qgas = 0.1 I/s at the bottom injection
position (L = 3/4 H).

Fig.10 Histograms of the average numbers of bubbles per frame for varying equivalent bubble
diameters estimated by the projected area d, and by the bubble volume dy, for different gas flow
rates: (a, d) Qgas = 0.033 I/s, (b, €) Qqas = 0.066 I/s and (c, f) Qqas = 0.1 I/s. All histograms show
the data obtained for the bottom lance position (L = 3/4 H). The dashed line represents the
threshold chosen for the minimum in the bubble size distributions.

Fig.11 Mean equivalent bubble diameter as a function of the gas flow rate Qgas for the bottom lance
position.

Fig.12 Variation of the injection Strouhal number as a function of the ratio of the Weber number to the
Bond number (the dotted line represents the fit St = 0.00048x(We/Bo) ™).

Table 1 — Comparison of experimental parameters Qgas, Ugas and Re; considered in %1 and in the present
work.

ans [IIS] Ugas [m/s] ReI
Gosset et al.’® (di, = 9 mm) 0.05...5 0.785 ... 7.85 382 ... 3820
this study (i = 5 mm) 0.033...0.1 1.68 ... 5.09 700 ... 2120
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