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The injection of nonwettable powders into melts in the bubbling regime was studied 
experimentally using a cold-model system. Polyethylene powder was injected into a cylindrical 
vessel containing water, through a vertical top-submerged lance, with insoluble (air) and soluble 
(ammonia) carder gases. The concentration of particles in the liquid and the penetration length 
of the particle-liquid jet into the bath were measured, as the carrier gas composition, the gas 
and solids flow rates, and the particle size were varied. It was found that the concentration of 
particles retained in the liquid was up to 10 times higher, and the penetration length of the jet 
was up to three times higher when the soluble carrier gas was used instead of the insoluble 
carrier gas. For both carrier gases, the dispersed particle concentration increased with increasing 
gas flow rate and increasing particle size, whereas the penetration length of the jet increased 
with increasing gas and solids flow rates. 

I. INTRODUCTION 

EFFECTIVE injection of powders into melts requires 
the efficient disengagement of the particles from the car- 
tier gas in order to become exposed to the melt and suf- 
ficient residence time for them to react or dissolve before 
surfacing or sedimenting. The disengagement of coarse 
particles injected at low solids loadings, which occurs 
by penetration through a bubble-liquid interface, has 
been the subject of several studies3 ~,2,3] It is generally 
concluded that large, dense, wettable particles are rela- 
tively easy to inject, but poor injection efficiencies are 
encountered when injecting fine, low density, non- 
wettable particles. When fine particles are injected at 
high solids loadings, coupling between the phases results 
in gas-solid jet formation at the lance tip. [4,5,6] Disen- 
gagement between the particles and the gas when the jet 
disintegrates is not well understood. It is likely that 
many particles remain attached to the bubbles due to the 
low relative velocity between the solid and gas phases 
in the coupled flow. F] 

The residence time of the particles is determined by 
their velocity relative to the melt and by the bulk flow 
velocity of the melt. If the particles have low settling 
velocities, their motion will be controlled by the bulk 
circulation generated by the bubble plume. If they re- 
main in the vicinity of the lance tip upon injection, they 
will be rapidly carded by the plume to the upper surface 
of the melt with a low utilization efficiency. 

In many systems of practical interest such as lime in- 
jection with oxygen as the cartier gas into steel ]s~ and 
flux injection with air through tuyeres into a Pierce- 
Smith converter, tgj the carrier gases strongly react with 
the melt. In some important systems (Fe-O, Cu-O), the 
presence of a reactive gas can reduce the surface tension 
of the gas-melt interface [~~ and, hence, lower the 
interfacial resistance to particle penetration of the bubble 
surface. Furthermore, the elimination of the bubble 
plume by the dissolution of the carrier gas will signifi- 
cantly reduce the bulk flow velocity of the melt tt2,'3] and 
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potentially increase the residence time of the injected 
particles. 

This article addresses experimentally the differences 
in the hydrodynamic behavior that occur when a soluble 
rather than an insoluble carrier gas is used for solids in- 
jection. A cold-model analog system was used in which 
polyethylene particles were injected into a cylindrical 
vessel containing water, through a top-submerged ver- 
tical lance. The cartier gases used were air (insoluble) 
and ammonia (soluble). The degree of dispersion of the 
injected particles and the penetration distance of the par- 
ticles into the liquid were measured as the gas compo- 
sition, gas flow rate, solids flow rate, and particle size 
were varied. This was the first study in this area, and 
the results provide some new insights into the mecha- 
nism of multiparticle penetration through gas-liquid 
interfaces. 

II. EXPERIMENTAL 

The experimental apparatus is shown schematically in 
Figure 1. It consisted of a 230-mm diameter, 400-mm- 
high cylindrical "Perspex" tank, fitted with a 
550-ram-long axial top-submerged 6.25-mm o.d. 5-mm 
i.d. brass lance. The tank was filled with water to a 
depth of 250 ram, with the lance tip submerged to 
70 mm. A 12.5-mm o.d., 10-ram i.d. stainless steel top- 
submerged siphon sampling tube was located level with 
the lance tip, at the half-radius position. The cylindrical 
tank was mounted in a square-section outer Perspex tank 
(290 • 290 x 300 mm) filled to the same level with 
water to allow photography of the injected particles 
without optical distortion. The tank assembly was illu- 
minated from behind with light from two 1000-W quartz 
lamps, diffusely reflected from a white screen to give a 
strong, uniform illumination of the entire vessel. The in- 
jections were recorded on video tape and photographed 
using a 35-rnm Nikon F-801 SLR camera with a 60-mm 
AF Micro-Nikkor lens, at a shutter speed and aperture 
of 1/1000 seconds and f/16, respectively. Ilford Delta 
ASA 400 black and white film was used. 

The solids were fed from a simple powder dispenser, 
which consisted of a 250-ram long, 16-ram i.d. glass 
container connected to the conveying line through a slide 
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Fig. I --Schematic diagram of apparatus showing (1) rotameter/flow 
control valves; (2) powder dispenser; (3) lance; (4) siphon sampling 
tube; (5) on/off valve; (6) sample container; (7) vented cylindrical 
tank; (8) pressure transducer; (9) amplifier; (10) chart recorder; and 
(l 1) fume extraction hood. 

valve. The container pressure was equalized with the 
pressure in the conveying line. When the slide was 
opened, solids flowed from the container into the con- 
veying line at a rate governed by the size of the orifice 
in the slide, the particle size of the powder, and the con- 
veying line pressure. The solids flow rate could not be 
set independently of the gas flow-rate with this device. 
The injection time was measured from a chart record of 
the signal produced by a pressure transducer connected 
to the inlet end of the lance. A charge of 10 g of powder 
was used for most runs. Filtered air was taken from the 
laboratory compressed air service through a pressure 
regulator, while ammonia was fed from a regulated gas 
bottle. The flow rates of the gases were measured and 
controlled through a Rotameter/needle valve assembly. 
The powder feeder and vessels were situated under a 
fume extraction hood to prevent escape of ammonia into 
the laboratory. 

The procedure for an experiment was to set the gas 
flow rate at the required value, then open the slide valve 
to inject the powder. Immediately after completion of 
the powder injection, the gas flow was stopped. A 2 L 
sample (20 pct of bath) of liquid and solids was then 
withdrawn through the siphon sampling tube. The si- 
phon was primed before the start of the run, and the 
suction was maintained by a ball valve at the end of the 
sampling line. Opening the valve enabled the sample to 
be withdrawn, taking approximately 22 seconds. Due to 
low rise velocities of  solid panicles in the range 0.001 
to 0.002 m/s ,  solids concentration in the bath did not 
change appreciably during the sampling period. The sol- 
ids were separated from the sample by filtration and 
weighed after drying. The concentration of the solids in 
the sample was calculated. 

Photographs were taken during the solids injection 

phase of the run. The entire run was video taped for later 
analysis. The penetration depth of the solid particles was 
measured midway through the injection period from re- 
play of the video tape and checked with photographs 
taken at the same time. It was found that more consistent 
measurements were obtained from the video tape than 
from short exposure-time photographs due to the fluc- 
tuating nature of the solid-liquid jet. 

The settings of the controlled variables are shown in 
Table I. The "standard injection conditions" were de- 
fined as a gas flow rate 1.67 x 10 -4 m 3 s -1 (10 L min-~), 
injecting 10 g of  212- to 250-/zm powder with a feeder 
orifice diameter of 3.4 nun. These settings produced a 
solids flow rate of 0.8 g s -1. The size fractions of poly- 
ethylene powder were screened from a bulk sample of  
black polyethylene obtained from ICI Ltd. (Victoria, 
Australia). Anhydrous ammonia (99.99 pct NH3) sup- 
plied by CIG Ltd. (Victoria) was used as the soluble gas. 
Tap water at 20 ~ was used as the liquid medium. Rel- 
evant physical properties are shown in Table II. 

III. EXPERIMENTAL RESULTS 

A. Particle Velocity 

A sensor was devised to measure the particle velocity 
at the discharge end of the lance, which consisted of two 
infrared emitter-detector cells mounted 50 mm apart and 
centered 60 mm from the end of the lance. The emitter 
and detector components of each cell were aligned 
across a hole drilled through the lance. The signal pro- 
duced by particles passing the first cell was compared 
with the signal produced by the same particles passing 
the second cell on a storage oscilloscope. The time delay 
measured from the peak displacement between the sig- 
nals was used to calculate the particle velocity. The re- 
sults shown in Figure 2 indicate that the particle velocity 
is close to the superficial gas velocity, in contrast to 
other workers tl6,171 who observed particle velocities sub- 
stantially smaller than the conveying gas velocity. In our 
system, the powder dispenser was connected to the lance 
through 1.72 m of 6.25 mm o.d.,  5 mm i.d. nylon pres- 
sure tubing, which enabled the particles to be accelerated 
to the gas velocity before reaching the end of the lance. 
The results indicate that little error is introduced by 
equating the exit velocity of the particles to the super- 
ficial gas velocity. 

B. Surface Tension and Contact Angle 

The surface tension of the ammonia-water interface 
relative to the air-water interface was measured using a 
variation of the "drop weight method. "t~sl A 2-mL pi- 
pette was fitted to a 250-mL flask in which the com- 
position of the atmosphere could be varied. The number 
of drops produced when 2 mL of liquid was allowed to 
drip from the pipette into the flask over a 20 to 
30-minute period was counted. The maximum variation 
in the number of  drops produced under identical con- 
ditions was found to be less than 3 pct with this tech- 
nique. The surface-tension ratio was related to the 
number of drops n and the liquid density Pl by 

r Pt n~f 
- [ 1 ]  

Otter Pref n 
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Table  I. Inject ion Condi t ions  

Gas composition (pct NH3) 0 25 50 75 100 
Gas flow rate (10 -4 m 3 s - l )  0.83 1.67" 2.5 3.3 
Feeder orifice (mm) 2.7 3.4* 4.8 
Particle size (mean) (/xm) 53 to 150 (101) 212 to 250* (231) 

*Standard injection conditions. 

Table  II. Physical  Properties  at 20 *C 

Property System Value Reference 

Density polyethylene 928 kg m - 3  measured 
water 1000 kg m -3 14 
57.63 pct NH4OH solution 898 kg m -3 14 
ammonia gas 0.708 k gm -3 14 
air 1.20 kg m - 3  14 

Surface tension water-air 0.07275 N m -~ 14 
54.37 pct NH4OH 0.05705 N m -~ 14 

solution (18 ~ C) 
Contact angle polyethylene-water-air 93.9 deg 15 
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Fig. 2--Comparison of calculated gas and measured particle veloc- 
ities at lance tip for 231-p.m polyethylene particles injected with air 
(3.4-ram feeder orifice). 

where O'r~f, n,~f, and p~f refer to the air-water system. The 
results are shown in Table HI. Experiments were carried 
out with a saturated ammonium hydroxide solution 
(28 wt pct NH3) for comparison. The results show that 
the surface tension of  the ammonia-water interface is 
identical within experimental  error to that of the 
ammonia-ammonium hydroxide interface, which indi- 
cates that equilibrium was reached at the ammonia-water 
interface. 

The equilibrium contact angle of  the polyethylene 
powder in air-water and ammonia-saturated ammonium 
hydroxide was measured from the capillary rise through 

Gas-liquid n Pt ~r/tr~f 

Air-water 58 I000 1.0 
Ammonia-water 85.5 1000 0.68 
Ammonia-ammonium hydroxide 74 890 0.70 

a bed of the powder, t~9~ The contact angle in air-water 
was found to be 94.5 deg, in good agreement with the 
accepted value for the polyethylene-air-water system of 
93.9 deg. The contact angle in the ammonia-saturated 
ammonium hydroxide environment was found to be 
89 deg. The results indicate that although the surface 
tension of the gas-liquid interface was considerably re- 
duced when using ammonia, the wettability of  the par- 
ticles was not significantly changed. 

C. Qualitative Observations of Injection Behavior 

When the polyethylene powder was injected using air, 
the primary bubble formed at the lance tip was elongated 
compared with its shape when injecting air alone.t2~ The 
particles that accumulated around the tip of the bubble 
passed through the bubble surface as a "roping" dis- 
charge that disintegrated into bubble-particle aggregates 
in the liquid under the action of turbulence. Most of the 
particles did not pass through the interface individually. 
The bubble-particle aggregates appeared to be rafts of 
particles or heavily laden small gas bubbles. As they 
were quite bouyant, they were not projected deeply into 
the liquid and were rapidly entrained into the bubble 
plume. Photograph 1 shows the discharge of powder 
under the standard injection conditions using air. The 
formation and breakup process of  the aggregates is 
clearly visible in this photograph. 

The pumping action of the plume dominated the bulk 
flow patterns in the bath. The trajectory of the particles 
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in this flow field is shown schematically in Figure 3(a). 
After convection in the plume to the surface of the bath, 
some of the particles recirculated back into the bulk liq- 
uid, but most of them remained on the liquid surface. 

When ammonia was used as the carrier gas, distinct 
differences were observed in the interracial penetration 
behavior and trajectories of the particles. Elongation of 
the primary bubble occurred as with air; however, the 
particles appeared to penetrate into the liquid individ- 
ually or as small clusters of several particles rather than 
bubble-particle aggregates. The ammonia bubbles rising 
from the lance tip dissolved rapidly once the stem link- 
ing them to the orifice severed, with few bubbles reach- 
ing the top surface of the bath. 

Photograph 2 shows the discharge of the powder under 
standard injection conditions using ammonia. The dis- 
appearance of the plume practically eliminated the bulk 
circulation in the bath. The particle-liquid jet therefore 
pushed into an almost stagnant liquid. The jet penetra- 
tion distance was increased compared to injection with 
air. The trajectory of the particles is shown schemati- 
cally in Figure 3(b). As the particles were dispersed in- 
dividuaUy, rather than as bubble-particle aggregates, 
their rise velocity was lower, and they took longer to 
float out of the bath. 

D. Particle Dispersion 

Figure 4 shows the effect of increasing the ammonia 
content on the concentration of the solids dispersed in 
the liquid under standard injection conditions. The re- 
ported concentration is that of the liquid sample with- 
drawn at the half-radius position, level with the lance 
tip, immediately after the completion of the solids in- 
jection. The concentration was found to be approxi- 
mately 10 times higher when pure ammonia was used 
compared with air, reflecting the increased dispersion 
noted in the previous section. As the liquid phase was 
not uniformly mixed, the measured concentration was 
not generally equal to the average concentration in the 
bulk liquid. However, the observed concentration of 
0.87 g L -t is close to the average bulk concentration of 
1 g L -t, which would result if all of the solids were 
retained in the liquid, indicating a high recovery of the 
injected powder. 

Figure 5 shows the effect of increasing the gas flow 
rate on the solids concentration in the liquid using pure 
ammonia and air as the carrier gases, respectively, hold- 
ing constant the average particle size (231 /~m) and the 
feeder orifice (3.4 ram). Although the feeder orifice di- 
ameter was fixed, the solids mass flow rate was not con- 
stant but increased with increasing gas flow rate. The 
solids mass flow rate corresponding to each gas flow rate 
is listed in the caption of the figure. The solids concen- 
tration in the liquid when injecting with ammonia ini- 
tially rose with increasing gas flow rate, then leveled at 
about 0.88 g L -t, whereas it increased steadily with in- 
creasing gas flow rate for injection with air. At low gas 
flow rates, the ratio of the solids concentrations found 
for the two gases was approximately 10 but decreased 
to about 3 at higher gas flow rates. This convergence is 
to be expected, as the solids concentration for injection 
using ammonia at high gas flow rates is close to uniform 

Photograph 1 -  Injection of polyethylene powder using the insoluble 
carder gas (Qz = 1.67 x 10 -4 m ~ s -I air; ra, = 0.8 g s-~; dp ~- 
231/~rn). Photo shows the powder distribution at the start of injection. 

dispersion and cannot rise further. In the case of injec- 
tion with air, increasing the flow rate increased the in- 
jection velocity of the particles and the amount of 
potential energy dissipated in the bath, which contrib- 
uted to deeper penetration and more effective breakup of 
agglomerates, respectively. These effects would have 
been opposed to some extent by the increased liquid en- 
trainment into the plume carrying the particles more rap- 
idly to the top surface of the bath. 

Table IV shows the effect of the particle size on the 
solids concentration in the liquid for injection with air 
or pure ammonia at 1.67 x 10 -4 m 3 s -m, using the 
3.4 mm feeder orifice. The concentration increased with 
increasing particle size, reflecting the lower interracial 
resistance relative to inertia experienced by larger par- 
tides when penetrating through the gas-liquid interface. 
The extremely low concentration of 101-/~m particles 
observed when injecting with air indicates that these par- 
ticles did not penetrate through the gas-liquid interface. 

E. Jet Penetration Length 

Figure 6 shows the effect of ammonia content of the 
carrier gas on the total penetration length of the particle- 
liquid jet (distance from the lance tip to the maximum 
submergence of the particle-liquid jet) and the maximum 
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Fig. 3--Trajector/es of particles injected with (a) insoluble carrier 
gas and (b) soluble carrier gas, showing (1) the bubble plume, (2) the 
particle-liquid jet, and (3) the rising particle-liquid suspension. 
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I ~ r  Photograph 2--Injection of polyethylene powder using the soluble 
carrier gas (Qa = 1.67 • 10 -4 m ~ s -~ ammonia; m,  = 0.8 g s-~; 

t ! N injection. 

~0.00 ~ ~ 
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length of the primary bubble. Standard injection condi- 
tions were used. The total penetration length increased 
slowly with ammonia content up to 75 pet NH3 and, 
thereafter, increased rapidly. The total penetration length 
using pure ammonia was found to be three times greater 
than with air. The bubble length decreased slightly with 
increasing ammonia content of the carrier gas. 

Figure 7 compares the effect of increasing the solids 

.01 j l I 

0.00 .25 .50 .75 1.00 

MOLE FRACTION AMMONIA 

Fig. 4- -Effec t  of carrier gas composition on concentration of parti- 
cles in the liquid (Q, = 1.67 x 10 -4 m 3 s-~;dp = 231 /~m; m, = 
0.8 g s-~). 
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Fig. 5 - - E f f e c t  of  gas flow rate on concentration of  particles in the 
liquid (dp = 231/~m). The solids mass  flow rates in g s l for injection 
with ammonia  and air, respectively, at each gas flow rate were 0.53, 
0.58 (0.83 x 10 -4 m 3 s-l);  0.79,  0.80 (1.67 x 10 _4 m 3 s-l); 1.20, 
1.45 (2.5 x 10 -4 m 3 S-t); and 1.22, 1.63 (3.3 X 10 -4 m 3 s-t) .  

Table IV. The Effect of Particle Size on Solids 
Concentration (Q~ = 1.67 x 1 0  - 4  m 5 S-l; m, = 0.8 g S -t) 

NH3 Air 
dp (/xm) C (g L -t) C (g L -t) 

] 0 l  0 .23  0 . 0 ] 4  
231 0.87 0.093 
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Fig. 6 - - E f f e c t  of  carrier gas composition on the total jet penetration 
length Lror and the max imum bubble length L~ (Qg = 1.67 x 
10 _4 m 3 s- t ;  m, = 0.8 g s- t ;  dp = 231 ttm). 

mass f low rate on the total penetration length and bubble 
length for injection with ammonia and air, holding the 
gas f low rate and particle size constant at 1.67 x 
10 -4 m 3 s -1 and 231 /~m, respectively. The total pene- 
tration length increased with increasing solids mass f low 
rate for both air and ammonia.  The bubble lengths also 
increased slightly with increasing solids mass f low rate. 
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Fig. 7 - - E f f e c t  of  solids mass  flow rate on the total jet penetration 
length LroT and max imum bubble length Lb (Qg = 1.67 x 10 -4 m 3 
s-l;  dp = 231 /zm). 
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Fig. 8 - - E f f e c t  of  gas flow rate on total jet penetration length Lro, 
and max imum bubble length Lb (dp = 231 btm). The solids mass  flow 
rates in g s -l  for injection with ammonia  and air, respectively, at each 
gas flow rate were 0.53, 0.58 (0.83 x l0 -4 m 3 s-t);  0.79, 0.80 
(1.67 • 10 -4 m 3 s-l);  1.20, 1.45 (2.5 • 10 -4 m 3 s-l);  and 1.22, 1.63 
(3.3 • l0  -4 m 3 s-l).  
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Figure 8 compares the effect of the carrier gas flow 
rate on the total penetration length and bubble length, 
for injection o f  231 /xm particles with ammonia and air 
using the 3.4-mm feeder orifice. The penetration length 
and bubble length increased with increasing gas flow 
rate for both carrier gases. Part of the observed increase 
was due to the concurrent increase in the solids mass 
flow rate as the gas flow rate was increased. 

Table V compares the effect of the average particle 
size on the total penetration length and bubble length, 
with the gas flow rate and feeder orifice fixed at 1.67 • 
10 -4 m 3 s -~ 3.4 ram, respectively. With air, a true 
particle-liquid jet was not formed when injecting 
10l/xm particles. Bubbles filled with particles detached 
from the primary bubble and were projected a similar 
distance into the liquid as the particle-liquid jet formed 
with 231-/zm particles injected with air. 

IV. DISCUSSION 

The important findings of the experimental work may 
be summarized as follows. When the soluble carrier gas 
was used to inject the nonwetting powder, the dispersion 
of the powder in the liquid and the penetration length of 
the particle-liquid jet were significantly enhanced com- 
pared with injection using the insoluble carrier gas. It 
was also noted that the surface tension of the gas-liquid 
interface was decreased without a significant increase in 
the wettability of the powder when the soluble gas was 
used and that the particle exit velocity from the lance 
closely approximated the superficial gas velocity. 

If the results for injection for the soluble and insoluble 
carrier gases are considered separately, it is found that 
they agree qualitatively with established theory. The ef- 
ficiency of particle penetration through the bubble inter- 
face is reflected in the concentration of particles that 
were retained in the liquid after injection. For both types 
of carrier gas, the particle concentration increased as the 
gas flow rate (particle injection velocity) and the particle 
size were increased, as anticipated from the studies of 
single-particle penetration through a gas-liquid inter- 
face. II'2'3j The penetration length of the particle-liquid 
jets produced by both carrier gases increased with the 
gas and solid flow rates, indicating a direct dependence 
on the momentum of the gas-solid mixture discharging 
from the lance, in accordance with the models of Engh 
et  a l . ,  ~ Ghosh and Lange, I~71 and Farias and Irons. t6~ 
The new information revealed by this study is the sig- 
nificant dependence of the degree of dispersion and pen- 
etration length on the type of carrier gas used. 

The increased dispersion of the solids with the soluble 
carrier gas cannot be explained by changes in the surface 

Table V. Effect of Particle Size on Total 
Penetration Length and Maximum Bubble 

Length (Qg - 1.67 • 1 0  -4  m 3 s-l;  ms = 0.8 g s - l )  

NH3 Air 
dp (/~m) L~oT (ram) Lb (ram) Lror (mm) Lb (mm) 

101 92 20 57 22 
231 135 17 45 16 

chemistry of the solid particles, because the powder was 
highly nonwettable in both carrier gas systems. Instead, 
an explanation may be found by considering the process 
of particle penetration through the bubble surface. The 
bubble-particle aggregates observed when injecting with 
the insoluble gas are the result of gas entrainment by the 
particles as they pass through the bubble surface. In the 
coupled flow situations described by Irons and Tu ~ and 
Farias and Irons, 16J most of the carrier gas is entrained 
by the solids to form a gas-solid jet. The experiments 
carried out in this study were in the bubbling regime, 
where the gas was able to disengage from the solids to 
form the primary bubbles around the lance tip. The gas- 
solid mixture passing through the bubble surface, there- 
fore, had a lower gas holdup than the mixture in the 
lance and possibly approached the fluidized-bed-limiting 
gas holdup of approximately 0.4. Once in the liquid, the 
gas-solid mixture was dispersed into bubble-particle ag- 
gregates held together by interstitial gas. 

When the soluble gas was used, it is reasonable to 
suppose that the same processes took place inside the 
bubble. However, when the gas-solid mixture passed 
through the bubble surface, dissolution of the interstitial 
gas effectively removed the "glue" holding the bubble- 
particle aggregates together. The particles were released 
into the liquid rather than bound up inside bubble- 
particle aggregates. 

Another important effect contributing to the higher 
dispersion with the soluble gas was the elimination of 
the bubble plume by the dissolution of the primary bub- 
bles when they detached from the tip of the lance. En- 
trainment of particles into the plume zone produced by 
the insoluble gas resulted in their rapid convection to the 
upper surface of the bath, where they remained unless 
the recirculatory flow was sufficient to pull them back 
into the bulk liquid. Without the plume, the particles 
floated out of the liquid at a rate governed by the rise 
velocity due to buoyancy. 

The increased concentration of particles retained by 
the liquid when injected with a soluble gas was a com- 
bined effect of finer dispersion immediately upon enter- 
ing the liquid and a slower rate of rise out of the liquid 
due to reduced bulk liquid flow. 

Factors contributing to the deeper penetration of the 
particle-liquid jet into the liquid observed with the sol- 
uble carrier gas include the lower surface tension of the 
gas-liquid interface, causing less dissipation of the ki- 
netic energy of the particles striking the interface; the 
smaller effective size of the aggregates due to the 
breakup of bubble-particle aggregates by dissolution of 
the interstitial gas, enabling more effective coupling be- 
tween the particles and the liquid; and the absence of an 
opposing upflow generated by the plume. Taken to- 
gether with the increased dispersion, the main effect of 
the increased penetration depth is to increase the resi- 
dence time of the particles in the liquid. 

Reactive gases are currently used in a number of in- 
dustrial processes including lime injection into steel 
using oxygen and flux injection into matte with air. In 
addition, all new intensive smelting reactors rely on the 
addition of solids such as concentrates, fluxes, and re- 
ductants to the bath while the carrier gas continues the 
oxidation or reduction of the molten phase. 
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This work is the first study in the area and has shown 
the potential benefits to be gained from the reactive gas- 
melt system for solids injection. Most common systems 
use air as the carrier gas, which would lead to exo- 
thermic oxidation reactions resulting in very high local 
temperatures, further lowering the interfacial tension and 
viscosity. The benefit of lower interfacial tension may 
assist the injection of very fine solids such as dusts. 

CONCLUSIONS 

A cold-model of the top-submerged injection of a non- 
wetting powder using soluble and insoluble carrier gases 
has revealed significant differences in the injection be- 
havior of the particles and the bulk flow in the liquid 
bath. Conclusions were found as follows. 

l. The concentration of particles dispersed in the liquid 
was up to 10 times higher when the soluble carrier 
gas was used. 

2. The penetration length of the particle-liquid jet 
formed below the lance tip during injection was up 
to three times greater when the soluble carrier gas 
was used. 

3. For both carrier gases, the concentration of dispersed 
particles increased with increasing gas flow rate and 
increasing particle size, whereas the penetration 
length of the jet increased with increasing gas and 
solids flow rates. 

LIST OF SYMBOLS 

C concentration (g. L-2) 
d size (/~m) 
L length (m) 
m mass flow rate (g-s -1) 
n number of drops 
Q volumetric flow rate (Ill 3" s -l) 
p density (kg. m -3) 
cr surface tension (N" m-2) 

Subscripts 

b bubble 
g gas 
j jet 
l liquid 
p particle 
ref reference liquid 

s solid 
TOT total 
0 nozzle 
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