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ABSTRACT

Purpose: The pneumatic method of introduction of various powders into ladle or metallurgical furnaces is use 
because of its many advantages. There are no problems with use of injection lances in electric arc furnaces but 
in inductive furnaces or ladles, especially big ones the problem of metal flowing out of it may appear. This is the 
reason why the authors have maiden some experiments which results are presented in the article.
Design/methodology/approach: The new lance with a flange was invented and used in powdered material 
injections experiments. The experimental plan was prepared that contain the most important parameters of pneumatic 
process. A statistical analysis was made to connect the results of the injection process with its parameters.
Findings: The main conclusion is the influence of carrier gas pressure, lance inside diameter and mass 
concentration of diphase stream on the obtained results. The next one is that changing of the lance geometry could 
effectively improve the technological parameters of the process and that the new design of the injection lance is 
prepared properly.
Research limitations/implications: The limitations of the results is that the experiments were only the “cold 
model” ones, without presence of molten metal. The only liquid medium used was water for experiments with 
stream distance measurement. The nest experiments are planned with injection of powder into laboratory induction 
furnaces for checking the obtained results.
Practical implications: According to the authors, the new lance can be used for introducing a small quantity 
of the powdered material like modifiers or something like that.
Originality/value: The approach to the problem of diphase stream forces and distance of stream in liquid is according 
to authors’ knowledge a new one. The lance with flange proposed for those usage is not present in literature and is an 
originality too. The paper could be interesting for all interested in problems of melting processes improving.
Keywords: Metallic alloys; Casting; Pneumatic conveying; Powder injection; Injection lance

MATERIALS MANUFACTURING AND PROCESSING

1. Introduction 
When you are melting any alloy in some stage of this process 

you have to introduce some materials for obtaining the special 
results like elements content increase, purification of metal 

(deoxidation, desulphurization etc.) and others. The most often 
those materials are in form of pieces because of important 
technological and economic reasons. But when the pieces 
materials are produced the large amount of fine fractions is 
obtained too and there are considered the wastes. Utilisation of 
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these fractions is limited because there is not a lot of effective 
method to enter them into liquid metal [1-4]. 

For these reasons, these wastes are stored on dumps, 
increasing their number in many industrial countries. 

The next big problem of metallurgy and foundry technology 
are huge amounts of dusts that very often contain large quantities 
of useful elements which unfortunately, together with other 
wastes, are disposed onto a dump.  

Therefore the pneumatic powdered material (or dust) injection 
method has been known and appreciated method of liquid alloys 
treatment since many years. They can be use for: 

recarburization of cast iron (or decarburization in production 
of some grades of steel), 
slag foaming for decreasing electrodes damage and energy 
consumption in EAF’s, 
introduction of small amounts of alloy additions, 
modification and spheroidizing of cast iron, rarely used – only 
with automatic foundry lines with on-stream technique, 
deoxidation, desulphurization, inclusions modification and 
others purification processes, 
flue dusts back blowing in etc. [5-7]. 
The best results gives pneumatic recarburization of cast iron 

in electric arc furnaces, when it is necessary before its 
spheroidizing - increase of carbon content when you use a large 
amount of low-carbon steel scrap instead of much more expensive 
pig iron. On this field Department of Foundry of Silesian 
University of technology has many successes, which are proven 
by many industrial applications and devices. That method of 
introduction is very fast. safe and effective (the effectiveness 
almost 100% could be obtained) and what is the most its 
advantage is very economic too. Although pneumatic injection of 
powdered materials is known and successfully applied for many 
years, the problem, in some aspects, is not completely solved and 
understood. Successful solution of some problems e.g. obtaining a 
good injected particles stream in liquid, small temperature 
decrease after injection etc. could make possible implementing 
the method in foundries and metallurgical plants for utilizing of 
waste materials which would be potentially usable as the raw 
materials. From this point of view, the great advantages for 
natural environment would be much appreciated. Application of 
pneumatic injection method into other than until now areas of 
technology significantly decreases costs connected with 
consumption of power, whose large quantities are used in 
metallurgical and foundry processes. Lesser consumption of 
power, which is generated often (in Poland mainly) using 
traditional power industry based on combustion of coal, will 
affect the environment of more industrialized areas. The main 
disadvantage of pneumatic method is that the residence times of 
the particles in liquid bath is sometimes quit short that may cause 
the poor efficiencies of the material introduced. Therefore the 
character of the diphase stream (gas-powdered material) is of 
fundamental importance to these processes. Currently there is no 
simple method to measure particle trajectories or velocities in a 
furnace or a ladle because of very high temperatures involved. 
This is the reason why low temperature model experiments and 
even computer simulations have been performed [8-10]. 

The paper include the results of pneumatic injection of 
powdered materials into liquid medium (water). Design of a 
chamber feeders and injection lances (especially a new lance with 

a flange) are shortly presented. The experiments have shown the 
most important parameters and relationships between them in 
pneumatic injection process. The influence of particles fraction, 
velocity of the stream in the lance outlet and parameters of carrier 
gas (pressure in pipes and in pneumatic feeder) on the 
technological indexes of the process like effectiveness and rate of 
assimilation of alloy addition have been presented too. 

2. Design of the pneumatic injection 
stands an its parameters 

Because of variety of technological applications the 
installation of powder injection may be a quit simple or a very 
complicated stands but always have to include some of the most 
important parts. One of them is a pneumatic feeder which is the 
start point of the installation  and it is a place where powdered 
material is introduced into pipeline and mixed with a carrier gas 
(in the place called mixing chamber) [1,10-12]. The construction 
of one of the dispensers (invented in Department of Foundry) 
have been shown on Figure 1. 

Fig. 1. Scheme of pneumatic transportation feeder. 
1- pressure tank, 2- frame, 3- bell valve, 4- mixing chamber, 
7- lever, 8- carrier gas supply, 9- valve, 10- gas distributor, 
11- pressure regulator, 12- valve, 13- decompressing valve, 
14- powder outlet, 15,16,17- manometers [1]. 

The dispensers can be generally divided into three categories: 
a) injectors, 
b) fluidizers (conveying of powder being fluidized), 

2.  Design of the pneumatic injection 
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c) combination of injector and mechanical feeders. 
Modern setups have normally more than one dispenser what make 
possible simultaneous injection of several reagents. Such 
approach make possible to: 
a) mix few powders in dispenser to avoid expensive ready-made 
mixtures,
b) limit vaporization of this elements which have a high partial 
pressures at liquid alloy temperature. 

By simultaneous introduction of several reagents during final 
stage of injection the same effect may be obtained like by 
introduction of single but much more expensive reagent and the 
time of process duration will be smaller.  

2.1. Lances and its insertion systems design 

The results of injection processes depends among other things 
on lance construction and its insertion system. Commonly used 
lances types are presented in fig. 2. 

a)  b)  c) 

  d)  e) 

Fig. 2. Injection lances constructions [1]. 

The lance can be made as follows: 
a) monolithic lance – normal steel pipe in ceramic shield), 
b) graphite lance (sometimes in form of hollowing 
electrodes), 

c) air-cooled or water-cooled lance, 
d) ceramic lance 
e) lance with several outlets (for better material distribution). 
The basic criteria of a lance choice is its functionality and 

durability. Problems of lances damages which are comparatively 
expensive are tried to be avoided making many changes in 
blowing-in technology: instead of deep submersion – shallow 
submersion (or non-submerged lances) to the phase separation 
area between slag and liquid metal bath, or increase of mixture 
flow rate with decrease of its mass concentration is used. With use 
of furnaces like cupolas or some EAF’s the good approach is to 
mount in it a permanent lance (or nozzle) when you want to 
introduce of big amounts of powdered reagents. 

2.2. The most important parameters of 
pneumatic injection 

Pneumatic powder injection processes are the very 
complicated physical-chemical ones, which success is determined 
by a lot of important parameters. They are connected to liquid 
metal bath (e.g. its temperature) and carrier gas parameters (e.g. 
pressures in some points of the installation), powder 
characteristic(e.g. grain size) and others. The pneumatic injection 
system should have parameters as follows: 

a) constant rate of powder flow, 
b) carrier gas consumption as small as possible, 
c) short duration time to minimize temperature decrease, 
d) easy operation, 
e) full air-tightness, 
f) possibility to change the injected materials during the 

process.
The most important parameters are: carrier gas flow rate, 

powdered material flow rate, mixture mass concentration 
(material mass flow and gas flow ratio), and velocity of diphase 
stream (it depends on gas velocity of course) in lance outlet. The 
appropriate values of that parameters is a key to obtain the best 
results [1-3].  
Carrier gas flow rate  is given by equation (1): 

N

g
N

m
V  (1) 

where: gm - powdered material mass flow, 

N –carrier gas density . 

Powder flow rate is given by equation (2): 

t
m

m c
c  (2) 

Mixture mass concentration it is a ratio of powdered material 
mass flow and carrier gas mass flow and is given by equation (3): 

g

c

m

m  (3) 
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Velocity of gas in lance outlet is as follow: 

A
m

w g
r

 (4) 

where: A – lance cross-sectional area. 

3. Research topic 
Scientific aspect of presented researches has the very 

important purpose. They should improve the state of knowledge 
about the two-phase stream (gas-particles) effect in pneumatic 
powder injection process. The problem of dynamic force of 
stream while in contact with liquid metal bath surface, is in the 
author's knowledge, not yet solved. Applying very general, known 
relationships and descriptions of this phenomenon does give an 
effect under specific conditions, which are present in the 
pneumatic injection of the gas-powder mixture into depth of 
liquid metal. 

Therefore, it is necessary to develop the knowledge in an 
inter-disciplinary approach, with widely understood issues of two-
phase gas-powder streams in order to find an answer many 
questions in this, seemingly, well mastered field of engineering. 

The purpose of the researches was, first of all, to find an 
answer to the question of diphase stream dynamic influence for 
process technological parameters (mainly using non-submerged 
lance) of powders into liquid metal bath. In order to better 
understand the influence of stream dynamics, according to 
author's knowledge, we have to get acquainted as precisely as 
possible with phenomena which are present at contact interface of 
gas-liquid bath. These phenomena are related to forces described 
in similar processes (in some kinds of moulding machines) as 
"dynamic pressure force” and such a name is used consequently 
by authors for describing this parameter. 

One of the most important parameters of powder injection 
process is the range of the particles stream in liquid alloy for the 
best reagent distribution in whole volume of metal bath. For 
obtaining of the main purpose of the process, the proper value of 
diphase stream force is to be provided. Because the researches 
presented in the paper correspond to "injection" of powders, with 
the least carrier gas content introduced into liquid bath, the 
problem of obtaining the optimum range of particles stream has 
significant meaning. 

The previous author's researches within the scope of powders 
pneumatic injection using the non-submerged lance [13-17] have 
shown that use a lance of primitive design does not eliminate the 
introduction of gases into liquid alloys. In this connection, one 
more purpose of the experiments was to develop a lance of new 
design (with four slots and a flange), that could make sure that an 
effect of "stoppage" of carrier gas before it penetrates into depth 
will be obtained. The lance was invented and its tests in 
laboratory conditions proved its high effectiveness and usefulness 
for powder injection without submersion of the lance. 

Positive solution of problems being analysed will allow 
utilization of this method in melting processes in inductive 
crucible furnaces and ladles, in which traditional application of 

methods has low efficiency or are impossible to use at all.. 
Sometimes the procedure is dangerous due to the specific melting 
conditions and specific geometrical parameters of the ladle or 
furnace (deep and slender). Because melting technology is very 
often similar and almost is connected to necessity of adding 
various elements, it is very important to use an effective and easy 
method of its introduction (especially of powdered materials 
which provide the highest effectiveness). 

Reaching the planned goals will greatly enrich the scientific 
and engineering state of knowledge within the field of use 
pneumatic injection method of various reagents into liquid metal 
bath, providing the tool ready for application in foundries. 

The experiments were so arranged in order to make possible 
finding the relationship and dependencies between process 
parameters (mainly the diphase stream range in liquid medium) 
versus pressure force value which is dependent on many 
parameters of stream dynamics such as velocity of the carrier gas 
in lance outlet, mass concentration of two-phase mixture, etc. 
Reliable assessment of velocity of powdered particles in gas and 
powder stream is very important and difficult issue in pneumatic 
injection technique to be analysed. Applied methods of 
measurements and calculations of process parameters (especially 
velocity of particles) require, for their assessment, application of 
so called “slip coefficient”, which produces very often large 
discrepancies between experimental research and calculated 
results. Examinations were making based on model experiments 
with particles motion analysis in two-phase stream (with 
recording by video camera) ), which answered the question what 
is the real valued of particles velocity and a character of the 
diphase stream introduced into liquid medium [18-20]. 

4. Research method and experimental 
stand

The presented experiments included many inter-disciplinary 
considerations and research methods due to complexity of 
physical and chemical phenomena that accompany the processes 
under analysis. 

The main part of the experiments which led to experiencing 
the effect of the diphase stream force has been done on the basis 
of carefully selected, experiment plan, which enable decrease of 
number of experiments with sureness of precision and wide 
spectrum of variables under analysis. 

Research has been carried out under laboratory conditions 
with use of the pneumatic injection stand shown in fig. 3 with use 
of the powdered particles of different parameters (especially grain 
size of particles, density, shape coefficient, etc.). 

Because the presented research were the model ones water 
was used as a model liquid medium and a part of its was made 
with electronic measurement device instead liquid medium. The 
stream has attacked the surface of the device and a force value 
was measured. 

Measurement method using an electronic measuring device 
make possible almost the continuous measurement (10 times per 
second) and recording the time-dependent force of dynamic 
pressure. Recording (by the PC computer connected) the force 
value will allow the analysis of changing of stream force of 

3.  Research topic

4.  Research method and experimental 
stand
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stream in various moments of powder injection process. Variation 
of this variable results from the fact that significant fluctuations of 
stream occur of two-phase mixture under actual conditions of 
pneumatic conveying. In order to control the process of 
introduction and the parameters obtained, the optimum value of 
dynamic pressure force have been provided, which makes 
possible to achieve the proper infiltration of stream into depth of 
liquid metal bath and, at the same time, it does not allow to 
penetrate of essential quantities of carrying gas. 

Fig. 3. Research stand of powder injection into induction furnace, 
1-chamber feeder, 2-rubber pipeline, 3-injection lance with a 
flange, 4- electronic diphase stream force recording device, 5- 
electronic carrier gas flow measuring device, 6- diphase stream 
force measurement, 7- carrier gas supply, 8- slidable arm, 9- PC 
computer. 

4.1. New invented lance with a flange 

The main problem in pneumatic powder injection with non-
submerged lance is proper distribution of introduced reagent in liquid 
medium without introduction of carrier gas and metal bath 
temperature decreasing. It was the reason for invention of a new 
design of the injection lance, which will cause significant decrease 
and even complete elimination of carrying gas introduction into the 
depth of metal bath. To check its properties the laboratory tests were 
making with a flange and a four slots made on its outlet, stopping the 
carrying gas and separating of particles from two-phase stream. 
Theoretical analysis and general concept and a prototype of the lance 
are already made and a Polish patent application was prepared and 
sent to the Polish Patent Office.  

However, the lance still have to be tested as well as verified in 
another conditions. Its design is shown in Figure 4. 

The experiments without submersion of the lance have been 
made because that approach is necessary with inductive furnaces, 
where use of immersed lance is sometimes impossible at all.  
The reason is a significant bath agitation, what may cause liquid 
metal bath flowing out the furnace or major temperature decrease. 
These problems are not present in the arc furnaces. 

Fig. 4. Scheme of injection lance with flange 

4.2. Description of the researches 

The single experiment has been carried out as follows: 
a) putting into chamber pressure container a weighed portion of 

material (powdered ferroalloy, polyethylene and others), 
b) closing of a bell valve, 
c) setting of a distance between a lance outlet and measurement 

surface of a electronic device, 
d) carrier gas flow opening and setting of its parameters, 
e) measurement of process parameters as injection time, pressure 

in important points of conveying installation, gas flow and 
recording of the stream force value, 

f) shut off a gas flow after blowing-in process. 

Because the effectiveness of injection processes (and its 
character in liquid metal) depends on a powder granulation, it was 
one of the variables which influence was analyzed. The average 
grain sizes of ferroalloy were: 
- fraction 1: da = 0,1 mm, 
- fraction 2: da = 0,5 mm, 
The experiment plan included 12 tests for each fraction separately 
made. Apart from a grain size there were three another parameters 
changed during experiments: 
a) a carrier gas (compressed air) pressure (three levels of 

changing: 0,2; 0,3; 0,4 MPa), 
b) a gas in powder container pressure (three levels of changing: 

0,05; 0,1; 0,15 MPa), 
c) a distance between lance outlet and force measuring device 

(10, 40 and 80mm). 

4.1. New invented lance with a flange

4.2. Description of the researches
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5. Results of the own researches 
The one of the most important goals of the researches was 

finding the relationships between main parameters of the 
pneumatic powder injection. On the basis of the experiments the 
equations (5 and 6) have been formed and presented below. 

Those equations include the values which have an influent on 
the diphase stream forces in pneumatic powder injection into 
liquid metal. 

F = -4,733 • 10-1 + 2,815 p1 + 16,68 p4 (5) 

where: p1 – pressure of the carrier gas, 
 p4 – pressure in the powder dispenser. 

As it is seen in fig. 5 the stream force increases when pressure 
p1 increases. 
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Fig. 5. Diphase stream force as a function of the gas pressures. 

The results presented above have been obtained for pneumatic 
injection of FeSi75 particles with average diameter da = 0,1 mm. 
The analysis of influent of stream mass concentration and carrier 
gas velocity on the lance outlet on the stream forces caused the 
equation (6) shown below: 

F = -6 • 10-1 + 1,94 • 10-2  µ + 1,25 • 10-1 wk (6) 

where:  - diphase stream mass concentration, 
 wk – velocity of the carrier gas in the lance outlet. 

That equation shows that when µ and wk increase the stream 
force increase too what is shown on the Figure 6. 

5.1. Diphase stream range in liquid medium 

The obtaining of proper range of diphase stream in liquid metal 
(fig. 7 and eq.6) is important for the success of pneumatic powder 
injection process too. The previously made experiments proved 
[13-17] that the best is the average value (about 40 mm) of 
distance between lance outlet and liquid metal bath surface. That 

proportion causes the best stream range in liquid, off course with 
proper values of other important parameters too. 
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Fig. 6. Diphase stream force as a function of diphase stream 
concentration and velocity of gas on the lance outlet. 

Fig. 7. Jet range in liquid in injection process with non-submerged 
lance; L0-distance between liquid surface and virtual start point of 
conical stream, -jet angle, L-jet range in liquid. 

The diphase stream range L in liquid metal depends mostly on 
distance between lance outlet and liquid surface H, mass 
concentration of stream , velocity of carrier gas wk and particles 
grain size dcz that has been shown in equations 8 and 9. 
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5.1.  Diphase stream range in liquid medium

5.  Results of the own researches
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where: wc – velocity of the powdered material particle,  - liquid 
medium density,  - stream angle. 

341 10568,210388,910477,1 HL  (8) 

czk dwHL 2241 10051,110430,110485,910513,1  (9) 

The model “cold” experiments with liquid (water) have 
shown that new lance with flange makes possible to achieve the 
proper stream range [13,14,15,16,17,21]. The fig. 8 shows one of 
the photos made during experiments. 

Fig. 8. Diphase stream range in model “cold” (water) experiments 
with non-submerged lance of new design. 

6. Conclusions 
The presented paper is the result of author’s works in the field 

of method of pneumatic powder injection into liquid metal bath, 
which should more complete solve the problem of its possible 
industrial applications in foundries and metallurgical plants. 
Moreover the experiments explained some problems of diphase 
stream dynamics, which fundamentally influences on the results 
of the process being analyzed. 

The non-submerged lance has been chosen because that 
method is necessary for inductive furnaces, when use of immersed 
lance is difficult or impossible at all. 

In that case the problems of obtaining of high enough 
powdered particles velocity for proper penetration and 
distribution in liquid volume appear. Solving of that problems and 
prevention of carrier gas introduction into liquid metal bath were 
the main aim of presented work and will be continued in another 
works in Department of Foundry. 

The conducted experiments led to the following conclusions: 
1. Use of non-submerged lance could make possible to achieve a 

proper level of diphase stream force, stream range and 
introduced powdered material distribution in liquid medium. 

2. The carrier gas velocity on the lance outlet has a decisive 
influence on analyzed during experiments parameters. The 

mass stream concentration is very important to because 
together with velocity cause proper kinetic energy of powder 
particles, which is essential to obtaining big enough stream 
range in liquid metal bath. 

3. The setting of the stream velocity can be done by carrier gas 
pressure changing or by changing the geometry of the 
conveying system (both pressure container and injection 
lance). 

4. The highest values of the pneumatic process parameters are 
obtained with granulation of particles da = 0,5 mm and a 
distance between lance outlet and a liquid bath surface 
H = 40mm. The use of the finer grains or higher distances 
requires carrier gas pressure increase. 

5. The results show that method of pneumatic injection of 
powder without lance submersion can be used in foundries at 
industrial conditions but only for introduction of small 
quantities of the powdered material.  
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