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Abstract

This paper comprehensively introduces a new magnesium production technology the compound-vertical-retort technology, involving in
the related fundamental researches, core equipment development, working flow, and technical characteristics. Scale-up test and an annual
1200-ton-magnesium demonstration-level test was conducted to confirm the rationality, reliability, and advancement of the equipment, system
and process design. It is indicated that the new technology solved a series of problems of traditional silicothermic process including adhesion
and glaze, short life of retort, low efficiency, high impurity of crystallized magnesium, large heat losses, and poor working environment,
making a great technological breakthrough in this field. Representatively, the new well-designed ceramic-lined steel retort serves 2~3 times
in life than the normal retorts. The magnesium yield per retort is improved 4~5 times, with purity of >99.8%. The energy consumption
in reduction stage is reduced by more than 20%. The mechanical production is fully realized and operating environment is significantly

improved.
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1. Introduction

Magnesium (Mg) and Mg alloys are increasingly favored
due to their lightest structural metallic property [1] and func-
tional properties used for batteries, hydrogen storage materials
and bio-magnesium alloys [2,3]. China has extremely abun-
dant magnesium resource, large-scale primary magnesium in-
dustry and high-quality magnesium alloy preparation and pro-
cessing technology. There are the greatest advantages to de-
velop vigorously the magnesium industry in China. However,
the low-level, extensive technology of producing the primary
magnesium is slowing down the development of the magne-
sium industry in recent years.

In industry, the magnesium metal is mainly produced by
the silicothermic reduction and electrolysis. Yet, because the
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energy consumption, production cost and investment of elec-
trolysis is normally much more than the silicothermic reduc-
tion [4], most of electrolysis smelters have been stopped or
semi-suspended. Up to now, it is reported that more than 80%
of primary magnesium in the world is produced in China
[5], which is mainly produced by the Pidgeon process (a
horizontal-retort silicothermic process). The Pidgeon process
has advantages of saving investment, simple flow and low
cost, but its further development is limited due to a number
of shortcomings. The Pidgeon process is a batch process that
needs highly intensive labor work. As shown in Fig. 1(a) &
(b), the horizontal retort makes it difficult to achieve mech-
anization and automation. Both charging and discharging is
completed through manual operation [6]. Still, the magne-
sium yield for one retort at a time is only 20~30 kg, and
the service life of retort is only 2~3 months [7]. The heat
efficiency of reducing furnace is low, and the heat released in
the high-temperature slag cooling and magnesium crystalliza-
tion do not be recovered. The slag is not effectively utilized.
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Fig. 1. Situation of production in the Pidgeon process and normal vertical-retort silicothermic process. (a) & (b) charging and discharging in Pidgeon process,
(c) the collapsed retort, (d) the chimney effect in the vertical-retort process, (¢) manual raking, poking and shoveling to clean the retort, (f) & (g) phenomenon

of fusion and slag agglomeration.

Therefore, the innovation and development of magnesium pro-
duction technologies need to solve the problems of the low
production efficiency, high labor intensity, low mechanization,
short life of retort, slag disposal, high energy consumption
and carbon emissions.

The vertical-retort silicothermic process developed in re-
cent years [8—10] is considered as a more advanced magne-
sium production technology. Since the retort is designed to
install vertically, the mechanical feeding and discharging can
be conducted by the gravity. Simultaneously, the magnesium
yield per retort can be scaled up through configuring a small-
diameter inner cylinder in the larger-diameter retort. Com-
pared with the Pidgeon process, the mechanization, produc-
tion efficiency and labor productivity have been generally im-
proved. However, actually adhesion and glaze (a phenomenon
of fusion and slag agglomeration due to low-melting-point
products during the reduction, as shown in Fig. 1(f) and
(g)), has not been well solved so that the slag cannot be
smoothly discharged by gravity. The frequent manual rak-
ing, poking and shoveling to clean the retort, as shown in
Fig. 1(e), are need. The burns and scalds on workers occur
frequently. Worse, the chimney effect occurred in the vertical-
retort process makes the ash and fire emit from the upper and
lower ports of retort during the charging and discharging. The
environment and labor conditions in the workshop becomes
worser under high temperature and high dust. Still, the service
life of vertical retort is the same as that of the horizontal one,
which is also only 2~3 months. Therefore, problems such as
the adhesion and glaze, chimney effect, short life of retort,
and long production cycle due to scaling up the magnesium
yield have to be solved to further develop the vertical-retort
silicothermic process.

A new silicothermic process, namely compound-vertical-
retort magnesium production technology, was successfully
developed going through basic theoretical research of the
engineering thermophysics and thermochemistry related to

the silicothermic process, innovating structure design of key
equipment (compound vertical retort, compound crystallizer,
compound reducing furnace, slag heat recovery boiler), pro-
cess flow design of system, and the scale-up test valida-
tion. A demonstration plant with annual capacity of 1200
tons magnesium was established in China. This new tech-
nology was proved to have solved comprehensively series of
problems such as adhesion and glaze, short life of retort,
low efficiency in magnesium reduction rate, high impurity
of crude magnesium, nonuniform furnace temperature, large
heat losses, high carbon emissions and poor working environ-
ment, making a great technological breakthrough in this field.
This paper comprehensively and systemically introduces the
achievements of fundamental theoretical research and those
of the compound-vertical-retort technology research on the
main technical process, construction of key equipment, scale-
up test, establishment and operation of demonstration plant.
Finally, through comparison in the technical and economic
indicators of the compound-vertical-retort silicothermic pro-
cess with those of the Pidgeon process and normal vertical-
retort silicothermic process, the advancement and superiority
of the compound-vertical-retort magnesium production tech-
nology are discussed.

2. Fundamental research and key equipment
development of the compound-vertical-retort magnesium
production technology

2.1. Compound vertical retort

2.1.1. Research of adhesion and glaze problem and its
control

For the compound-vertical-retort technology, a basic
goal is to achieve automatic feeding and automatic slag-
discharging by gravity so as to improve mechanization and
automation level. However, the adhesion and glaze cause the
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slag to be unable to be smoothly discharged out of the re-
tort, and also the fly ash sticking on the inner wall of retort
very hard to be removed by worker. Thus, the adhesion and
glaze are the primary problem need to be firstly solved in the
development of compound-vertical-retort technology.

Actually, the adhesion and glaze could occur in the Pid-
geon process or vertical-retort silicothermic process, but the
latter is more severely restricted. It was found that the “adhe-
sion” is the phenomenon that the reducing slag agglomerates
and adheres to the retort wall (see Fig. 1g), making the slag
be unable to discharge automatically. While the “glaze” is
the phenomenon of forming enamel layer in the inner wall of
retort (see Fig. 1f), resulted from the loose floating ash that
adheres to the retort wall when discharging and cooling. In
essence, both the “adhesion” and ‘“‘glaze” is the fusion and
agglomeration phenomenon as the charge and reducing slag
are melted and softened.

The component analysis shows that the main substances
in the reducing residue includes CaO, SiO,, MgO, Fe;0s,
Al,O3, and their composite oxides, as well as CaF, [11].
Through analyzing in detail the phase diagrams of the bi-
nary or ternary systems among the above five oxides, it
was found that the occurrence of fusion and agglomeration
in the silicothermic reduction process is mainly related to
the three substances of 2FeO-SiO, (melting point 1205 °C),
Ca0O-2FeO (melting point 1150 °C) and CaO-Fe,03 (melting
point 1220 °C), which all contain FeO or Fe,O3. Thus, it was
speculated that formation of the FeO or Fe,O; and further re-
action with the SiO, or CaO to form the low melting point
composite oxides, are the key factor that causes fusion and
agglomeration. Our team confirmed it through a large number
of thermophysical and chemical experiments [12]. (More de-
tails on experiments, phase diagram analysis can see in the
supplementary material). Furthermore, analysis on these ex-
periment results shows that the low-melting-point oxides play
as the intermediates to soften and bond the raw materials
and finally lead to the fusion and agglomeration, rather than
the final solid-phase products of reduction reaction. Among
them, the intermediate of liquid iron orthosilicate (fayalite),
2Fe0-Si0,, plays more significant effects on the fusion and
agglomeration. The mechanism of catalytic reaction causing
the fusion and agglomeration is shown in Fig. 2(b).

Accordingly, several measures have been taken by our team
to control the fusion and agglomeration in the silicothermic
process. Firstly, it can strictly control the raw materials’ im-
purity and the raw materials’ moisture absorption rate. Ac-
cording to the Ca;Si0O4-Fe;Si04 pesudo-binary phase diagram
shown in Fig. 2(c), the liquid-phase substances can not pro-
duce as long as the content of 2FeO-SiO, do not exceed 6%,
thus the condition of preventing the fusion and agglomera-
tion was derived and given as equaiton (1). Where, M, is the
molar ratio of silicon, i.e., Si/2MgO, CM is the CaMgO, con-
tent in 100 g charge or briquette, Fe,03, SiO,, K;O, Na,O,
CaMgO, reprensent the mass fraction in raw materials, Fi,
F, reprensent the amount of FeO introduced from the raw
materials and generated by the reaction between air and the
remaining ferrosilicon, respectively, S, S», S3 reprensent the

mass of SiO,, introduced from the raw materials, generated
by the reaction between CO,/H,O and remaining ferrosili-
con, and also the generated by the reaction between air and
ferrosilicon, respectively. Secondly, the ceramic-lined steel re-
tort has been designed and constructed to prevent the high-
temperature reducing slag from directly contacting with the
iron-based alloy thus from the fusion and agglomeration.

0.9Fe, 05 +00625Mr S 00402’ Fi+F < S1+5+83

CaMg0, 1436 = ~ 60.1
8i0,40.132K,040.485Na;0 | Sy | S FtF _ Si485+5S;
CaMg0, +cur +en =0.0168, 357 60.1
(1)

2.1.2. Study of silicothermic reduction process and
optimization of retort structure

In the silicothermic reduction process, the FeSi75 alloy is
used as the reducing agent to extract Mg from the CaO-MgO
under high temperature and vacuum. According to the ther-
modynamic calculations, the reaction in Eq. (2) mainly occurs
in the silicothermic reduction, of which the onset temperature
was calculated and given in Table 1.

. ~1200°C, ~100P .
2CaMg02(X) + Sl(_y) _—_a_) CClelO4(s)

+2Mg oV b* — 4ac 2)

In reality, the silicothermic process is conducted with the
walnut-shaped briquettes in ~22 mm diameter. It is a typ-
ical solid-phase endothermic reaction, of which the rate is
controlled by the heat conduction and reaction kinetics itself.
Researches by Xu et al. [13], Wu [14], Li et al. [15], You
et al. [16] studied the mechanism and kinetics of silicothermic
reduction, but a consensus on the kinetics has still not been
reached. Our team proposed a method “very-thin briquette”
to determine the rate of reaction kinetics itself without the
influence of heat conduction [17]. A series of kinetic experi-
ments were conducted [17,18], the kinetic model [19] of de-
scribing the silicothermic reduction reaction on the briquette
(typically, silicon molar ratio M,~1.2, calcium fluoride addi-
tive ratio f ~ 2.85%, calcined dolomite’s activity A > 30 g,
briquette-forming pressure P,~150 + 20 MPa) was finally
obtained as Eq. (3).

o= 11.84 x e—%(l - e——)
30546 T-T
Fig = 2 = 10916 x 107 x (T — T) x ¢ U7 o5 7)
T = 12021.1
11.6242 — 1gp

p =~ 150 + py,

3)
Where, a is the magnesium reduction extent, ry the ki-
netic rate, T the reaction temperature, K, 7 the reaction on-
set temperature, K, 7 the reaction time, s, R the molar gas
constant, 8.314 J-mol~!-K~!, p the local magnesium vapor
equilibrium pressure inside the briquette, Pa, Py, the ambient
magnesium vapor partial pressure outside the briquette in the

retort, Pa.
The kinetic model was coupled with the heat transfer
model to numerically study the silicothermic reduction pro-
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Catalytic reaction mechanism of fusion and agglomeration, (c) Ca;SiO4-Fe;SiO4 pseudo-binary phase diagram, (d) Control measure of fusion and agglomeration

according to the raw material impurities.

Table 1

Relationship between Mg vapor equilibrium pressure and reaction onset temperature.

Mg vapor equilibrium pressure, Pa 10 100 1000 10,000
Onset temperature of reaction by Si, °C 858 976 1121 1304

cess in single briquette and in the retort [20,21]. As shown
in Fig. 3, for the briquette or briquette layer in the retort,
the silicothermic reduction is mainly concentrated in a thin
layer at a certain time. It can be considered that there is a
wholly reacted region outer side of the thin layer while an un-
reacted region inner side of thin layer. And, the heat transfer
including the heat conduction or radiation plays the main lim-
iting factor on the rate of silicothermic reduction. Based on
the coupled model, a detail numerical investigation of various
retort inner radius and thickness of briquette layer was con-
ducted and then the optimized retort structure was obtained
[22]. The reduction time for same reduction extent in the op-
timized retort is comparable to that in the horizontal retort,
but 1/3 shorter than that in the normal vertical retort.

2.1.3. Research of mechanical properties of high-temperature
heat-resistant materials and prolonging service life of retort

The compound vertical retort serves for a long term in
high temperature of about 1200 °C and vacuum of about
10~200 Pa, as well as in the environment containing the oxy-
gen, sulfur dioxide and sulfur trioxide. It is prone to creep
deformation, oxidation and sulfide corrosion. At present, the
retort used in the Pidgeon process is generally 300 mm in
diameter, of which the service life is less than three months.

However, limited by the high-temperature, low-load, long-
term creep test accuracy and short life of instrument heating
element, test of the mechanical properties of high-temperature
heat-resistant materials of retort at ~1200 °C continuous
working condition is extremely lacking. Thus, reasonable de-
sign of strength and creep for the vertical retort is critical to
prolong the service life of retort.

The special heat-resistant steel ZG35Cr26Ni8NRE has ex-
cellent oxidation resistance up to 1200 °C, and room temper-
ature tensile strength of 500~600 MPa [23]. It was adopted
as the material of reduction section of compound verti-
cal retort. Our team conducted creep experiments of the
steel ZG35Cr26Ni8NRE at different tensile stress/time of
3.0 MPa/100 h, 0.5 MPa/500 h, and 0.9 MPa/3200 h (un-
til specimen fracture) at 1200 °C. The creep curves with time
and extrapolation analysis are shown in Fig. 4. The fitted
equations at 0.9 MPa and 0.5 MPa tensile stress and those
obtained by extrapolation at 0.9 MPa and 0.5 MPa compres-
sive stress were given as Eqs. (4) & (5), respectively, in the
following.

gr00=—7x 10784+ 4 x 107273 =3 x 107%¢2
+0.00367 — 0.0275, 0 = 0.9MPa 4)
£05 = 0.002t — 0.2461, 0 = 0.5MPa
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{Eco,g = 0.00011’1'5277, o =0.9MPa (5)

£c0.5 = 0.00147 4 0.0303, 0 = 0.5M Pa

When the retort is installed vertically with good suspen-
sion design, the retort can only bear the weight itself and the
highest stress is at the bottom of the retort. It was calculated
to be up to 0.5 MPa for the compound vertical retort. Ac-
cording to the actual application situation, the retort would
be rapidly deformed and destructed as the creep strain ex-
ceeds the limiting strain of 4%. Thus, it was predicted from
the creep curve of compressive pressure 0.5 MPa in Fig. 4 that
the working time 7 of well-designed retort can be prolonged
to be 3000~3600 h, i.e., 4~5 months. It can be expected that
the working time of retort would be further prolonged should
reinforcing ribs be constructed along the vertical retort.

2.2. Compound crystallizer

2.2.1. Flow patterns and multiphase change of magnesium
vapor in the retort and crystallizer

After the magnesium vapor is produced in the briquette, it
will evolve from the surface of briquette, pass through the in-
terspace between briquettes to flow into the magnesium vapor
channel and then through the heat baffle, finally arrive at the
magnesium crystallizer. There is pressure difference of about
150 Pa during magnesium vapor flow process [24]. Accord-
ing to the kinetic-molecular theory of gasses, the Knudsen
number K, for magnesium vapor in the range of pressure
0.01 Pa~1000 Pa and temperature 450 °C~1050 °C was cal-
culated by Egs. (6) & (7), and given in Fig. 5(a), for three
characteristic structure sizes D = 0.5 m, 0.24 m, and 0.01 m,
which corresponds to the inner diameter of the crystallizer,
the inner diameter of the central cylinder and the size of the
magnesium vapor aperture on the central cylinder wall, re-
spectively.

kgT
- & 6
Tordty (©)
A
K=~ )

Where, A is Mg molecular free path, m, kg the Boltzmann
constant, 1.38 x 10723 J-K~!, T temperature, K, d the Mg
molecular diameter, m, 3.2 x 1079 m, p the pressure, Pa, D
characteristic structure size, m.

As the pressure at outlet of crystallizer is maintained at
about 10 Pa, the magnesium vapor flow in the crystallizer and
in the central cylinder is viscous, while the magnesium vapor
flow through the aperture of the central cylinder is viscous-
molecular. Specifically, taking the pressure difference into ac-
count, the magnesium vapor pressure at the inlet of crystal-
lizer is as high as 100 Pa, where it is viscous. While at the
outlet of crystallizer, the magnesium vapor pressure may be
only a few tenths of Pascal (Pa) or even a few percent of
Pascal, where it should be molecular. In the middle of the
crystallizer, the magnesium vapor is in the viscous-molecular
transition state.

2.2.2. Condensation behavior of Mg and metallic impurities
vapor and sectional crystallization

The crystalized magnesium produced by silicothermic pro-
cess contains a small quantity of oxide impurities, and some
metal impurities such as K, Na, Zn, Mn, Fe, Cu, Ni which
resulted from the reduction of oxides.

In order to quantitatively study the magnesium crystalliza-
tion and control the impurity content, three-phase diagram of
Mg, K, Na, Zn, Mn, Fe, Cu, Ni, is shown in Fig. 5(b), based
on the thermodynamic properties and the Gibbs free energy
of phase transition. It can be seen that when the pressure in-
side the crystallizer is kept at 10 Pa~30 Pa (the partial pres-
sure of magnesium vapor is close to the total pressure inside
the crystallizer), the Mg crystallization temperature calculated
is 766 K~806 K (493 °C~533 °C). The Mg vapor would
be condensed directly from the gas to solid phase. However,
the partial pressure of impurities is much lower than that of
Mg vapor, leading to different condensations. Specifically, at
temperature of 493 °C~533 °C the K, Na, and Zn cannot
be condensed and would flow in gas phase through the Mg
crystallization area; the Mn is possible to condense together
with the Mg vapor in the crystallization area when its partial
pressure is lower than 10~° Pa. And, the Fe, Ni, Cu has con-
densed to solid before entering the Mg crystallization area.
Thus, theoretically, the content of various metal impurities in
crystallized magnesium can be controlled below the level of
1/107%, even 1/1073%, that is, the magnesium with high purity
can be produced by the silicothermic process.

However, the impurity content of crystallized magnesium
by the Pidgeon process is generally above 107>, and even
as high as 1073 or more, mainly due to the unreasonable
structural design of the crystallizer. If the crystallizer has suf-
ficient length to enable to construct an 806 K~1000 K con-
densation area where Fe, Ni, Cu, Mn is effectively condensed,
these metallic impurities will be prevented from entering the
Mg crystallization area. In addition, the triple point of Zn is
420 °C, Na 98 °C, and K 63 °C, so as long as the tempera-
ture in the magnesium crystallizer is higher than 420 °C, and
the temperature of rear potassium-sodium-zinc trapper can be
kept low enough, all the K, Na, and Zn will flow through the
crystallizer instead of crystallizing with magnesium. Accord-
ingly, our team designed and developed the sectional crystal-
lizer as shown in Fig. 6(c).

2.3. Compound reducing furnace

The regenerative combustion furnace is generally used in
the industrial production of silicothermic process for magne-
sium production. The retort filled with briquettes is placed in
the furnace for heating, as shown in Fig. 6(a). The external
heat flow field around the retort includes the convection of
high-temperature flue gas flowing through the retort wall
and the radiation heat transfer from high temperature flue
gas to the retort wall. By establishing a coupling model of
flow equations, heat transfer equations and the magnesium
reduction kinetics equation as (3), our team simulated the
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temperature field and heat flow field distribution in the
compound reducing furnace (see Fig. 6a).

Further, by optimizing the nozzle structure, fuel and
air operating parameters, the temperature difference in-
side the furnace chamber of single-module reducing fur-
nace is <50 °C [17] (see Fig. 7c), which can be con-
firmed by the actual temperature distribution monitored by
S-type thermocouples in the supplementary material. In ad-
dition, the numerical simulation was carried out to predict
the change of magnesium reduction extent in single re-
tort and the averaged reduction extent in multiple retorts
in the reducing furnace (see Fig. 7b). Based on simulation,
double-layer/bidirectional/interleaved/hedged/jetting X flame,
as shown in Fig. 7(d), was designed and adopted to fully
realize the uniform temperature in the vertical and horizon-
tal directions in the reducing furnace, as well as to improve
the combustion efficiency and thermal efficiency of the re-
ducing furnace. Significantly, the negative-pressure reducing-
atmosphere combustion technology was realized and adopted
to reduce the oxidation corrosion of the surface of the retort,
improving the life of the retort and the furnace. A single-

module compound reducing furnace designed is shown in
Fig. 7(e).

2.4. Reducing slag heat recovery boiler

The average temperature of the reduction slag discharged
from the retorts is about 1150 °C, which contains a large
quantity of sensible heat. According to the calculation, the
energy released by cooling 1 ton of the slag from 1150 °C
to 250 °C is equivalent to 27 kg of standard coal. Usually, it
produces about 5~6 tons of slag for producing 1 ton of mag-
nesium. Accordingly, the total heat per ton of magnesium
produced is equivalent to 135~162 kg of standard coal, ac-
counting for about 5% of the total energy consumption for the
compound-vertical-retort technology. The pellet-shaped slag
produced under high temperature in the silicothermic process
will expand and pulverize into powder when the temperature
drops below 675 °C. The «-Ca,SiOy4 in the high-temperature
slag will transfer into $-Ca;SiO4 in the cooling process.

Accordingly, our team simulated the cooling process of the
reduction slag, by establishing the mathematical and physical
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Fig. 6. Modeling and design of compound reducing furnace. (a) temperature and heat flow field in the compound reducing furnace, (b) Mg re-
duction extent in single retort and averaged extent in multiple retorts, (c) temperature difference inside the furnace chamber, (d) design of double-
layer/bidirectional/interleaved/hedged/jetting X flame, (e) design of single-module compound reducing furnace.

models of pipe route and shell route of a designed heat re-
covery boiler (see Fig. 7a). It was found that the cooling and
heat transfer of high-temperature slag is a very slow process.
It takes more than 6 h to cool the slag below 250 °C. In
addition, the water temperature in pipe and shell routes fluc-
tuates greatly in the slag-filling process (see Fig. 7b). Based
on the simulation and optimization, a shell-and-pipe water-
cooled heat recovery boiler for supporting the compound-
vertical-retort magnesium technology, was designed as shown
in Fig. 7(c).

3. Scale-up test of compound-vertical-retort magnesium
production

In order to confirm the rationality and reliability of the
material and structure of the compound vertical retort as well
as process design, our team has built a platform for scaling
up test of the compound vertical retort system, as shown in

Fig. 8(a). The platform includes the compound vertical re-
tort, the compound crystallizer, and the high-power resistance
furnace for heating. A power supply system, vacuum system,
and raw material preparation equipment are equipped as sup-
porting unit.

Several batches of tests were carried out on this platform,
focusing on investigation on the fusion and agglomeration of
briquette and slag during the reduction process, smoothness
of slag discharge, reliability of the center cylinder, and ratio-
nality of structure of retort and crystallizer. Situation of test
and crystallized magnesium obtained are shown in Fig. 8(b)
& (¢).

The results of scale-up test are summarized in Table 2. The
ratio of charge-to-Mg was calculated to be 6.38~7.28, close
to that in the actual production in industry. It was confirmed
that the slag can be discharged smoothly, and there is almost
no smoke and no fire when lifting the crystallizer during the
compound-vertical-retort magnesium production process. The
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Fig. 8. Scale-up test of the compound vertical retort magnesium production.

Table 2

Results of scale-up test of the compound vertical retort magnesium production.

Retort wall temperature, °C ~ Amount of charge, kg Mg yield, kg Ratio of charge to Mg Discharging Environment

1200 118~133 17.5~20 6.38~7.28 smoothly, no fusion almost no smoke, no

and agglomeration fire
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structure of compound vertical retort with ceramic-lined steel
material and equipped the ceramic central cylinder is reason-
able and reliable.

4. Demonstration application of compound-vertical-retort
magnesium production technology

4.1. Working flow

The working flow of compound-vertical-retort magne-
sium production technology is shown in Fig. 9, which is
mainly composed of raw material production/transportation
unit, magnesium reduction unit, magnesium/slag transporta-
tion unit, slag-to-foam stone production unit, and supporting
auxiliary unit. The magnesium reduction unit is the core part
of this magnesium production process, which consists of the
upper compound crystallizer and mechanized feeding device,
the middle regenerative compound reducing furnace equipped
the compound vertical retorts, the lower mechanized slag dis-
charging device and the slag heat recovery boilers.

During the production operation, the raw material dolomite
is first calcined in a rotary kiln to produce dolime, which is
mixed with ferrosilicon and fluorite at a fixed ratio. The mix-
ture is finely ground in a ball mill, then sieved and pressed
into briquettes. The trolley filled up briquettes is lifted to the
top of the compound reducing furnace, and a closed mecha-

nized feeder loads the briquettes into one compound vertical
retort at a time. Then, the vacuum system and regenerative
combustion system are operated to make the temperature and
pressure in the retort meet the conditions required for sili-
cothermic reduction process. The magnesium vapor produced
flows upward through the central cylinder of the compound
vertical retort and enters the crystallizer to complete the con-
densation. It takes about 10 h to complete the whole reduction
process. The crystallizer full with crystallized magnesium is
taken out of the retort to collect. Last, the reducing slag is
discharged from the bottom of the retort into the heat recov-
ery boiler, through the closed slag catcher. After the slag is
cooled, it is conveyed, through an automatically closed con-
veyor, to the foam stone production unit, where the slag is
made into foam stone by steam curing and carbonization. For
the mechanical compound-vertical-retort technology, the man-
hours for completing the feeding and discharging of one retort
has been largely shorten to around 15 min compared to the
Pidgeon process.

4.2. Establishment and operation of demonstration plant

Based on comprehensive completion of the design, valida-
tion, and development of the core equipment and supporting
equipment, our team have built a demonstration plant of an-
nual 1200 tons of magnesium production with the compound-
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Fig. 10. Establishment and operation of the demonstration plant of the 1200 t/a compound-vertical-retort magnesium production.

Table 3

Representative of the 1200 t/a compound-vertical-retort magnesium production.

No. Amount of Vacuum, Production Mass of crystallized Ratio of Reduction
charge*, kg Pa cycle, h Mg*, kg charge-to-Mg extent,%

1 622 3 11.5 98.8 6.30 90.2

2 710 3 114 108.1 6.57 86.5

3 638 3 12.0 108.4 5.89 96.5

4 660 5 11.5 100.2 6.59 86.2

5 683 5 12.0 113.6 6.01 94.5

6 631 5 12.0 107.6 5.86 96.8

Averaged 657 5 11.7 106.1 6.20 91.8

Designed 650 10 12 95 6.2 85

* Those for single compound vertical retort.

vertical-retort technology in Fugu, Shaanxi Province of China
(see Fig. 10). It is composed of twenty compound vertical re-
torts, twenty compound crystallizers, the compound furnace,
two slag boilers and supporting auxiliary equipment.

As the plant was put into operation, the problems such
as excessive water and tar in the externally supplied gas, in-
sufficient power, the feed backflow and jamming of external
spiral slag dispenser were found and solved successively. The
influence of external factors and supporting devices on the
overall system operation was eliminated. The demonstration
plant run continuously and stably for a long time. Accord-
ing to the actual operation and analysis, all the economic and
technical indicators have reached/exceeded the design criteria.
There is no need for manual raking, poking and shoveling to
clean the retort. There is no "chimney effect", and there is ba-
sically no smoke, dust, open fire, high temperature, toxic and
harmful gasses in the workshop. The operating environment
is significantly improved compared with the Pidgeon process
and normal vertical-retort process.

Representative of the 1200 t/a compound-vertical-retort
magnesium production demonstration plant is shown in
Table 3. It is shown that charging capacity of single retort
is 622 kg~710 kg, the single retort’s magnesium yield is
98 kg~113 kg, the reduction operation cycle is 11 h~ 12 h,

and the vacuum degree is maintained below 5 Pa. Accord-
ingly, the ratio of charge-to-Mg is 5.8~6.6, and the reduction
extent is 86.5%~96.8%.

Through chemical component analysis of the crystallized
magnesium sampling at multiple points, all except the surface
layer are of high purity, which proves that the compound-
vertical-retort technology can produce high-purity magne-
sium. The chemical component analysis of 2 random sam-
pling of crystallized magnesium is listed in Table 4, accord-
ing to the national standard testing method by the National
Light Metal Quality Supervision and Inspection Center. Com-
pared with the commercial magnesium ingot, it can be found
that all impurity elements except Al meet the requirements
of magnesium ingot grade Mg9980 and basically meet the
requirements of Mg9995B.

4.3. Technical and economic indicators

With the charge-to-Mg ratio of 6.2 as the measurement
benchmark, the main technical and economic indicators of
the compound-vertical-retort magnesium production technol-
ogy are determined and listed in Table 5, as well as compared
with indicators of the Pidgeon process and normal vertical-
retort process. It is shown that all the technical and economic
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Table 4
Chemical component analysis of sampling at the crystallized magnesium.

Chemical component
(Mass fraction%)

Test result 1

Test result 2

Magnesium ingot grades™

Mg9980 Mg9995B
Mg 99.93 99.96 >99.80 >99.95
Al 0.064 0.013 <0.05 <0015
Cu <0.0001 0.0002 <0.02 <0.002
Fe 0.0010 0.0077 <0.05 <0.005
Mn 0.0025 0.0032 <0.05 <0015
Ni <0.0005 <0.0005 <0.002 <0.001
Si 0.0015 0.0014 <0.05 <0015
Ti <0.0001 <0.0001 - -

Zn 0.0007 0.0046 - <0.01
Pb <0.0010 <0.0010 - <0.005
Sn <0.0010 <0.0010 - -

* According to the GB/T 3499-2011 issued on September 29th, 2011 by Chinese government.

Table 5

Main technical and economic indicators of compound-vertical-retort technology.

No. Items Compound vertical retort Normal vertical retort Pidgeon Process (Horizontal retort)
1 Production cycle, h 12 18 12

2 Production efficiency per retort, kg-Mg/h 7.5 4~5 1.8~2.5

3 Reducing furnace’s energy consumption, tce/t-Mg* ~1.0 ~1.3 ~1.6

4 Service life of retort, days ~180 60~90 60~90

5 Purity and quality of crystallized magnesium >99.8%, dense <99.5%, not dense <99.5%, not dense

6 Production environment Friendly Worse Worse

*tce/t-Mg represents only the energy consumption for producing 1 ton magnesium in reduction stage, those for raw materials of dolime and ferrosilicon not

included.

indicators of the compound-vertical-retort technology are sig-
nificantly better than that of the Pidgeon process and normal
vertical-retort process. Specifically, the energy consumption
for producing 1 ton Mg has been reduced to 1.0 ton of stan-
dard coal, i.e., 1.0 tce/t-Mg (not included the energy consump-
tion for preparing raw materials of dolime and ferrosilicon).
The service life of retort has been significantly prolonged to
around 180 days, which is 2~3 times of that of Pidgeon pro-
cess and normal vertical-retort process.

5. Summary

This paper comprehensively introduces a new magnesium
production technology — the compound-vertical-retort mag-
nesium production technology, including the fundamental the-
oretical research and core equipment development, main pro-
cess flow design as well as the technical characteristics. Com-
parison in technical and economic indicators with the Pidgeon
process and normal vertical-retort process was carried out to
elucidate the superiority and advancement of the compound-
vertical-retort magnesium production technology. A summary
is as follows.

(1) Through studying the catalytic reaction mechanism of
fusion and agglomeration, silicothermic reduction kinetics,
and high-temperature mechanical properties of heat-resistant
steel, a new ceramic-lined steel retort equipped with ceramic
central cylinder was developed. The adhesion and glaze prob-
lem were solved, automatic slag-discharging and mechanized
production was fully realized, significantly improving the pro-

duction efficiency and labor productivity. The service life of
compound vertical retort was significantly prolonged to be
more than 5 months.

(2) Through studying the multiphase change and heat flow
mechanism of magnesium vapor and metal impurities, a com-
pound crystallizer with function of sectional condensation and
large magnesium capacity was developed. The yield, purity
and quality of crystallized magnesium was significantly im-
proved. The compound crystallizer can produce dense crude
magnesium of ~100 kg per retort at one time, with purity of
more than 99.8%.

(3) Through research and application of double-
layer/bidirectional/interleaved/hedged/jetting X flame combus-
tion technology and the negative pressure/reducing atmo-
sphere combustion technology, a highly efficient and energy-
saving compound reducing furnace with uniform temperature
distribution was developed. The thermal efficiency of the fur-
nace is significantly improved. Combined with the heat re-
covered by the crystallizer and slag boiler, the energy con-
sumption in reduction stage had been reduced to 1.0 tce/t-
Mg, which is 0.6 tce/t-Mg lower than the Pidgeon process
and 0.3 tce/t-Mg lower than the normal vertical-retort pro-
cess.

(4) Through integrating twenty compound vertical retorts,
twenty compound crystallizers, the compound furnace, two
slag boilers and supporting auxiliary equipment, a demonstra-
tion plant with annual capacity of 1200 tons magnesium was
established. The daily output of the plant reaches 3~4 tons
magnesium. The mechanical production was fully realized.
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The operating environment is significantly improved. All the
technical and economic indicators (on a basis of charge-to-
Mg ratio 6.2) of the compound-vertical-retort technology are
proved to be significantly better than Pidgeon process and
normal vertical-retort process.
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