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bstract

The in-flight melting technology with multi-phase alternating current (AC) arc was developed for the purpose of saving energy and shortening
roduction cycle for glass industry. The 6-phase arc and 12-phase arc were used to investigate the in-flight melting behavior of soda-lime and
lkali-free glass powders. Results showed that the vitrification degree of raw materials and the shrinkage of particle diameter increased with the
ncrease of input power. The higher melting temperature and viscosity were responsible for the lower vitrification degree of alkali-free glass

owders. Compared with 6-phase arc, 12-phase arc improved the vitrification degree of raw material for the longer residence time and higher
lasma temperature under the same transformer current. The high vitrification degree achieved in short time indicated that the new in-flight melting
echnology with multi-phase ac arc would be a promising method for energy conservation in glass industry.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The glass industry has been using the typical siemens-type
elters for the good performance of large-scale melting since

860 [1]. The conventional method used for glass melting is the
ir–fuel firing technology, which is inefficient, time consum-
ng and energy intensive. Especially, the melting and refining
removal of gas bubbles) process is the most energy intensive
nd time consuming in the whole technology. In addition, the
sage of fossil fuel during the traditional technology brings
ore environmental responsibility due to the emissions of green-

ouse gases like CO2 and NOx. Researchers have come up
ith a variety of partial solutions with more insulation, more

fficient burner, and improved refractory and furnace designs
2–4]. Some researchers have tried to change the fuel source
o increase the temperature and reduce the emissions by using

xygen instead of air in furnaces, other producers used elec-
ric boosting to hasten melting time and improve their processes
5,6]. Most of those improvements, however, have not changed

∗ Corresponding author. Tel.: +81 45 924 5414; fax: +81 45 924 5414.
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he fundamental technology, only produce small energy savings.
ith the increase of usage of glass and the energy issue, it is cru-

ial to develop a new high-efficiency glass melting technology
ith minimum energy consumption and emissions.
Thermal plasmas have received many attentions owing to its

igh chemical reactivity, easy and rapid generation of high tem-
erature, high enthalpy to enhance the reaction kinetic, oxidation
nd reduction atmosphere in accordance with required chemi-
al reaction as well as rapid quenching capability. The thermal
lasmas have been widely applied to many fields because of
hese unique advantages, such as spray coating, extraction of

etals, remelting and refining of metals or alloys, synthesis of
dvanced materials as well as treatment of toxic and hazardous
astes [7–12]. Among various kinds of thermal plasma reactors,

rc plasma as the energy source with high energy efficiency has
een using in the welding and cutting of metals, steelmaking,
ynthesis of nanoparticles and spheriodization of metal parti-
les [13–15]. The valuable feature of an electric power system
ith more than three phases is that the instantaneous power is
lmost constant when the power source and its load are balanced
16–18]. The high temperature of arc plasma makes it possible
o develop an energy saving and environment benign technology
or glass melting.

mailto:watanabe@chemenv.titech.ac.jp
dx.doi.org/10.1016/j.cej.2007.11.016
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Fig. 1. Electrical circuit diagram of the transformer

In this study, an innovative glass melting technology with
ulti-phase alternating current (AC) arc was developed to melt

ranulated raw material during its flight time for the purpose of
nergy conservation and environmental protection. The vitrifi-
ation, morphology, particle size distribution, and composition
f powders were characterized by different analysis methods.
lso, the effect of input power of arc on the in-flight melting
ehavior of two kinds of powders was investigated in the paper.
. Experimental

The raw materials for soda-lime and alkali-free glass
ere prepared into granulated powders using the spray-drying

a
t
w

Fig. 2. Schematic diagram of
converting from the 3-phase ac to the 12-phase ac.

ethod; the mean diameter was 51 and 80 �m, respectively.
he porosities of raw materials of soda-lime and alkali-free
lass were 73% and 72%, respectively. The target composition
f soda-lime glass was 16Na2O–10CaO–74SiO2 (wt%) made
rom Na2CO3, CaCO3 and SiO2, the composition of alkali-free
lass was 49SiO2–15B2O3–10Al2O3–25BaO–1Sb2O3 (wt%)
repared from SiO2, H3BO3, Al2O3, BaCO3 and Sb2O3.

The new type of arc plasma reactor with multi-phase (6 or 12)
C discharge has been developed to get stable and continuous

rc by the transformers for converting from the 3-phase AC to
he multi-phase AC, as shown in Fig. 1. The single-phase AC arc
elding transformers (DAIHEN B-300) were used to realize the

the experimental setup.
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Fig. 3. Photographs of multi-phase arc

ower supply for the generation of multi-phase arc. The input
f the 3-phase power supply was connected to 200 V (50 Hz)
ommercial power lines. The primary coils of transformers were
ivided into two parts: one was the � connection and the other
as the Y connection. The vector diagrams for converting from
-phase to 12-phase were reported by Matsuura et al. [18]. The
utput lines from transformers were connected directly to the
orresponding electrodes of the reactor.

The schematic diagram of experimental setup is shown in
ig. 2. It consisted of 12 electrodes, reaction chamber, powder

eeder and AC power supply. The configuration of 12 electrodes
as symmetrically arranged by the angle of 30◦. Twelve elec-

rodes were divided into two layers, upper six electrodes and
ower six electrodes. The electrode material was tungsten (purity

ig. 4. TG-DTA curves of raw material and quenched powders of alkali-free
lass treated by 6-phase arc with different input powers.
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a: (a) 6-phase arc and (b) 12-phase arc.

9.9%) with 3.2 mm in diameter. The electrodes and the pow-
er feeder nozzle were water cooled; argon gas (99.99%) was
njected around the electrodes to prevent them from oxidation
t the flow rate of 36 l/min. The set-up can be operated with
-electrode discharge or 12-electrode discharge. Fig. 3 shows
he generated arc plasma with 6-electrode discharge and 12-
lectrode discharge. In the experiments, the transformer current
as set to 100, 125 and 150 A, corresponding to the input power
f 22, 27 and 30 kW for 6-phase arc. Since the maximum input
ower is 52 kW for this setup, only two types of power 36 and
6 kW) for 12-phase arc can be generated at the input current of
00 and 125 A, respectively. The discharge voltage and current
f each electrode were 30–45 V and 80–130 A, respectively. The
iameter of arc plasma was about 100 mm; the distance between
wo layers of electrodes was 150 mm. The raw materials were
njected into the arc plasma at the feed rate of 30 g/min with
ir carrier gas of 20 l/min by the powder feeder. The powders
reated by multi-arc were quenched on the stainless steel pan at
distance of 920 mm below nozzle.

The thermogravimetric-differential thermal analysis (TG-
TA) was used to carry out the thermal analysis on TG-8120

Rigaku), the measured temperature in the range of 20–1300 ◦C.
he structures of the powders were determined by X-ray diffrac-

ometry (XRD) on Miniflex (Rigaku) with Cu K� radiation
t 30 kV and 15 mA. The data were collected in the 2θ range
–90◦ with a step size of 0.02◦ and a scan speed of 4◦/min.
he micrographs of particles were performed by scanning elec-

ron microscope (SEM) on JSM5310 (JEOL) and the size
istributions were evaluated by the image analysis on SEM
hotos. The composition of quenched powders was analyzed
y inductively coupled plasma (ICP) spectroscopy on ICP-8100
SHIMADZU).

. Results and discussion

.1. 6-Phase arc

Fig. 4 shows the TG-DTA analysis of alkali-free glass pow-
ers treated by 6-phase arc with different input powers. The TG

urve of raw material presents two main stages with 10.1% total
eight loss. In first stage, the mass loss is mainly attributed to

he release of physically adsorbed H2O and the decomposition
f H3BO3 corresponding to the two endothermic peaks at 97
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ig. 5. SEM images of soda-lime glass powders: (a) raw material; (b) 22 kW; (
7 kW; (h) 30 kW.

nd 140 ◦C in the DTA curve. In second stage, the mass loss
round 500–800 ◦C is due to the decomposition of BaCO3 cor-
esponding to the endothermic peaks around 680 ◦C. The TG
urves of treated powders at 22 and 30 kW represent the smaller
eight loss of 1.67% and 0.37%, their decomposition degrees
re 84.3% and 96.5%, respectively. The higher decomposition
egree of powders is helpful to reduce the bubbles formed by
ecomposed gas in molten glass to shorten the refining time. The
TA curve of quenched powders also shows a larger endother-

q
p
s
T

kW; (d) 30 kW, and alkali-free glass powders; (e) raw material; (f) 22 kW; (g)

ic peak around 900 ◦C caused by the glass softening. Higher
lass softening temperature (Ts) of powders treated with 30 kW
eveals lower content of B2O3 which is usually used to reduce
he viscosity and softening temperature of alkali-free glass.

Fig. 5 presents the SEM images of raw materials and

uenched powders prepared by 6-phase arc with different input
owers. The granulated particles of raw materials have rough
urface and porous structure observed from Fig. 5(a) and (e).
he melted particles in quenched powders look like glass beads
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ig. 6. XRD patterns of raw materials and quenched powders treated by 6-phase
rc with different input powers: (a) soda-lime glass powders and (b) alkali-free
lass powders.

hich have spherical shape, smooth surface and compact struc-
ure, but some unmelted particles marked by “V” in samples
till keep rough surface and porous structure after heating. More-
ver, the surface of unmelted particles appears some small pores
hich were formed by the release of the decomposed gas inside
article. As the input power increases, the amount of unmelted
articles decreases due to more energy transfer to particles. It is
bvious that almost all particles in Fig. 5(d) melted completely
n the process of in-flight melting.

To determine the structures of samples, the XRD analysis
f raw materials and quenched powders treated with 6-phase
rc was performed, and the results are shown in Fig. 6. It can
e found that only the SiO2 peaks appear in the patterns of
reated samples, indicating that the decomposition of carbon-
tes (Na2CO3, CaCO3 and BaCO3) or boric acid (H3BO3) in
aw materials was almost completed in the process of in-flight
elting. The peak intensity of SiO2 in the soda-lime and alkali-

ree glass powders decreases with the increasing input power.
he results indicate that the amount of crystal SiO2 becomes
maller and the ratio of amorphous structure with the glass
haracteristics is increased.

Vitrification is a process of converting material into a glass-
ike amorphous solid which is free of any crystalline structure.

he vitrification degree is defined as the ratio of reacted SiO2 in
uenched powders to the total SiO2 in raw material. Fig. 7 shows
he effect of input power on the vitrification degree, analyzed by
he internal standard method with XRD, ZnO as standard mate-

a
e
t
g

ig. 7. Effect of input power on the vitrification of quenched powders treated
y 6-phase arc.

ial [19]. As the input power of arc increases, the vitrification
egree of both kinds of quenched powders increases due to the
igher plasma temperature caused by more energy input. The
itrification degrees of soda-lime and alkali-free glass powders
re 97.8% and 82.1%, respectively at the same input power of
0 kW. The decomposition and reaction temperature of alkali-
ree glass raw material is higher than that of soda-lime glass raw
aterial. According to the Ref. [20], the viscosities of soda-lime

lass and alkali-free glass are 102 and 5.6 × 102 Pa s, respec-
ively at 1400 ◦C. The removal of decomposed gas from particle
nside to surface is slow under the condition of high viscosity.
ence, the vitrification degree of alkali-free glass powders is

ower. The results of vitrification analysis are in agreement with
he above SEM images.

The average diameter of quenched powders was measured
nd shown in Fig. 8. The particles after melting shrank due to
igh porosity of raw materials; the average diameter decreases
ith an increase in input power. The shrinkage of particle is

elated with its vitrification degree; higher vitrification degree
esults in larger shrinkage of particles. Hence, the average diam-
ter of soda-lime glass powders at 30 kW is the smallest due to
he highest vitrification. In addition, the particle size distribu-
ion of samples becomes narrower and more uniform because of
igher vitrification.

.2. 12-Phase arc

The TG-DTA curves of soda-lime glass powders treated by
2-phase arc with different input powers are shown in Fig. 9. The
G-DTA curve of raw material shows two weight loss steps: (1)

he evaporation of physically adsorbed H2O corresponding to
he endothermic peak at 90 ◦C and (2) the decomposition of
a2CO3 and CaCO3 corresponding to the endothermic peaks

t 580 and 690 ◦C, respectively. However, the TG curves of
uenched powders show no mass loss for both quenched powers
uring the treatment. It indicates that the carbonates decom-
osed completely during the plasma treatment in 12-phase arc.
he DTA analysis shows that the sample treated at 46 kW has

higher glass softening temperature with 1039 ◦C. The soft-

ning temperature of soda-lime glass is mainly dependent on
he Na2O content, and more Na2O content will lead to lower
lass softening point. Also, the volatilization rate of Na2O can
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Fig. 8. Particle size distribution of quenched powders with different input

eflect the particle temperature achieved in the process of in-
ight melting. Hence, the higher glass softening temperature
f powders at 46 kW predicts lower Na2O content and higher
article temperature in sample.

In order to realize the deference between 6-phase arc and 12-
hase arc, the decomposition degree of soda-lime glass powders
reated by 6-phase arc and 12-phase arc are compared under
he same transformer current, as shown in Fig. 10. Compared
ith 6-phase arc, the power of 12-phase arc is 64% and 70%
igher at the input current of 100 and 125 A, respectively. Also,
he volume of plasma with 12-phase arc is larger due to the
sage of two layers of electrodes. Larger volume of arc plasma
rolongs the residence time of particle, and more power deliv-
red to electrodes increases the plasma temperature. Therefore,
he decomposition degree of samples treated by 12-phase arc is

igher than that of samples treated by 6-phase arc.

Fig. 11 shows the XRD patterns of raw material and quenched
owders of soda-lime glass treated by 12-phase arc. For the
uenched powders prepared at 46 kW, the pattern without any

a
4

b

rs: (a)–(c) soda-lime glass powders and (d)–(e) alkali-free glass powders.

iffractive peaks reveals that the powders have whole amorphous
tructure with typical glass characteristics. It means the reactions
mong compounds were complete during the treatment. The
bsence of diffractive peaks of carbonates in quenched powders
grees with the above TG analysis. The quantitative XRD anal-
sis determines that the vitrification degrees of powders treated
ith 36 and 46 kW are 94.5% and 100%, respectively. The resi-
ence time of injected powders is estimated about milliseconds
rom nozzle to collecting pan, indicating that the melting of raw
aterial can be completed within milliseconds.
The SEM photographs of the cross-section of particles of

aw material and quenched powders at 46 kW are presented
n Fig. 12. As shown in figures, the particles of raw material
re porous and rough, but the treated particles are compact and
mooth. The measured average diameters of quenched powders

re 36.1 and 33.5 �m corresponding to the power of 36 and
6 kW, respectively.

The chemical composition of soda-lime glass powders treated
y 12-phase arc is given in Table 1. The CaO contents in both
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Fig. 9. TG-DTA curves of raw material and quenched powders of soda-lime
powders treated by 12-phase arc with different input powers.

Fig. 10. Comparison of decomposition degree of soda-lime glass samples
treated by 6-phase arc and 12-phase arc.

Fig. 11. XRD patterns of raw material and quenched powders of soda-lime glass
treated by 12-phase arc with different input powers.

Fig. 12. SEM photographs of cross-section of soda-lime glass raw material and
quenched powders treated by 12-phase arc with 46 kW.

Table 1
Chemical composition in soda-lime glass powders treated by 12-phase arc

Composition (%)

Na2O SiO2 CaO

Target 16.0 74.0 10.0
S
S

s
h
m
t
f
s
a
p
N
s
s

4

(
l
T
o
i

ample-1 (36 kW) 12.6 77.5 9.9
ample-2 (46 kW) 10.5 79.4 10.1

amples are close to the target, however, the SiO2 contents are
igher than that of the target. The Na2O as an indispensable
aterial is used to reduce the viscosity and softening tempera-

ure of soda-lime glass by controlling their content, introduced
rom the reagents of Na2CO3. The ICP composition analysis
hows that the contents of Na2O of quenched powders treated
t 36 and 46 kW are 12.6% and 10.5%, respectively. Higher
lasma temperature at 46 kW causes more volatilization rate of
2O. The lower content of Na2O in sample-2 results in higher

oftening temperature, which is consistent with the DTA analy-
is.

. Conclusions

The multi-phase (6-phase and 12-phase) alternating current
AC) arc was successfully generated and used to melt the granu-

ated glass raw material for the purpose of energy conservation.
he influence of input power on the in-flight melting behavior
f particles has been investigated. With the input power increas-
ng, the vitrification of raw material increases because of more
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nergy transfer to particles; the average diameter of quenched
owders decreases due to higher vitrification. Higher melting
emperature and viscosity of alkali-free glass well explain the
ower vitrification of raw material. The 12-phase arc provided
he higher plasma temperature with larger volume and longer
esidence time during in-flight melting compared with 6-phase
rc. The particle shrinkage in diameter is related with its vitrifica-
ion; higher vitrification leads to more shrinkage of particle. The
n-flight glass melting technology with multi-phase arc shortens
he melting and refining time considerably.
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