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Abstract

The aim of research was creation of a furnace for aluminum alloys smelting “in a liquid bath” in order to reduce metal loss. In the paper,
the author demonstrates the results of research on smelting of aluminum alloys in a shaft-reverberatory furnace designed by the author. It
has been shown that smelting aluminum alloy in a liquid bath was able to significantly reduce aluminum loss and that shaft-reverberatory
design provided high efficiency and productivity along with lower energy costs. Ensuring continuous operation of the liquid bath and
superheating chamber, which tapped alloy with the required texture, was achieved by means of the optimal design of partition between
them. The optimum section of the connecting channels between the liquid bath of smelting and the superheating chamber has been
theoretically substantiated and experimentally confirmed. The author proposed a workable shaft-reverberatory furnace for aluminum
alloys smelting, providing solid charge melting in a liquid bath.

Keywords: Innovative foundry technologies and materials, Heat treatment, Aluminum alloys smelting, Shaft-reverberatory furnace, Heat
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1. Introduction particularly evident in mass production, when the manufacturing
of aluminum alloys may be automated.

The advantages of gas-fired shaft-bath furnaces, especially for
mass production, are not confined to the mere capability of
continuous operation. Such a furnace is characterized by the
following features: waste-heat recovery allows for a significant
reduction in specific fuel consumption; smelting of the preheated
charge under the heel of melted metal makes it possible to
minimize the irrecoverable losses of metal; the maintenance costs
of such furnaces is lowered, since the continuous process is easier
to automate and mechanize, and the manning level may be
reduced as well; the furnace elements most subjected to wear (e.g.
lining) are enjoying improved conditions [3].

For the purpose of aluminum alloy smelting, different types of
furnaces are used in the foundry industry, depending on the scale
of production, on the type and purpose of casting. The most
widely used types of furnaces are electric resistance crucible
furnaces and electric induction furnaces (gas-fired crucible
furnaces and reverberatory furnaces) [1, 2]. In recent years, the
so-called shaft furnaces have appeared, the technological and
thermotechnical capabilities of which have as yet been
insufficiently studied [3]. The very principle of the shaft-bath
furnace’s operation involves one of the major advantages of such
furnace type — continuous operation [1]. This advantage is
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The combination of physical and chemical properties of
aluminum casting alloys, including high thermal conductivity,
low melting temperature, and high chemical activity coupled with
rather high protective properties of the oxide film, define the
specifics of the smelting process and imply the possibility of
using almost all known melting methods.

The disadvantages of the reverberatory furnaces are the
increased fuel consumption, local overheating of the melt,
nonuniformity of distribution of alloying components, and low
efficiency 14-30% [4].

2. Methods and design

The shaft furnace enables smelting in a continuous mode,
which makes it possible to completely mechanize and automate
the production process. The author was the first to propose a fully
functional furnace (Figure 1) [3].

Loss of aluminum is the key concern as to the operating
economy of such furnace. There many works on the kinetics of
aluminum oxidation [4, 5].

Most of the authors, when studying the kinetics of aluminum
alloys oxidation, determined the quantity of oxidized alloy based
on the weight changes of the samples before and after the
experiments. The oxide film forming on the surface of aluminum
belongs to the thin coatings. At a room temperature, the thickness
of the oxide film is 10-30 A. As the temperature increases, the
thickness of the oxide film increases too: at 573 K, it is 200 A,
and under temperatures 773-873 K, it amounts to 20000 A. When
exposed for an hour at 973 K, an oxide film layer having
thickness of 9000 A is formed on the surface, and at 1073 K, the
film thickness reaches 20000 A.

Aluminum oxidation has become of particular interest
worldwide [7-19]. When smelting aluminum alloys, the thickness
of the oxide film forming on the surface largely depends of the
method of melting solid pieces of the charge in the furnace: in a
drop-stream mode or under a layer of liquid metal (in a liquid
bath).

TECHNICAL CHARACTERISTIC

SPECIFIC NATURAL GAS
CONSUMPTION PER 1T

OF EFFECTIVE CASTING 100 m'/t
FURNACE EFFICIENCY 55%
FURNACE OUTPUT 0.15-1.5 t/h
TYPE OF BURNER = INJECTION,

MIDDLE PRESSURE,

CYLINDRICAL STABILIZER TM-11-C

Fig. 1. Shaft-reverberatory furnace for aluminum alloys smelting
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3. Results

In the present work, the quantitative comparison of the
mentioned processes was performed based on calculations of the
mass fraction of the oxide film forming during heating and
melting on the surface of aluminum.

Thickness of oxide film was calculated on the surface of one
piece of the charge. A standard ingot of AK5M2 GOST 158389
alloy, having a mass M of 15 kg and a surface area F = 0.35 m?,
was taken as a piece of charge.

In the shaft of the furnace, the charge is heated to 873 K.
According to [6], at a temperature of 773-873 K, the thickness of
the oxide film is 2:107 m. The mass (kg) of oxide film of one
ingot will be:

M,=Q,-6,-p,=035-2:107-2700=0.19-107 (1)

where p . =2700 kg/m? is the density of Al2Os.

The volume of the charge of the furnace in working in
longitudinal magnetic field is Ver = 0.95 m?; the bulk density of

the charge is p, = 1000 kg/m?; number of ingots in the shaft is N;

=63 pcs.
The mass (kg) of oxide film of all ingots in the shaft is:

Mi'=M,-N,=0.19-10"-63=11.97-10" (©)

The total area of heel of metal in the smelting and
superheating chamber is 2.55 m?.
The mass (kg) of oxide film in the bath is:

M!=F".8" p, =255-2-10°-2700=13.77-10" (3)

where 5/[3 =2-10° m — thickness of oxide film at 1073 K.

The total mass (kg) of oxide film, when smelting under a
layer of melt, amounts to:

M, =M} +M;=(1197+13.77)-107 =25.74-10" (4)

When calculating the total mass of the oxide film, for the
drop-stream melting mode, it was assumed that 50% is in the
stream form and leaking into the bath. It is known that the mass of
one ingot is 15 kg. Given that 50% of this mass is smelted into
drops, the total mass of molten drops will be 7.5 kg.

The diameter (m) of the lose drop is determined according to
formula:

d, =4.815+0.121""""¢ = 0.0052 5)

where hg = 2 kg/m? — dynamic head of gases.
The surface (m?) of the lose drop, when it is in the
countercurrent, is close to the surface of the ball:
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Q, = =8.6-10" (©6)
The mass (kg) of one drop is:
d’ 4
Total number of drops is:
n=2M 4557 ®)
d
Total surface area (m?) of the falling drops is:
Q oa= 21 =64 ©)

Total mass (kg) of oxide film on the surface of the falling
drops will be:

My =Qp 6, p, =3.5107 (10)

drotal

When calculating the total mass of oxide film for stream-like
leaking of the melt into the bath, it was assumed that the diameter
of the stream was equal to 5 mm, thus the length (m) of the
leaking stream of one half of weight of the ingot will be:

g =V _05M, _ 7.5
' pR® 2700-3.14-6.25-107°

=5 =141.5 (1)

where Vs — volume of the stream (cylinder), m?; R — radius of the
stream, m.

The surface area (m?) of the stream is:
Q =a 27R=141.5-157-10> =2.22 (12)

The volume (m®) of the oxide film on the surface of the
stream is:

V=0, -6,=222-2-10" =4.44-107 (13)
The mass (kg) of the oxide film on the surface of the stream:
M, =V, p,=444-107-2700=1.2-10" (14)

Total mass (kg) of the oxide film on the surface of one ingot,
when smelting in the drop-stream mode, will be:

M, =N,-M,+M+M;=63-47-10"+11.97-10
+13.77-10° =321.84-10"°

(15)
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Thus, when smelting the pieces of the charge under a layer of
melt, i.e. in the liquid bath, the mass fraction of the oxide film
relative to the mass of metal (%), based on the furnace output per
hour, will be:

-3
M = 25.74-10
810

-100% =3.18-10"° (16)

When smelting the charge in the drop-stream mode, the mass
fraction of the oxide film relative to the mass of metal (%), based
on the furnace output per hour, will be:

. 321.84-107
810

100% =3.97-10" (17

Thus, in the drop-stream melting mode, the loss of aluminum
is 12.5 times higher than in the under-layer melting mode. Our
design of the furnace enables exactly the under-layer smelting in
the liquid bath.

Since liquid and solid metals are contacting each other in the
smelting chamber, the bath temperature here is close to the
melting temperature, and in the superheating chamber it must be
higher in order to ensure the smelting and treatment of the melt.

Initial data for calculating the optimal size of the chambers:

G =1000.0 — furnace output per hour, kg/hour;
p = 2700.0— density of aluminum, kg/m?;
H=0.5— depth of bath with the melt, m;

& =0.9 — coefficient;

La = 0.265 — consumption of air per 1000 kJ of gas combustion,
m’;

Lz = 0.296 — volume of flue gases per 1000 kJ of gas combustion,
m?;

tai = 20.0 — temperature of the blown-in air, and the air
surrounding the furnace, °C;

To = 293.0 — temperature of the blown-in air, and the air
surrounding the furnace, K;

tag = 20.0 — temperature of the natural gas, °C;

§W = (.8 — pyrometric coefficient of fuel burning in the furnace;

ép,"’f ;= 0.7 — pyrometric coefficient of the furnace;

en = 0.2 — oxidized aluminum emissivity factor;

Co = 5.67 — radiation coefficient of an absolute black body,
W/m?-K4;

Tmi = 933.0 — initial temperature of metal;

Tmr= 1023.0 — final temperature of metal;

acomv = 15.0 — convection coefficient, W/m?-K;

gpl = 385180.0 — latent heat of melting of aluminum,
W-sec/kgK;

gpl = 385.18 — latent heat of melting of aluminum, kJ/kg;

Cnl = 1.081 — mean heat capacity of liquid aluminum, kJ/kg-°C;

Cn = 1081.0 — mean heat capacity of liquid aluminum,
W-sec/kg-K;
C; = 897.0 — heat capacity of aluminum at T = 293 K,
W-sec/kgK;

igl = 430000.0— enthalpy of combustion products at 573 K,
W-sec/m?;
XI=0.23 — thickness of refractory brickwork, m;
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S
X2 = 0.065 — thickness of insulation layer (foam-chamotte d = 0.2 — diameter of a charge piece, m;
brickwork), m; fT=0.5 — void volume of the charge layer;
Fa=0.21 - area of doors, m%; pb=1000.0 — bulk weight of the charge (aluminum ingot), kg/m?;
W =0.25 — orifice coefficient; cro =1000.0 — heat capacity of aluminum charge, W-sec/kg'K;
PSI=0.5 — time during which the door is open; wo = 0.5 — speed of outflow of combustion products in an empty
1= 0.52 — consumption coefficient; shaft, m/sec;
HI=0.3 —height of the door, m; 5,; = 0.4 — adopted furnace efficiency;

BI=0.1 —width of slit of the door, m;

gl = 9.8 — free-fall acceleration, m/sec;

pa=1.293 — density of air, kg/m?;

pe = 1.17 — density of gas, kg/m’;

A =230.0 — coefficient of heat conductivity of the alloy at T = 600
K, W/m-K;

ow=2000.0 — coefficient;

trs = 600.0— temperature of the brickwork surface adjacent to the
insulation layer, °C.

The purpose of the thermotechnical calculation is to ensure
the required temperature difference in the smelting chamber and
the superheating chamber and that the connecting channels do not
cool the metal in the superheating chamber.

Table 1.

Structural sizes of a bath-shaft furnace for aluminum smelting, productivity of 1.5 t/h
Parameter Unit Value
Effective length of the beam, Ser pm 0.75895
Lower heating value of fuel, Q- kJ/m? 34720640.00
Air volume, V, m? 9.20
Combustion products volume, V¢p m? 10.28
Calorimetric flame temperature, T K 2323.00
Actual combustion temperature, Ta K 1858.40
Average temperature inside the furnace, Tir K 1300.88
Temperature of the brickwork of the bath, tob °C 975.74
Reduced coefficient of radiation, Cr W/m?-K* 2.150
Radiation heat transfer coefficient, o W/m?-deg 155.428
Aggregate coefficient of heat transfer, ar W/m?-deg 170.428
Heat flow, gm W/m? 55027.92
Area of contact of the melt with combustion products, FII m’ 3.9455
Adjusted value of the bath’s characteristic dimension, A3 m’ 1.4045
Bath length, A4 m’ 2.8091
Bath width, A5 m? 1.4045
Effective length of the beam, Sed pm 1.01127
Brickwork development degree, @ m’ 4.0000
Temperature of the bath’s brickwork, tobl °C 996.45
Heat required for heating the charge to the melting temperature in the furnace shaft, Qchmt \W 288266.67
Heat carried away by flue gases, Qgas \W 155693.93
Area of the bath’s brickwork, Fob m? 8.104
Heat loss through the bath’s brickwork, Qob i 11462.00
Heat loss due to radiation through open doors in the bath, Qrob i 1616.28
Heat loss due gases leaking through the doors in the bath, Qgob W 12768.07
Aggregate volumetric heat transfer coefficient, Kv W/m?-deg 1980.86
Average ratio of water equivalents of shaft, Zavg 0.7564
Cross-section area of the shaft, Fsu m? 0.7242
Volumetric heat capacity of the charge, VI kJ/m’-deg 1000000.00
Height of the shaft, Hsn m 3.5776
Area of the brickwork of the furnace shaft, Fsnb m? 13.7389
Width of the furnace shaft, Br m 1.40454
Length of the furnace shaft, It m 0.51558
Heat loss through the shaft brickwork, Qshb i 11764.56
Adjusted value of gas consumption, B2 m?/sec (Nm?/hour) 0.0197
Heat carried away by flue gases, Qgasl W 86881.41
Adjusted value of heat input, Qnil W 682600.68
Furnace efficiency, eta 0.7168
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In order to define dimensions of the transition channel,
analytical calculations and experimental studies were conducted.
During analytical calculations, a physical model of heat processes
occurring in the gas-fired bath-shaft furnace was developed. It
consists in the following.

In the superheating chamber, there is a heat flow from the
overheated top layers of the melt to the bottom layers. The bottom
layers of the melt have a lower temperature due to continuous
inflow of "cold" melt from the smelting chamber. In the
superheating chamber, the heat is transferred from the heel of
metal to the bottom layers of the bath:

O =g F (18)

where F is the heel of metal area in the superheating chamber.

Between the melt located in the smelting chamber and the
superheating chamber, there is an ever-present temperature
gradient. In the superheating chamber, the melt is always to be
superheated to a temperature of 760 °C, and in the smelting
chamber, the metal is always "cold" due to continuous smelting of
the charge under the layer of the melt, with temperature
approximately equal to the melting temperature of the alloy. The
melting temperature of Al is 660 °C. In aluminum-silicon alloys,
the solidus temperature is 548 °C. The liquidus temperature
decreases from 660 °C to 577 °C at Si content of 12.6%.
Magnesium significantly reduces these temperatures.

Due to constant temperature gradient between the melt in the
superheating chamber and the melt in the melting chamber, in the
melt there is a heat flow ¢, =% (T, —T,,) through the

connecting channels, opposite to the direction of the melt
movement in the furnace. Thus, from the superheating chamber to
the melting chamber, through the connecting channels, the heat is
transferred:

Ao .
Q2:7(TM_TM)’f (19)

where 4 — coefficient of heat conductivity of liquid aluminum,
W/m-K; / — thickness of the partition of the connecting channel,
m; f — cross-section area of the connecting channel, m?; TM and

T, -
smelting chamber respectively, K.

The "cold" melt located in the melting chamber constantly
takes the heat from the melt in the superheating chamber through
the connecting channels located in the bottom part of refractory
partition. Since the heat flow g2 from the melt in the superheating
chamber to the melt in the melting chamber is bigger than the
flow ¢ from the upper layers of the melt to the bottom layers in
the superheating chamber because of the difference in temperature
gradient, the increased cross-section area of connecting channels
can cause chilling of the melt in the superheating chamber.

temperature of metal in the superheating chamber and in the
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Three chromel-alumel thermocouples TChA-0806 were
installed in the shaft and in the reverberatory part of the furnace in
order to study the temperature mode and the correctness of choice
of the overall furnace design ensuring continuous operation of the
furnace, i.e. the even heating of the charge in the shaft, the
smelting of the charge in the smelting chamber under the melt
layer (in the liquid bath), and the superheating of the melt in the
superheating chamber to 760-780 °C. In the shaft, the
thermocouple was installed 150 mm higher than the charging
door. The two remaining thermocouples were installed in the bath
part of the furnace. One of them was installed at the transition
section from the reverberatory part to the shaft, and the other was
immersed in the overheated melt (Figure 2).

Fig. 2. Layout of studying the temperature mode of the shaft-
reverberatory furnace: 1 — flue gases outlet pipe, 2 —
thermocouples, 3 — shaft, 4 — burner, 5 — tapping spout, 6 —
charging door

In order to empirically determine the aggregate cross-section
area f of connecting channels, the refractory partition in the
smelting bath of the shaft-reverberatory furnace was changed, so
that it divided the bath into two chambers: the smelting chamber
and the superheating chamber.

The results of the study on determination of the optimal cross-
section of the aggregate area f of the connecting channel between
the smelting chamber and the superheating chamber are given in
Table 2.
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Table 2.

Optimal cross-section of the aggregate area f of the connecting channel
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Furnace operation data

2
No J,m JE Temperature in the superheating chamber, °C Efficiency (1), %
1. 0.024 0.03 780-785 53.1
2. 0.032 0.04 770-780 55.2
3. 0.040 0.05 7657175 58.5
4. 0.056 0.07 760-770 59.6
5. 0.080 0.10 760-765 60.1
6. 0.088 0.11 750-760 56.3
7. 0.096 0.12 735-740 54.3
8. 0.112 0.14 700-710 51.2
9. 0.128 0.16 690-700 49.4
10. 0.160 0.20 675-685 46.1

The conducted experiments have shown that the optimal o

cross-section area f of connecting channels range between (0.05— n%

0.1)-F, which ensures a stable temperature of the melt in the 75

superheating chamber and smelting in the liquid bath, i.e.

minimum loss of metal. 70

When reducing the aggregate cross-section area f of 65

connecting channels to less than 0.05-F, i.e. at 0.04 m?, the inflow 60

of liquid melt from the smelting chamber into the superheating /7

chamber slows down. Due to this, the temperature in the 55 / | \

superheating chamber increases, resulting in an increase in the 50~ ™ =

loss of metal and reduction of efficiency and productivity of the

furnace, while the fuel consumption rate remains constant. %

When increasing the aggregate cross-section area f of 40

connecting channels to more than 0.1-F, i.e. to more than 0.08 m?, / f/F

the melt temperature in the superheating chamber decreases due 004 008 o012 o016 o2 o2 F

to intense inflow of the "cold" melt from the smelting chamber.

Thus, making the aggregate cross-section area f of connecting a

channels equal to 0.16 m? results in an 80-90 °C decrease in the T,K

melt temperature, i.e. the melt temperature in the superheating

chamber is reduced to 670—680 °C. 1123

At such an area of connecting channels cross-section, in order

to superheat the melt in the superheating chamber to 760-780 °C, 1073*\

it is necessary to temporarily stop feeding the charge so that avoid ™

chilling of the melt in the smelting chamber, because this melt in 1023 >77“7“'-

turn takes the heat from the melt in the superheating chamber \\

through connecting channels. In this case, the advantages of 973 & A ~

continuous operation are lost, and the increase of fuel i e S N

consumption only leads to an unwanted overheating of the upper 923 4t

layers of the melt in the superheating chamber, increased metal 0

loss, and reduced efficiency. f/F

In order to ensure continuity of the smelting process, it is 0.04 0.08 012 016 020 024 1

necessary to have a certain volume of the shaft, wherein the
charge is heated from 7 to Tsi and immersed into the liquid bath
in the smelting chamber, and melted under the layer of the liquid
metal. In each case, the volume of the shaft is calculated through
volumetric heat-transfer coefficient in the shaft Ky. The cross-
section of the shaft is determined by design and aerodynamic
factors and is verified by calculating the heat transfer in boundary
conditions. Having the required volume and the cross-section of
the shaft, the required height of the charge may be found easily.
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Fig. 3. Dependence of thermal efficiency of the furnace (a) and
the temperature of metal in the superheating chamber (b) on the
aggregate cross-section area of connecting channels
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4. Conclusions

The author proposed a workable shaft-reverberatory furnace for
aluminum alloys smelting, providing solid charge melting in a
liquid bath.

Studies of aluminum alloy smelting in such furnace led to the
following conclusions:

1. Thickness of the oxide film formed on the surface of the
pieces of the charge essentially depends on the charge melting
method. When melting in the drop-stream mode, it is 3.97-10
2 % of the mass of the metal, whereas when melting under the
liquid metal layer, it is 3.11-103 %, thereby reducing metal
loss by a factor of 12.8.

2. In order to ensure continuous operation of the furnace, the
author offered a furnace design with connecting channels
between the smelting chamber and superheating chamber. It
was established experimentally that the optimal cross-section
area of connecting channels constituted 0.05-0.1 of the heel
of metal’s surface area in the superheating chamber.

3. The efficiency of the furnace at the optimal section of
connecting channels /= (0.05 — 0.1)F is equal to 58.5-60%,
which ensures high energy efficiency and low aluminum loss
along with high economic efficiency of aluminum alloys
smelting.
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