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ABSTRACT
Modern technologies for remelting thin-walled aluminium waste are considered, 
and a new method to implement such process is proposed. This made it possible to 
increase the yield of a suitable remelted product to 83% from the mass of the initial 
remelting portion. The main idea is to use indirect heating of the charge. This will 
allow to significantly reduce the irreversible loss of metal due to burning which can 
reach 60%. In the proposed process, solid waste is melted by overheated melt stream. 
The movement of such stream is provided by the action of electromagnetic field. For 
the practical implementation of the offered idea, there was used a magnetodynamic 
pump (MDP) designed in the Physico-Technological Institute of Metals and Alloys of 
National Academy of Sciences of Ukraine. The MDP has a significantly higher heat 
and power factor than electromagnetic pumps of travelling magnetic field which are 
often used in similar technologies. Mathematical model of the remelting process of 
aluminium thin-walled and fine charge due to convective heat transfer was devel-
oped. On the basis of this model, an engineering calculation of the specific process of 
remelting used aluminium cans in the liquid aluminium stream was also carried out. 
The obtained results were used at further conducting a full-scale experiment. There is 
designed and successfully practically tested the experimental two-chamber circula-
tion circuit with MDP for remelting thin-walled aluminium waste. Recommendations 
for further development of the proposed process were formulated.
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Introduction

Aluminium-based alloys are increasingly used in 
construction, energy, transport, aviation, etc. Paper 
[1] outlines the advantages of using aluminium in 
the automotive, construction, aerospace industries, 
etc., and indicates the prospects for increasing the 
consumption of aluminium scrap for the re-pro-
duction of aluminium alloys. The largest number of 
products made of aluminium and its alloys is found 
in mechanical engineering (~ 45%). Construction is 
in the second place in terms of aluminium consump-
tion (~ 30%, respectively). A significant amount of 
aluminium is consumed in the manufacture of vari-
ous types of packaging (~ 20%), in energy sector and 
at electricity transportation [2]. Recently, the share 
of aluminium alloys in the production of household 
and food containers, in particular, beverage cans, 
food foil, coffee capsules, etc., has been constantly 
increasing [3].

The rapidly increasing shortage of primary non-
ferrous metals and the need to ensure high competi-
tiveness by reducing the cost of cast products make 
research aimed at technologies for deeper process-
ing and increasing the share of metal waste as a raw 
material in metallurgical and foundry production [4]. 
However, the widespread use of scrap at metallurgi-
cal enterprises, as well as cast products obtained from 
secondary alloys, is by the shortcomings of existing 
technologies for their processing and further involve-
ment in production [5].

Meanwhile, metallurgy of secondary aluminium 
allows for significant savings in raw materials and 
energy. Recycling technology makes it possible to 
reduce the depletion of subsoil assets, minimize 
harmful emissions into the atmosphere, and reduce 
the accumulation of waste aluminium industrial and 
household products. Herewith, the energy costs for 
the production of 1 tonne of secondary aluminium 
(approximately 0.7–0.8 MWh) are only 5% of the costs 
for the production of 1 tonne of primary aluminium 
(15–16 MWh) [6]. The economic and environmental 
benefits of remelting aluminium, which does not lose 
its properties during recycling, as well as the value of 
aluminium scrap, are noted in [4, 7], which discusses 
the need for sorting, pressing, or shredding alumin-
ium cans before remelting. Aluminium recycling saves 
up to 95% of the energy required to produce primary 
metal, as aluminium recycling requires only 5% of the 
energy to produce secondary metal compared to pri-
mary metal and generates only 5% of greenhouse gas 
emissions [7]. The study [8] also emphasizes that alu-
minium recycling has a number of key environmen-
tal and economic benefits. However, the presence of 
problematic impurities in aluminium should be taken 
into account, which negatively affect the energy costs 
of melting: Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V, and Mn. 
It is pointed out that it is necessary to identify strat-
egies for the entire production cycle to reduce the 
accumulation of such elements. The concentration 
of alloying elements during recycling can lead to the 
production of secondary metals and alloys that do not 
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meet specifications, and it was predicted that in 2050, 
Japan, USA, Europe, and China will accumulate about 
12 400 thousand tonnes of obsolete scrap, which will 
be difficult to recycle due to the high concentration of 
alloying elements [9].

In addition, the production of one metric tonne of 
primary aluminium requires about four metric tonnes 
of bauxite and produces about two metric tonnes of 
red mud. Bauxite mining is also an activity that causes 
environmental problems. Paper [10] notes that bauxite, 
as a raw material for aluminium, is rare on earth, and 
the area and amount of aluminium use are increasing 
over time. The authors [10] present a technology for 
recycling aluminium from waste and scrap by remelt-
ing in an induction furnace, casting into small ingots, 
and hardening to the parameters of 7075 aluminium 
alloy. Accordingly, the favourable energy balance 
makes aluminium an excellent product for recycling, 
since the main component in the cost of primary alu-
minium production is electricity. Therefore, alumin-
ium has another significant advantage: Its waste has 
a higher market value than many other materials [6].

Recycled aluminium waste in the metal circulation 
system has a different initial origin: cast, heat-treated, 
deformed, and many options of combined treatments. 
For example, [11] developed a technology for process-
ing a mixture of aircraft aluminium scrap into a 7075 
alloy that meets the requirements of GB/T 3190-2008. 
The technology includes melting aluminium scrap, 
adjusting the composition, refining, and casting into 
ingots, followed by extrusion and heat treatment. As 
a result of the processing, the mechanical properties 
of all Al profiles exceeded the requirements of ASTM 
B209-14 and B221M-13. The heat-treated bars had 
the highest tensile strength (591 MPa), yield strength 
(534 MPa), elongation (10.0%), and stress-corrosion 
susceptibility factor (44.8) [11]. The processing of air-
craft aluminium scrap by smelting, extrusion, and heat 
treatment is also described in [12]. Researchers [13] 
studied the effect of the type of recycled aluminium 
waste on the impact strength and hardness, as well as 
the microstructure, during the melting process. It was 
shown that the hardness and impact strength of alu-
minium obtained from melting down beverage cans 
are an average between the properties of aluminium 
obtained from a petrol engine piston and an alumin-
ium pan. The paper [14] shows that the addition of 
zinc (Zn) and copper (Cu) in the form of alloying ele-
ments improves the mechanical properties of recycled 
sand cast Al–Cu–Zn alloys. The paper [15] reports the 

results of strontium Sr modification of a cast Al-Si 
secondary alloy. It was found that an increase in 
the amount of Sr increases the impact strength and 
changes the morphology of eutectic silicon, which 
affects the fracture surface. Study [16] found that the 
highest fluidity and tensile strength of the Al-Si alloy 
were obtained by gravity casting with the addition of 
0.4% wt% sodium-based flux at 740 °C. The range of 
target properties of aluminium alloys obtained using 
recycled aluminium may include the use of materials 
with the effect of shape memory [17] or superplastic 
forming [18].

In [19], researchers focused on the use of second-
ary aluminium in the automotive industry to reduce 
the consumption of primary aluminium. It is noted 
that secondary aluminium alloys have the same micro-
structural parameters and properties as primary alu-
minium alloys. The study [20] provided a comprehen-
sive, industry-wide analysis of aluminium reuse and 
recycling in the most energy-efficient way in the auto-
motive, aircraft, packaging, and construction indus-
tries, electrical and mechanical engineering equipment 
manufacturing, etc. New technologies for processing 
automotive scrap are discussed in [4]. The advantages 
of laser-induced breakdown spectroscopy (LIBS) and 
solid-state processing (with preliminary compres-
sion and extrusion at room or moderate temperature) 
are highlighted in terms of achieving higher material 
yields compared to conventional melting. Paper [21] 
describes a method of modifying aluminium alloys to 
produce materials for the manufacture of aircraft and 
automotive engine housings and parts.

The issue of the recycling yield (reduction of una-
voidable losses) for aluminium is addressed in [22]. 
The study found that when recycling aluminium 
waste, more non-metallic contaminants and a higher 
ratio of surface area to body volume result in a lower 
metal yield (cast ingots produced better results than 
rolling cuts under similar conditions; bottle caps are 
easier to recycle than foil [22]). At the same time, the 
composition of the salt flux has a greater impact on 
recycling efficiency than the temperature factor. Arti-
cles [21, 23] indicate that the presence of toxic (cad-
mium) and expensive (silver) strengthening additives 
significantly limits the potential for recycling alumin-
ium alloys. The influence of casting parameters on 
the efficiency of aluminium beverage cans recycling 
using an electric induction furnace was investigated 
in [24]. In this case, the cans were pre-compacted into 
“packages” (pressed), and during remelting, the bath 
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temperature and the amount of flux were varied. After 
pouring into moulds, the degree of recovery of alu-
minium by mass was determined, and it was deter-
mined that bath temperatures above 750 °C and flux 
amounts of at least 10 wt.% lead to good recovery of 
aluminium after the recycling of cans [24].

In [9], a multimaterial dynamic pinch analysis of 
the aluminium flow in developed countries (Japan, 
USA, Europe, and China) was carried out, for which 
60, 65, 30, and 85% of the potential for reducing pri-
mary aluminium consumption from the current level 
was established, respectively. Paper [25] shows the rel-
evance of separating aluminium scrap streams and the 
industry’s dependence on the secondary aluminium 
market, including the volume of aluminium beverage 
cans recycled. Kevorkijan V. [26] pointed out that a 
significant portion of secondary aluminium scrap is 
used to produce relatively cheaper casting alloys, los-
ing a significant portion of their potential added value. 
Design algorithms for increasing the share of recycled 
scrap were developed in [26]. The algorithms include 
two ways: (a) applying pre-sorting of scrap into frac-
tions with the required chemical composition and 
mixing them to obtain wrought alloys with predict-
able composition and properties; or (b) expanding the 
tolerance limits for the content of alloying elements 
(which requires radical changes in existing standards) 
and creating non-standard “recycling-friendly” alloys.

As a result of technological treatments, all recy-
cled metals have a completely characteristic struc-
tural state and different heredity, which can have 
a significant impact on the quality of cast products 
(pig alloys, ingots, castings, granules, etc.) obtained 
from recycled materials. In most cases, scrap is used 
to produce cast alloys for the automotive or aero-
space industries. In addition, most recycling plants 
are located near the automotive industry. Improving 
the quality of cast products is the most important task 
of metallurgical and foundry industries. At present 
stage, relevant interrelated directions are reducing the 
mass of castings and increasing the share of castings 
from light alloys (for example, from alloys based on 
aluminium and magnesium). Herewith, aluminium 
recycling requires new technological approaches and 
solutions. Thus, a special place in practice is occupied 
by the problem of recycling thin-walled aluminium 
products that have a loss rate of 30–40% and more [5]. 
For example, paper [27] developed a methodology 
for the recycling of aluminium cans together with pri-
mary aluminium when the product is converted into 

laminated electrically conductive tape for industrial 
applications. The article [28] also contains information 
on the technology of recycling used aluminium bever-
age cans (UBCs) and experimentally shows that the 
high manganese content and susceptibility to oxida-
tion reduce the efficiency of can recycling. At the initial 
stages of recycling, cans are pressed or shredded, and 
there are several effective methods of cutting (shred-
ding) [29, 30].

Currently, the leading manufacturers have devel-
oped a whole arsenal of chemical and physical meth-
ods for influencing charge metals and alloys in the 
“solid–liquid–solid state” system, which are used in 
the production of cast products from primary metals 
and for critical alloys. However, in secondary metal-
lurgy, these processes are used to an extremely limited 
extent. The paper [31] shows the possibility of using 
ultrafast laser radiation (laser energy) to melt thin alu-
minium plates. The selective laser melting method was 
used to develop thin-walled AlSi10Mg alloy parts [32], 
and the effect of target thickness on product dimen-
sional distortion was investigated. For thinner walls, 
maximum distortions and deviations from the design 
thickness were observed. To reduce the burning of 
cans during heating before melting, they are briquet-
ted and extruded [33], and during remelting, the melt 
is fluxed [28]. Paper [34] investigates the transforma-
tion of AA6060 aluminium alloy chips into finished 
products by hot extrusion followed by cold extrusion. 
In this case, the quality of finished parts based on 
chips significantly depends on the adhesion strength 
between individual chips, which is established during 
hot extrusion. In the work [35], the authors found that 
for compression conditions of aluminium cans, char-
acteristic of pressing, extruding, and briquetting, the 
wall thickness of the can as well as the varnish coat-
ing thickness affect the strength characteristics of pro-
cesses, which must be taken into account both when 
designing cans and when recycling them. In addition, 
the energy-force modes of deformation of cans are 
influenced by storage conditions (and the associated 
ageing processes of aluminium alloys), as well as cli-
matic conditions [36].

Paper [37] shows that in the manufacture and sub-
sequent processing of thin-walled aluminium prod-
ucts, the quality of their surface deteriorates with an 
increase in the concentration of aluminium carbide 
particles formed during the production of primary 
aluminium. At the same time, the carbide concen-
tration decreases rapidly during remelting, and this 
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decrease occurs faster in air than in argon. Therefore, 
recycled secondary aluminium can replace the second-
ary one with exceptionally high profit margins, but 
it is necessary to develop technological solutions that 
allow us to control the process of obtaining the final 
properties of aluminium products.

Figure 1 shows some of the most common types 
of households thin-walled aluminium waste—drink 
containers, packaging tape, foil, etc. The efficiency of 
remelting such aluminium waste directly depends on 
the method of transferring thermal energy to the object 
being remelted and is determined by parameters such 
as aluminium loss (Al-yield) and recycling yield [38].

In case of direct heating, irreversible losses of 
melted thin-walled and small scrap by weight (actu-
ally loss) can reach 50–60% [5]. The results of [38] 
also show that cans recycling with drossing flux 
provides 55.2 to 59.1% recycling yield, and recycling 
without flux provides 52.5 to 54.7% recycling yield. 
One of the ways to reduce such losses is to elimi-
nate direct heating of such a charge, especially in 
case of using a gas burner in a furnace unit where 

temperature control is carried out. At the same time, 
a controlled temperature regime is formed to ensure 
the quality of the technological process [39]. Better 
results, both in terms of reducing aluminium and 
alloy losses and producing high-purity melts, are 
achieved when remelting in induction furnaces using 
cold crucible or skull melting technologies [40–42]. 
In addition to increasing the yield of usable alu-
minium, an urgent problem in the recycling of used 
aluminium beverage cans is the removal of organic 
residual contaminants, lacquer, and paint coatings 
[43–45]. For such firing and thermal de-coating, 
pre-treatment is used in two-chamber [43, 46, 47] or 
multi-chamber [44, 45] furnaces, which have a much 
wider range of functions. It is most rational to melt 
a thin-walled and small charge in a stream of super-
heated melt [21, 48]. Therefore, modern technolo-
gies of remelting thin-walled aluminium waste are 
usually based on the use of two-chamber systems 
connected by channels, on one of which a pump is 
installed to ensure circulation of the melt in the sys-
tem [43, 49] (Fig. 2).

Figure 1   Remelted waste of 
thin-walled aluminium charge 
with a developed surface (for 
example, cans for various 
drinks).

Figure 2   Flowchart of 
the system for remelting 
aluminium waste (arrows 
indicate the direction of the 
melt movement and mixing).
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One of the chambers is heated by a heat source and 
serves to accumulate the melt, the other, as a rule, is 
unheated and is intended for remelting the charge in 
the melt flow coming from the heated chamber. "Some-
times the second chamber provides additional heating 
of the melt in order to compensate for its heat loss dur-
ing circulation and remelting of the charge, and there-
fore is an induction crucible furnace [43, 49]. In some 
cases the entire melting system is structurally designed 
and functions as an induction channel device with a 
horizontally located channel  [43, 50]. Herewith, the cir-
culation of metal in such a system is almost throughout 
carried out using a pump installed on one of the con-
necting channels (as of today, most often a linear elec-
tromagnetic pump or a running magnetic field pump), 
which is able to provide high values of process produc-
tivity due to the ability to develop high mass flow rates 
when pumping the melt [21, 48, 51, 52].

As mentioned above, modification with alloying 
additives is not always energy efficient and compli-
cates aluminium processing. Ultrasonic processing is 
known to refine the microstructure of a cast alloy, and 
it was found [53] that in the presence of iron impu-
rities, the grinding of Al grains is more intense. To 
suppress and prevent defects, technological methods 
of creating dynamic effects during casting and solidi-
fication of alumina are becoming widespread [48]. 
High efficiency of dynamic influence is achieved due 
to the simultaneous influence of vibroimpulses and 
regulated forced stirring on the melt. The study [48] 
is based on the idea of using the phenomenon of the 
linear pinch-effect to influence its thermal and force 
factors on the aluminium melt during its multiple 
circulating pumps through a local zone with reduced 
pressure relative to atmospheric pressure. In [21], it 
was proposed to use the energy of electromagnetic 
fields and magnetohydrodynamic (MHD) effects 
to treat alloys in the liquid state. The study showed 
that the developed MHD treatment of alloys ensures 
the crushing of the structure and an increase in the 
main mechanical properties of aluminium alloys in 
the solid state, which is actually their physical modi-
fication with the exclusion of the use of strengthening 
additives.

Thus, it is necessary to highlight the scientific 
achievements, which are the focus of the research in 
this article:

- Improvement of the strategy to increase the share 
of waste aluminium as a raw material in metallurgi-

cal and foundry production, including for the crea-
tion of non-standard alloys;
- Recycling of hard-to-dispose of used aluminium 
cans as thin-walled bodies, the melting of which in 
traditional melting units is difficult; increasing the 
efficiency of recycling and Al-yield (reduction of 
metal losses) in the remelting of thin-walled alu-
minium products;
- Reducing the influence of impurities in aluminium 
on energy costs during remelting and increasing the 
purity of alloys, conditioned for further use;
Physical modification of the melt by magnetody-
namic methods instead of modification with the 
addition of alloying elements, while ensuring high 
productivity; revealing the peculiarities of changes 
in the chemical composition of the experimental 
alloy during remelting; development of the effect of 
temperature removal of residual organic contami-
nants and paint coatings in the jet of superheated 
melt driven by a circulation pump;
- Increasing the efficiency of electromagnetic field 
energy and magnetohydrodynamic (MHD) effects 
on the mixed-melt by using magnetodynamic pump 
to pump the melt through a local zone with reduced 
pressure; determination of the most preferable 
speed mode of melt circulation, overpressure for 
metal lifting and power of magnetodynamic pump;
- Development of the mathematical model describ-
ing the charge heating by the jet of heated melt on 
the contact surface and kinetics of its melting in con-
ditions of convective heat transfer with determina-
tion of rational technological modes at the given 
productivity of remelting process; improvement of 
the method of calculation of heat energy transfer to 
the remelted raw material.

Materials and methods

Features of the method

The paper proposes an experimental device for remelt-
ing thin-walled aluminium waste, which completely 
preserves the principle of operation and the main ele-
ments of the flowchart discussed above (see Fig. 2). 
The main distinctive feature is the use of a magnetody-
namic pump (MDP) designed by Physico-Technolog-
ical Institute of Metals and Alloys (PTIMA) National 
Academy of Sciences (NAS) of Ukraine [54–56].
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Magnetodynamic pumps provide transportation of 
liquid metal through closed pipelines and compen-
sation for heat loss of the melt. The general arrange-
ment and principle of operation of such a device can 
be demonstrated using the example of the MDP-3 
pump (Fig. 3).

Voltage is applied to the windings of the inductor 
and the electromagnet. In the working area, there is 
interaction of the inductor-induced electric current 
IC in the liquid metal located in the induction chan-
nel with the external magnetic field Ф created by the 
electromagnet. As a result of such interaction and in 
accordance with the left-hand rule, an electromag-
netic force F is generated, ensuring the movement 
of the liquid metal at a certain speed υ. In this case, 

the movement of the melt can be organized both in a 
closed circuit and during transportation (pouring) of 
liquid metal into a casting mould, crystallizer, or ladle.

A laboratory magnetohydrodynamic (MHD) cir-
culation circuit (Fig.  4) is proposed for remelting 
waste aluminium alloys, which incorporates a mag-
netodynamic pump (MDP) designed by PTIMA NAS 
of Ukraine [54–56]. Compared to a circuit with lin-
ear electromagnetic pumps and pumps of travelling 
magnetic field pumps, MDP in this case provides the 
following main advantages: (1) higher electric power 
factor, amounting to 0.6–0.7 versus 0.2–0.3; (2) com-
pensation for heat loss of the melt and the possibility 
of its additional heating during transportation with 
high thermal efficiency (up to 0.9); (3) possibility of 

Figure 3   MDP-3 magneto-
dynamic pump and creation 
of electromagnetic force in 
the melt.

Figure 4   Scheme of the 
MHD circulation circuit for 
remelting aluminium waste 
(arrows indicate the direction 
of circulation of liquid metal 
in the system).
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melting metal that has hardened after a sudden (emer-
gency) power outage; and (4) convenience of out-of-
furnace processing and filtration of molten metal, etc.

The latter is especially important in the light of 
the fact that the melted thin-walled and small alu-
minium waste is heavily contaminated with various 
substances of technical and household origin (paints, 
varnishes, oils, food residues, etc.). In addition, dur-
ing the remelting process, additional contamina-
tion of the liquid metal with gases and non-metallic 
inclusions is possible due to contact with the furnace 
atmosphere and refractory materials. All this leads 
to environmental deterioration in production, the 
formation of a large amount of dross on the surface 
of the melt and the need to apply special measures 
both when preparing waste for remelting and dur-
ing refining processing of the obtained melt [2, 11, 
45, 57–60]. The use of MDP in the proposed scheme 
will make it possible to organize effective refining 
of the melt from gases and inclusions—for example, 
using refining gas and flux media and ceramic foam 

filters, as well as due to purely physical influences, 
in particular, electromagnetic and MHD effects as a 
controlled local pinch effect [36].

Equipment and operation modes

According to the scheme presented in Fig.  4, an 
experimental laboratory MHD circulation circuit 
(Fig.  5) was assembled for remelting thin-walled 
aluminium waste.

The circuit has the following elements connected 
in series:

- Heated chamber (using nichrome spirals);
- Magnetodynamic pump, MDP-3A type;
- Unheated melting chamber;
- Channel (gutter) through which the melt returns 
to the heated chamber.
The technical parameters of laboratory circuit are 
given in Table 1.

Figure 5   External view of 
the experimental MHD circu-
lation melting circuit.

over of heated chamber 

with nichrome spiral heater

heated chamber

frame 

inductor of magnetodynamic pumpelectromagnet of magnetodynamic pump

heated chamber for melting

of thin-walled waste

Table 1   Technical 
parameters of experimental 
circuit for melting of thin-
walled aluminium waste

Parameter Value

Electric power of nichrome spiral in the heated chamber, kW 8
Total electric power of magnetodynamic pump MDP-3A, kW 14
Inductor & electromagnet voltage range, V 0–380
Capacity of the circuit by aluminium melt, kg 100
Overall dimensions (length × wideness × height), mm 1950 × 1750 × 1300
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Results

Mathematical model

The study and determination of rational parameters 
for the melting process of aluminium scrap in a flow-
through unheated chamber of the developed MHD 
circulation circuit with MDP are associated with sig-
nificant difficulties. The need to vary a large number 
of factors influencing the kinetics of melting of the 
charge under conditions of convective heat transfer 
makes the process of experimental research cumber-
some. The task of determining rational technological 
regimes with a given process productivity is extremely 
difficult. All this makes it advisable and even neces-
sary to use mathematical modelling methods to study 
the melting process.

As already noted, aluminium chips and other types 
of aluminium scrap metal are characterized by a very 
small thickness l (about 10–4–10–3 m) and a relatively 
large surface. Obviously, with such small thicknesses, 
the inhomogeneity of the temperature fields of bodies 
heated in the melting chamber of the unit by the melt 
flow should be small.

However, the value of the heat transfer coefficient 
by convection � during heat exchange between a 
flow of overheated melt and a heated solid object is 
unknown and depends mainly on the thermophysical 
characteristics of the solid body material, the melting 
alloy, as well as on the temperature and speed of the 
latter.

The process of heating to the melting point of a sin-
gle body in the form of a metal plate placed on the free 
surface of the melt flow in the melting chamber was 
considered (Fig. 6).

Here: �—melt flow speed, m/s; F—contact area of 
the stationary plate with the melt flow, m2; q(0, �) and 
q(l, �)—heat flux density, respectively, at the bounda-
ries at x = 0 and x = l , W/m2.

Such a plate can be represented as an infinite body 
through which heat is transferred only in the direc-
tion x.

The differential equation of thermal conductivity 
for such a heated plate has the form of [61, 62]:

where c
T
—heat capacity of aluminium plate, J/(kg·K); 

�
T

—aluminium plate density, kg/m3; T—plate tem-
perature, K; �—time, s; �

T
—thermal conductivity coef-

ficient of the material of the heated solid body, W/
(m⋅K); x—space coordinate, m; l—plate thickness, m.

Extending Eq. (1) to the whole area x ∈
[
0,l

]
 ; then

The coefficients c
T
 , �

T
 and �

T
 change insignificantly 

as the temperature of the plate increases before melt-
ing begins, so we accept them as constant values 
independent of temperature. Taking into account the 
above, Eq. (2) becomes:

(1)c
T
𝜌
T

𝜕T

𝜕𝜏
= 𝜆

T

𝜕2T

𝜕x2
, 𝜏 > 0, 0 < x < l

(2)

l

∫
0

c
T
�
T

�T

��
dx =

l

∫
0

�
T

�2T

�x2
dx

Figure 6   Scheme of the 
process of heating a solid 
body in the form of a thin 
metal plate with a flow of 
superheated melt.
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Considering that, according to Fourier’s law of ther-
mal conductivity q = −�

�T

�x
 , we have

Thus,

Taking into account the small thickness of the plate 
(in comparison with the size of the melt flow), it is 
advisable to assume equality of plate temperatures at 
its boundaries at x = 0 and x = l , i.e. 

Now Eq. (5) looks like

The heat flux density q(0, �) is determined by the 
law of convective heat transfer

where T
av.m

= const—average melt temperature in the 
melting chamber; as a first approximation T

av.m
 , it can 

be taken as the arithmetic mean of the melt tempera-
tures at the inlet and outlet of the melting unheated 
chamber, K; T = T(�)—current value of the plate tem-
perature, K.

The heat flux density q(l, �) can be determined based 
on the laws of convective heat transfer or thermal 
radiation. q(l, �) can also be expressed by the law of 
total heat transfer. Herewith, taking into account the 
obvious short duration of the process of heating the 
plate to the melting temperature, we will neglect the 
value q(l, �) . In this case, it is assumed that the plate 
accumulates all the heat supplied from the melt flow. 
In this case, Eq. (7) becomes

(3)c
T
�
T

l

∫
0

�T

��
dx = �

T

l

∫
0

�

�x

�T

�x
dx

(4)−c
T
�
T

l

∫
0

�T

��
dx =

l

∫
0

�q

�x
dx =

l

∫
0

dq

(5)−c
T
�
T

l

∫
0

�T

��
dx = q(l, �) − q(0, �)

(6)T(0, �) ≈ T(l, �)

(7)−c
T
�
T

�T

��
l = q(l, �) − q(0, �)

(8)q(0, �) = �
(
T
av.m

− T

)

(9)c
T
�
T

�T

��
= �

(
T
av.m

− T

)

Equation (9) can be solved, for example, by numeri-
cal methods, but for this it is necessary to know the 
value of the heat transfer coefficient � . The result of 
such solution will be the dependence of its heating 
before the melting start.

The melting process of the plate was considered (see 
Fig. 6). We assume that the plate temperature is main-
tained constant throughout the entire process and 
equal to the melting temperature T

mel
 of the alloy. In 

this case, the heat supplied to the surface of the plate 
is consumed for its melting.

The differential equation for the plate melting pro-
cess looks like [61, 62]:

where L—specific aluminium alloy melting heat, J/kg; 
m—plate mass, kg.

According to Eq. (10), elementary mass dm is melted 
during elementary time d�.

The plate melting speed is determined from the fol-
lowing expression

To estimate the plate melting time, Eq. (11) has been 
integrated over time from the moment �

1
 , i.e. melting 

start, to �
2
—melting end:

and

where m
(
�
1

)
—mass of molten metal at a moment in 

time �
1
 , kg; m

(
�
2

)
—molten metal mass at a moment 

in time �
2
 , kg.

Since m
(
�
1

)
= 0 , and m

(
�
2

)
= m , then the melting 

time �
m

 of entire plate will be

So, the most important equations of the process 
under study are (9), (11) and (14). But these equations 
cannot be solved, since the convection heat transfer 
coefficient is unknown. In addition, the actual pro-
cess involves heating and melting of the charge layer. 

(10)�
(
T
av.m

− T
mel

)
Fd� = Ldm

(11)dm

d�
=

�
(
T
av.m

− T
mel

)
F

L

(12)

�
2

∫
�
1

dm

d�
d� =

�
2

∫
�
1

�
(
T
av.m

− T
mel

)
F

L

d�

(13)m

(
�
2

)
−m

(
�
1

)
=

�
(
T
av.m

− T
mel

)
F

L

(
�
2
− �

1

)

(14)�
m
= �

2
− �

1
=

m ⋅ L

�
(
T
av.m

− T
mel

)
F
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Unlike a plate, in such a layer the temperature is dis-
tributed non-uniformly, which complicates the formu-
lation of the problem and its solution.

In this regard, an experiment is needed that would 
allow us to determine the coefficient taking into 
account the features of the real process.

In order to specify the conditions for conducting 
such an experiment and identify all the required 
parameters on the experimental equipment, we will 
study the process of melting a portion of an alumin-
ium charge with a mass of M

por
 , placed on the surface 

S
K

 of the melt in an unheated melting chamber (Fig. 7). 
In the case when the height of the charge layer along 
the length of the chamber is the same, its current value 
is equal to h∗.

The thermal process from the initial moment of time 
(� = 0) of the “instantaneous” filling of the charge on 
the melt surface was analysed. The entire charge was 
assumed to be stationary and in contact with the melt 
only in the plane of its surface S

K
 , i.e. the possibility of 

immersion of individual charge bodies into the melt 
was excluded.

The bodies (particles) of the finely dispersed thin-
walled charge, in direct contact with the melt, are 
heated to the melting temperature at a very high 
speed. Therefore, when studying the process of melt-
ing a charge in a melt flow, it is advisable to exclude 
the short-term stage of heating a relatively thin layer 
of bodies in contact with the melt flow at the initial 
moment of time.

Thus, instantaneous heating of the charge across the 
contact surface S

K
 to the melting point was assumed. 

During the entire process of melting a portion of the 

charge, the temperature on such a surface is main-
tained constant T

mel
 . It was assumed that the melt 

flow rate at the outlet of the melting chamber would 
be greater than at the inlet by the value of the charge 
melting rate. In this case, the melt level in the melting 
chamber will be stable. It is clear that when the metal 
is melted from the boundary surface S

K
 , the charge 

bodies located above S
K

 are simultaneously heated, 
which gradually descend to the surface of the melt 
flow, heating up to a temperature T

mel
.

The differential equation of the melting process of 
the charge portion was represented as

where �
ef

—effective coefficient of thermal conductivity 
of the charge material, taking into account the disper-
sion of the latter in the bulk state, W/(m⋅K).

Equation (15) can be rewritten as follows

where 
dM

por

d�
—melting speed, kg/s.

Equations (15) and (16) are heat balances. The left 
side in (15) represents the amount of heat supplied 
from the melt flow to the surface S

K
 of the charge por-

tion during elementary time d�  . This heat is consumed 
partly on melting the elementary mass of the alloy 
dM

por
 (the second summand on the right side in (15)) 

and partly on heating the part of the charge that has 
not been melted at a given time (the first summand 
on the right side in (15)). Obviously, the right side in 
Eqs. (15) and (16) is represented by a sum, since 𝜕T

𝜕x
< 0

(15)�
(
T
av.m

− T
mel

)
S
K
d� = −�

ef

�T

�x
S
K
d� + LdM

por

(16)�
(
T
av.m

− T
mel

)
S
K
= −�

ef

�T

�x
S
K
+ L

dM
por

d�

Figure 7   Scheme of the 
process of heating and melt-
ing a thin-walled aluminium 
charge with a developed 
surface in a flow-through 
unheated melting chamber of 
an experimental MHD circu-
lation circuit with MDP.
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The heat flux from the melting boundary into the 
charge layer was expressed from Eq. (16):

where �
(
T
av.m

− T
mel

)
S
K
= const

After multiplying Eq. (5) by S
K

 , the following was 
obtained:

Equation (18) is written for a plate. It has been 
rewritten for the charge layer. Considering that 
q(0, �)S

K
= −�

ef

�T

�x
S
K

 , we will get from Eqs. (17) and 
(18):

(17)−�
ef

�T

�x
S
K
= �

(
T
av.m

− T
mel

)
S
K
− L

dM
por

d�

(18)c
T
�
T
S
K

l

∫
0

�T

��
dx = q(0, �)S

K
− q(l, �)S

K

(19)c
ef
�
ef
S
K

h
∗

∫
0

�T

��
dx =

(

�
(
T
av.m

− T
mel

)
S
K
− L

dM
por

d�

)

− q

(
h
∗
, �
)
S
K

where c
ef

—effective value of the heat capacity of the 
charge material, J/(kg⋅K); �

ef
—effective density of the 

charge material, kg/m3; q(h∗, �)—density of heat flux 
given off by the free surface of the charge to the envi-
ronment, W/m2.

As is known, at a body surface temperature below 
500 K (227 °C), the main heat transfer to the air is 
carried out by convection; at higher temperatures, 
above 1000 K (727 °C)—by thermal radiation. Since 
the temperature of the free surface of the aluminium 
charge layer in the unit chamber changes during the 
melting process from 20 °C (or any other tempera-
ture) to melting temperature for aluminium T

mel
 

(660 °C), we will express the surface flux density as 
follows:

where �
K

—heat transfer coefficient by convection 
from the boundary surface at h∗ , (W/(m2.K); T(h∗, �)
—boundary surface temperature, K; T

C
= 293.15 K 

(20 °C)—ambient temperature; k—Stefan–Boltzmann 
constant, 5.67 ⋅ 10−8 W/(m2.K4); �—body surface emis-
sivity coefficient; for aluminium polished at tempera-
tures from 500 to 800 K � = 0.039 − 0.057 [61–64].

The coefficient �
K

 estimation was performed. With 
natural air convection, the Nusselt number is [61, 62, 
65]

(20)q

(
h
∗
, �
)
= �

K

(
T

(
h
∗
, �
)
− T

C

)
+ k ⋅ � ⋅ T

(
h
∗
, �
)
4

where C and n—coefficients; Pr—Prandtl number; Gr

—Grashof number, determined by the formula [61, 62, 
65]:

where �—volume-expansion coefficient, 1/°C; g—
gravity acceleration, m/s2; l

T
—characteristic size of the 

streamlined body (for a horizontally located layer of 
charge in the chamber—the smallest size (m); in this 
case ~ 0.1 m); �—kinematic viscosity, m2/s; ΔT—tem-
perature difference at the boundary of a streamlined 
body, °C.

(21)Nu = C(Pr ⋅Gr)n

(22)Gr = �
g ⋅ l

3

T

�2
ΔT

The physical constants for air, which are part of the 
similarity numbers, are determined by the average 
temperature of the boundary layer in °C. The average 
temperature of the free surface of the charge layer in 
the chamber during the melting process is equal to

Then, the average temperature of the boundary 
layer of air will be:

For dry air at normal atmospheric pressure 
(0.1 MPa), a temperature of 180 °C corresponds to [66, 
67]:

(1)	 kinematic viscosity V = 32.49 ⋅ 10
−6 m2/s;

(2)	 volume-expansion coefficient � = 22.1 ⋅ 10
−6 1/°C;

(3)	 Prandtl number Pr = 0.681;
(4)	 coefficient of thermal conductivity �

B
= 3.78 ⋅ 10

−2 
W/(m⋅K).

(5)	 In this case, we define ΔT  as the difference 
between the average temperature of the surface of 
the charge layer T

S.av
 during the melting process 

and the ambient air temperature

(23)T
S.av

=
20 + 660

2

= 340
◦
C

(24)T
b
=

T
S.av

+ T
C

2

=
340 + 20

2

= 180
◦
C
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Thus, we will get

The product Pr ⋅Gr will be:

According to the data [66, 67],  in case 
5 ⋅ 10

2 < Pr ⋅Gr < 2 ⋅ 10
7 the coefficients will be: C = 0.7 

and n = 0.25.
Substituting all the necessary values into Eq. (21), 

we will obtain

Considering that, according to [61, 62, 65], the Nus-
selt criterion can be expressed as

we have:

So, the approximate value of the coefficient �
K

 is 
determined. Returning to expressions (19) and (20), 
substitute (20) into Eq. (13) and then obtain:

When considering the actual temperature distribu-
tion at the segment (0, h∗) , we proceeded to its aver-
age integral value T

av
 . This temperature is a function 

of time only, and the derivative �T
��

 characterizing the 
change in time of the average integral temperature of 
the charge layer can be taken out of the sign of the 
integral. As a result, Eq. (31) will take the form:

(25)ΔT = 340 − 20 = 320
◦
C

(26)Gr =
9.81 ⋅ 0, 1

3

(
32.49 ⋅ 10

−6
)
2

⋅ 22.1 ⋅ 10
−4

⋅ 320 = 65.7 ⋅ 10
5

(27)Pr ⋅Gr = 0.681 ⋅ 65.7 ⋅ 10
5 = 44.74 ⋅ 10

5

(28)Nu = 0.7

(
0.681 ⋅ 65.7 ⋅ 10

5
)0.25

= 32.18

(29)Nu =
�
K
⋅ l

T

�
B

(30)

�
K
=

Nu ⋅ �
B

l
T

=
32.18 ⋅ 3.78 ⋅ 10

−2

0.1

= 12.16 W∕(m2
⋅ K)

(31)

c
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ef
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h∗
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��
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[

�
(
T
av.m

− T
mel

)
⋅ S

K
− L

dM
por

d�

]

−
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�
K

(
T(h∗, �) − T

C

)
⋅ S

K
+ 5.67 ⋅ 10

−8
⋅ � ⋅ T(h∗, �)

4

⋅ S
K

]

(32)c
ef
�
ef
S
K

�T
av

��
⋅ h

∗ =

[

�
(
T
av.m

− T
mel

)
⋅ S

K
− L

dM
por

d�

]

−
[
�
K

(
T(h∗, �) − T

C

)
⋅ S

K
+ 5.67 ⋅ 10

−8
⋅ � ⋅ T(h∗, �)

4

⋅ S
K

]

From the product �
ef
⋅ S

K
⋅ h

∗ we obtain the current 
value of the charge mass M

ch
(�) as a function of time. 

We rewrite Eq. (32) as:

The resulting differential equation characterizes 
the change in the heat content of the charge mass 
M

ch
(�) during the melting process.

Equation (33) was extended to the whole charge 
melting process. The following was obtained as a 
result:

or

where M
ch

(
T
av

)
—current value of the charge mass as 

a function of the average integral temperature, kg; T
in

—initial charge temperature, K; dT
av

—full differential 
of average integral temperature, K.

Taking �, L, �
K
, � as constant values, as well as 

considering that S
K
= const , was received:

(33)
c
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To simplify, we replace the temperature function 
of the free surface T(h∗, �) of the charge layer with 
its arithmetic mean value. As a result, Eq. (29) will 
take the form:

In Eq. (37), the function M
ch

(
T
av

)
 is unknown and 

must be specified correctly. For this purpose, the 
previously mentioned Eq. (33) was analysed. On the 
left side of Eq. (33) we have a change in the thermal 
power of the charge layer. Over time, the tempera-
ture of such a layer increases and is distributed more 
and more uniformly, and the difference 

(
T
mel

− T
av

)
 

decreases. This helps to reduce the heating rate �Tav
��

 

of the layer. The current mass value M
ch
(�) gradually 

decreases to zero.
Thus, the rate of change in the thermal power of 

the charge layer in the process of continuous accu-
mulation of heat and melting (the left side in Eq. (33)) 
decreases. The free surface of the layer was assumed 
to be thermally insulated, i.e. heat fluxes by convec-
tion and radiation are equal to zero in Eq. (33). Then, 
taking into account that a time-constant heat flux 
�
(
T
av.m

− T
mel

)
⋅ S

K
= const is supplied to the melt-

ing surface, a decrease in the change in the thermal 
power of the charge layer is realized by increasing the 

amount of heat L
dM

por

d�
 spent directly on melting. Here-

with, the melting rate 
dM

por

d�
 increases, which reaches 

its maximum value towards the end of the process.
On the contrary, the heat flux �

(
T
av.m

− T
mel

)
⋅

S
K
− L

dM
por

d�
 passing through the melting front 

decreases with time.
In this case, the charge layer is modelled as a 

porous body that is heated through. Therefore, heat 
fluxes by convection and radiation removed from 
the free surface of the layer (the terms in the sec-
ond square brackets of Eq. (33)) make an additional 

(36)
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∫
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(37)c
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4
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m

contribution to reducing the change in the thermal 
power of the layer.

Taking into account the above, and also, since 
at � = 0 the average integral layer temperature is 
T
av

= T
in

 and at � = �
m
− T

av
= T

mel
 , it is advisable 

to represent the function of changing the mass of 
the layer M

ch

(
T
av

)
 approximately in the form of a 

second-order parabola (Fig. 8):

Expression (38) has been verified. At T
av

= T
in

 was 
obtained:

If T
av

= T
mel

 , then

(38)M
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por
−M

por
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− T
in
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− T
in

)
2
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2

= M
por

(40)M
ch

(
T
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)
= M

por
−M

por

(
T
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− T
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T
mel

− T
in

)
2

= 0

Figure  8   Dependence of the mass of solid charge that can be 
melted in a flow of superheated melt on its average integral tem-
perature.
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This expression has been integrated over a range of 
temperatures T

in
< T

av
< T

mel
:

Substituting the resulting value of the integral into 
the left side of expression (37), and received:

Equation (42) was solved with respect to � ⋅ S
K

:

When setting the problem, it has been assumed that 
heat is supplied to a portion of the charge through 
the boundary surface S

K
 of the melt, which is flat. In 

this case, the free surface of the charge layer was also 
considered as flat and was equal to S

K
 . However, the 

actual process of melting the charge is more compli-
cated. In this case, the layer in the chamber consists of 
a large number of small bodies and its actual surface 
S
Sb

 , through which heat is transferred from the melt, is 
curved. Obviously S

K
> S

s
 . The size of the free surface 

of the real layer, due to the homogeneous distribu-
tion of the density of the charge in the bulk state, can 
be taken statistically equal to S

Sb
 . Taking into account 

the above, the real surfaces of the charge layer were 
considered, replacing in formula (36) S

K
 by S

Sb
 . In 
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� ⋅ S
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4
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av.m
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mel

addition, it is advisable here to express the mass of a 
portion through S

Sb
:

where H
in

—height (thickness) of the initial charge 
layer in the chamber, m.

Formula (43) will be presented in the form:

By dividing formula (45) by S
Sb

 , we will finally get

From formula (46) an obvious conclusion follows: to 
calculate the value of the coefficient, it is necessary to 
experimentally determine the time of complete melt-
ing �

m
 of an arbitrary portion of the charge at certain 

fixed values of the melt temperature and flow rate.
The study of the melting process of a charge with a 

developed surface in the melting chamber of the MHD 
circuit should be carried out according to formulas 
(11) and (14). Assuming that F = S

K
≈ S

Sb
 , as well as 

substituting plate mass ( m ) be portion mass ( M
por

 ), 
was received:

and

Using formula (47), the approximate value of the 
maximum (close to the maximum) melting rate of the 
charge corresponding to the specific mode (values 
T
av.m

= const and � = const ) of melting is calculated.
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The average melting rate ( �
mel.av

 ) of the entire por-
tion of the charge, weighing M

por
 , can be calculated 

using the following approximate formula

Now that a method for analytical evaluation of the 
process under investigation has been developed, pos-
sible aspects of technology optimization should be 
considered. Firstly, when switching from an experi-
mental to an industrial design, it may be necessary to 
ensure the specified performance of the unit. To solve 
this problem, one should use formula (49). Indeed, the 
rate of melting of the charge in this case is the produc-
tivity of the device. It can be ensured by the appro-
priate area S

K
 of the melting chamber area. Having 

designated the hourly productivity as � (t/hour), the 
required area of the melting chamber can be calculated 
using the formula:

where 3.6—coefficient, s/kg.
Secondly, it is possible to optimize the electrical 

parameters of the inductor and electromagnet of the 
MDP. It is clear that with a simultaneous increase in 
the temperature of the melt and the rate of metal flow 
in an unheated melting chamber, the rate of melting 
of the charge should also increase, and therefore the 
productivity of the installation, but this can lead to a 
disproportionate increase in energy costs.

An interesting experiment in this regard is to deter-
mine the melting rate of the charge at various combi-
nations of melt temperature and flow rate. It is quite 
possible that with the combination of “maximum 
flow rate (upper factor level) at the minimum possible 
melt temperature (lower factor level)” or, conversely, 
“maximum possible melt temperature at minimum 
flow rate”, the savings in electrical energy will be more 
significant than reduction in plant productivity. There-
fore, an optimal solution is possible.

There are the available data various researchers 
and companies [2, 45–50]. For saving energy resources 
with synchronous high productivity of the remelting 
process, it is considered more preferable to implement 
a mode with the maximum possible (determined by 
the pump power) melt circulation rate at the same 
time the relatively low temperature of its overheating 
above the liquidus temperature. That is, the dominant 
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)

factor in this method of remelting is convective heat 
and mass transfer in the system “overheated mov-
ing melt—solid charge” and related effects and 
phenomena.

The design features of the MDP should also be 
taken into account. If in circuits with an electromag-
netic pump of travelling field, the pump only provides 
circulation of the melt in the melting circuit. At appli-
cation of the MDP, thanks to the presence of two inde-
pendent electromagnetic systems—an inductor and an 
electromagnet—it is possible to simultaneously con-
trol both the temperature of the melt and the speed of 
its movement within a wide range.

Thus, MDP provides much greater and more sub-
stantial opportunities & benefits for controlling the 
thermal and hydrodynamic parameters of the process 
of remelting aluminium scrap and waste.

Finally, if we consider all these aspects in a com-
plex, then as a result of the experiment a polynomial 
relationship can be obtained

It can be used in formulas (47), (48), (59) and (50). 
Obviously, by changing the convective heat transfer 
coefficient � , it is possible to vary the melting modes 
and calculate the process characteristics for each of 
them, similar to how it’s done in other high-energy 
methods [16, 17, 68, 69].

MHD circulation circuit and its thermal 
calculation

In the process under study, the following techno-
logical parameters are decisive: (1) temperature t

1
 

(°C) and mass feed rate Q
1
 (using the MDP) into an 

unheated chamber of liquid aluminium alloy from a 
crucible attached to the MDP; (2) temperature t

2
 (°C) 

and mass velocity Q
2
 of the liquid metal removed 

from the unheated chamber after melting the alumin-
ium charge; (3) temperature t

3
 (°C) and mass flow 

rate Q
3
 of solid aluminium charge into the unheated 

chamber.
Before conducting direct field studies, a preliminary 

calculation of the parameters of the described process 
was performed. In this case, the assessment of the heat 
content (thermal power) introduced into the unheated 
chamber by the original liquid aluminium alloy was 
made according to the equation [70]:

(51)� = f

(
T
av.m

, V

)
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where C
1
—heat capacity of the melt entering the 

unheated melting chamber at t
1
 , J/kg⋅°C.

It was also accepted that the thermal power j
1
 intro-

duced by the melt into the unheated chamber is con-
sumed as follows:

where P—heat loss in an unheated chamber, W; j
2
—

power carried away from an unheated chamber by the 
melt flow into a heated chamber, W; Δj

3
—power spent 

on melting the charge, W.
Thermal losses of an unheated chamber in general 

should be calculated as the sum of losses through the 
walls of the chamber and losses from the surface of the 
melt. However, in our case, the following preliminary 
experiment was carried out without supply the charge 
and melting it in an unheated chamber. The tempera-
ture drop during the circulation of the liquid metal 
along the contour between the heated and unheated 
chambers was simply estimated. The temperature of 
the melt at the exit from the MDP and the entrance to 
the unheated melting chamber at the initial moment 
after starting the circuit was 790 °C. After a complete 
cycle of melt circulation through the circuit the loss 
of its temperature did not exceed 3–4 °C. It slightly 
exceeds the temperature measurement error. There-
fore, at the first stage of research, this heat loss was not 
taken into account in further calculations.

The heat content (thermal power) of the melt 
removed from the unheated chamber back to the 
heated chamber was determined using a formula simi-
lar to (52):

where C
2
—heat capacity of the melt flowing from an 

unheated chamber, J/kg⋅°C.
To ensure the stability of the process in general, the 

following condition must be met:

In fact, as the charge melts, in accordance with 
the principle of communicating vessels, there is an 
increase in the level of the melt in the entire system.

Change in the heat content of the initially solid 
charge (the power spent on its melting):

(52)j
1
= Q

1⋅
⋅ t

1
⋅ C

1
, W

(53)j
1
= P + j

2
+ Δj

3
, W

(54)j
2
= Q
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2
⋅ C

2

(55)Q
2
= Q

1
+Q

3
, Kg/s

(56)Δj
3
= Q

3
⋅ (t

2
⋅ C

2
− t

3
⋅ C

3
), W

where C
3
—heat capacity of a solid charge at the tem-

perature of its feed to an unheated chamber t
3
 , J/kg⋅°C.

Taking into account the above considerations and 
expressions (52)–(56), we can write an equation that in 
general relates the relationship between thermal and 
flow parameters:

By solving Eq. (57), in our case it was necessary to 
determine the rate of mass supply of solid charge Q

3
 

to the liquid metal surface in an unheated chamber 
of an experimental MHD circulation melting circuit:

Before the start of a complex full-scale experiment, 
a calculation was made of the process of remelting the 
charge, which is a container (cans) for drinks and, in 
terms of its chemical composition, consists of almost 
pure aluminium.

Initial data for calculation for pure aluminium:
Q

1
= 1.2  kg/s ;  t

1
= 750  °C;  C

1
= 1.02 ⋅ 10

3 J /
kg⋅°C; t

2
= 680  °C; C

2
= 1 ⋅ 10

3 J/kg⋅°C; t
3
= 100  °C; 

C
3
= 0.942 ⋅ 10

3 J/kg⋅°C;
Then Q

3
= 0.065 Kg/s.

Turning to the mass of the metal, we find that 1 kg 
of solid charge melts in the unheated chamber in about 
15 s. For pure aluminium, the ratio of the rate of sup-
ply of the melt and solid charge into the melting cham-
ber at the initial temperature of the liquid metal of 
750 °C and a final temperature of the withdrawn melt 
of 680 °C should be within the limits

i.e. for the specified temperature conditions, the mass 
rate of supply of the initial melt into the unheated 
melting chamber should be approximately 18–19 times 
higher than the rate of supply of the solid charge for 
melting.

Discussion

Experimentation and analysis of results

After the prototype of the circulation melting circuit 
was put into operation, a portion of the charge was 
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supplied onto the surface of the liquid aluminium flow 
in the unheated melting chamber (Fig. 9).

The following feature was established during the 
experiment. There is oxide (Al2O3) film on the surface 
of the liquid metal bath. When the thickness of the 
charged fine scrap layer is up to 200 mm, due to its low 
average bulk density, it is not immediately immersed 
into the melt and is not carried away by the flow. This 
scrap portion lies on the surface of the liquid metal 
bath for some time held by a oxide film, and it gradu-
ally melts relatively slowly from below by overheated 
moving melt. In this case, the paint and varnish coat-
ings on the surface of the charge burn out, organic con-
taminants and moisture are removed. The charge itself 

is slightly oxidized, and gaseous combustion products 
do not enter the liquid metal.

As the charge melted, slag, consisting of solid prod-
ucts of burnt coatings and aluminium oxide, accumu-
lated on the flow surface. The slag was periodically 
removed and remelting continued as before. To more 
completely prevent the entry of oxide and other solid 
inclusions into the melt, a ceramic foam filter was 
installed at the outlet of the unheated melting cham-
ber (Fig. 10).

In the initial modes of remelting, there was rela-
tively low level of melt in the system. In order to avoid 
clogging of the working (filtering) surface of the filter 
with slag and dross, with the help of MDP excess pres-
sure was created. The value of this pressure makes 

heated chamber

connecting channels 

between chamber

magnetodynamic pump MDP-3A

unheated

chamber

melting 

charge

Figure 9   Melting of a thin-walled aluminium charge on the surface of the melt in the unheated chamber of the experimental circuit.

Figure 10   Ceramic foam 
filter installed at the outlet 
of the unheated melting 
chamber of the experimental 
circuit: a filter in the circuit; 
b filter installation diagram.
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such height of the rise of the metal in the unheated 
melting chamber that was higher than the level of the 
upper cut of the ceramic foam filter. In this case, it was 
completely under the level of liquid metal, and the 
entire working surface of the filter was evenly heated 
by the melt. Since in this scheme the filter is installed 
inside the melting chamber, optimal conditions for 
using not only its front, but also the side surface of the 
filter are provided. It should be emphasized that the 
ceramic foam filter in this case serves two interrelated 
purposes. The first is to ensure an increase in the qual-
ity of the melted metal. The second is to prevent the 
connecting channel from becoming overgrown.

In a series of experiments, it was found that the 
average specific (by mass) efficiency of the circuit’s 
functioning when remelting thin-walled and small 
aluminium waste was 83% – i.e. from every 1 kg of 
charge loaded into the circuit, about 830 g of metal 
passed into the melt. Accordingly, irrecoverable metal 
losses (primarily waste) did not exceed 17%.

Typically, one beverage can of 500 ml weigh ca. 
15 g, of which the actual weight of the aluminium 
alloy is at least 90%. However, as result of recycling, 

metal loss and changing its chemical composition 
are inevitable. As previously noted, this depends on 
the method of remelting and its modes, but above 
all, on the storage conditions of the cans, especially 
after their use. As a result, the initially identical type 
of melted charge in different portions may have dif-
ferent contamination with paint coatings, oils, and 
different degrees of corrosion. Also, if other types of 
waste (chips, foil, gating system parts, etc.) are added 
to different portions of the charge for remelting, the 
final amount, chemical composition and properties 
of the recycled metal may change significantly.

For presented experiment, changes of the chemi-
cal composition of experimental alloy are given in 
Table 2.

As can be seen from Table 2, after remelting waste 
portion of 20 kg (it is 25% of the mass of the initial 
alloy in circuit), the content of such a harmful impu-
rity as Fe increased ca. 30%. It is obvious that this 
waste portion was heavily contaminated with iron-
containing corrosion products.

After melting the scrap charge, samples were 
taken and cylindrical specimens with a diameter of 

Table 2   Changing chemical 
composition of experimental 
alloy for during remelting 
process

Alloy Content of the main elements, % by weight

Al Si Fe Mg Ti Cu

Initial (at start of circuit 
with 80 kg of melt)

Basic 0.25 0.20 0.30 0.10 0.10

Final (after remelting 
the waste portion of 
20 kg)

Basic 0.28 0.26 0.29 0.10 0.11

Figure 11   Effect of filtration on the macrograin size of alumin-
ium cast specimen (∅ 15 mm) obtained by remelting thin-walled 
scrap in experimental melting circulation circuit with MDP: a—
remelted metal without filtration; b—remelted metal filtrated 

through ceramic foam filter; c—remelted metal filtrated through 
ceramic foam filter and modified by the ligature (master alloy) 
AlTi5B1 (Al—base, Ti—5% by weight, B—1% by weight).
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15 mm were cast. The transverse macrosections were 
made. In the first case, there was no filter, in the sec-
ond case, the melt passed through a ceramic foam 
filter, and in the third case, the melt obtained after 
filtering was additionally modified with AlTi5B1 
ligature. It is evident that filtering significantly 
affects the content of non-metallic inclusions. In 
the second sample, compared to the first one, the 
average size of the macrograin increased (Fig. 11), 
which indicates the removal of a significant number 
of non-metallic inclusions, especially medium and 
small ones, which are crystallization centres.

Areas of application

The metal after remelting is subjected certainly to 
chemical analysis. According to its result, the metal is 
using as additional charge in the following processes:

- At re-producing an alloy for thin-walled contain-
ers or foil;
- At obtaining alloys for castings;
- At manufacturing wrought alloys for stamping 
metal parts;
- At deoxidation of steel in metallurgical technolo-
gies.
The directions for intensifying the proposed process 
and its industrial testing are as follows:

(1)	 The possibility of heating the charge before feed-
ing it into the melt, including directly in the 
atmosphere of an unheated melting chamber;

(2)	 In powerful industrial installations, it is possible 
to achieve overheating of pure aluminium metal 
above 750 °C (but not more than 800 °C in order 
to avoid accelerated oxidation of the melt and its 
saturation with hydrogen);

(3)	 When working not with pure aluminium, but 
with its alloys, the amount of necessary overheat-
ing of the metal entering the unheated chamber is 
reduced (to values of about 640–650 °C, which is 
10–20 °C higher than liquidus temperature tliq for 
most aluminium alloys).

Conclusion

In general, the efficiency of remelting thin-walled 
aluminium waste depends on the method of trans-
ferring thermal energy to the object being remelted. 

To reduce the waste of the remelted charge, it is 
necessary to completely exclude its direct heating 
and carry out melting in a flow of superheated melt. 
At the same time, modern technologies for remelt-
ing aluminium waste are based on the use of two-
chamber systems connected by channels. One of the 
chambers is heated by a heat source and serves to 
accumulate the melt; the other is unheated and is 
intended for remelting the charge in the melt flow 
coming from the heated chamber. In this case, the 
circulation of metal in such a system is almost uni-
versally carried out using an electromagnetic pump 
installed on one of the connecting channels.

It seems preferable to use in these systems mag-
netodynamic pumps designed by PTIMA NAS of 
Ukraine, which have a higher power factor than run-
ning magnetic field pumps, allow for more rational 
control of the thermal and hydrodynamic parameters 
of the waste remelting process, expand the capabili-
ties of the technology, especially when refining the 
deposited melt, and also in emergency situations.

A laboratory experimental MHD circulation cir-
cuit has been developed for the effective remelting 
of thin-walled and small aluminium waste, which 
includes a magnetodynamic pump.

Mathematical modelling and preliminary calcula-
tion of the thermal parameters of the process were 
carried out. The results of the full-scale experiment 
confirmed the correctness of the theoretical assump-
tions made and the high efficiency of the developed 
MHD circulation melting circuit.
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