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ABSTRACT

This study presents the results of experimental investigation on the development of water vapor plasma
technology for conversion of biomass and destruction of hazardous substances. Similar plasma technol-
ogy is also foreseen for the synthesis of micro- and nanostructured catalytic coatings for wide range of
applications.

An experimental DC plasma torch with button type hot cathode and step formed copper anode, oper-
ating at atmospheric pressure has been developed, tested and employed. The following main tasks of this
research have been solved: (i) experimental facility was constructed and water vapour plasma generation
process was practically realized; (ii) thermal and electrical characteristics of water vapour plasma gener-
ator were investigated and plasma jet characteristics were established; (iii) the real operating condition
of plasma facility was analyzed.

This work includes the analysis of operating characteristics of water vapour plasma system which were
investigated in the following range of plasma source parameters: power of plasma torch was 25-45 kW;
arc current was 140-180A, the arc voltage was 172-231V, the efficiency was 0.5-0.78, the average
temperature of water vapour plasma jet in exhaust nozzle was 2600-3500K, and the plasma jet velocity
was 200-310ms~!. Holding the temperature above 2300K and water vapour flow rate at 132 1min—!,
it is possible to reach the sufficient conditions for the biomass conversion to syngas. Spectral analysis
of plasma jet outflowing from plasma torch exhaust nozzle showed that water vapour plasma contains
an increased amount of hydrogen that is usable in many plasma chemical processes. The summarized
results can help to calculate and design gasification systems of biomass, to establish optimal parameters

for stable operation of plasma generator and regulate the process parameters.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Waste management is an important issue in the European coun-
tries nowadays. Lithuania is one of the leading countries in the
European Union according to the amount of biomass per one habi-
tant [1]. One of the biggest potential is solid biomass (residues
of forest logs and energetic plants), also straw, municipal waste,
domestic residues, etc. which need destruction or recycling. The
most promising are technologies allowing not only to destruct
waste or to reduce their volume, but which are also capable of
obtaining products for further commercial use. A great deal of
methods and technologies of biomass conversion into bio-fuels
have been created and developed recently in the world (Fig. 1).

One of the latest and less explored technologies is plasma gasifi-
cation which is an advanced and environmentally friendly process
of converting different kinds of waste materials to further usable
by-products. Plasma is considered as a 4th state of matter with
unique properties that cannot be found in nature. The existing
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designs of plasma generators can be divided into two basic groups:
direct current (DC) plasma torches [2] and alternating current (AC)
plasma torches [3,4]. A DC plasma torch consists of two water
cooled electrodes and anode which is shaped in the form of a noz-
zle. Gasification using this plasma technology offers some unique
advantages for biomass conversion, such as providing high temper-
ature and heating rate, in comparison to other thermal methods.
It also offers the possibility of decomposition of biomass by pure
pyrolysis in the absence of oxygen. When the waste is exposed
to the plasma, it is heated to a high temperature above 2000°C.
A very intensive heat exchange causes the organic compounds in
the waste to dissociate into very simple atoms and molecules such
as hydrogen, carbon dioxide, carbon monoxide, methane, water
vapor, etc. very quickly and provide a potential solution for the
problems that occur in conventional pyrolysis processes [5,6].

The production of synthetic gas from wood using AC air plasma
torchesis discussed in [7]. However, AC plasma torches are not used
widely yet. This is related to additional difficulties caused by the
variation of electrical parameters used for the plasma generation
with time. The coal gasification and production of hydrogen in air
and steam plasma using both the DC and AC torches were studied in
several papers [8,9] and were found to be a very effective method.
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Fig. 1. Technology alternatives for biomass conversion.

Biomass is an organic compound mostly made of carbon and
hydrogen molecules, which participate in chemical reactions. Some
authors [10,11] proposed that there are few main reactions of
biomass plasma gasification.

Reactions in the presence of oxygen:

C + 0y — CO5+406 MJ kmol !, (1)

2C + 0 — 2CO + 246 MJkmol~'; (2)
Boudouard reaction:

CO; +C — 2CO + 173 MJ kmol~1; (3)
Water shift reaction:

CO, +Hy; - CO + Hy0—41MJjkmol~!; (4)
Water steam reaction at 500-600 °C temperature:

C + 2H,0 — CO, +2H, — 90 MJ kmol~1; (5)
and at >900 °C temperature:

C + H0 — CO + Hy +130MJkmol™'; (6)
Methane production reaction:

C + 2H, —» CH4 —75MJkmol 1. (7)

Itis visible from the reactions listed above that water steam con-
tent can increase the production of H, and CO,. The main reactions
show that heat is required during the reaction process. The organic
compounds are thermally decomposed into simple compounds,
such as synthetic gas (CO and H;) or their constituent elements.
As an example, the composition of synthetic gas after plasma gasi-
fication of crushed wood is 61.6% of hydrogen and 35.2% of carbon
monoxide; enthalpy is 22.8 MJ kg1 [12].

The main advantage of plasma gasification is a better control of
the composition of synthetic gas and reduction of the amount of
unwanted tar, carbon dioxide and hydrocarbons [13]. The advan-
tages of thermal plasma based technologies over conventional
incineration include higher temperatures, independence of addi-
tional fuel and shorter residence times [14], also, the prevention or
reduction undesired pollutants in the by-products and final product
[15].

It is well known that mass enthalpy of water vapor is about
six times higher than the mass enthalpy of air at temperatures
of 4000-5000K (Fig. 2). Several times more power than the same
amount of air is necessary to heat water vapor up to the required
temperature. In comparison, the distribution of oxygen and hydro-
gen enthalpies is showed in Fig. 2 which suggests that the reaction
of hydrogen formation requires very high energy.

It means that decomposition of biomass by water vapor is a
highly endothermic process. Therefore, the temperature of water
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Fig. 2. The dependence of hydrogen, water vapor, oxygen and air enthalpies on the
temperature at 1 bar pressure.

vapor has to be much higher than the temperature of chemical
reactions. Thus, electrical energy provides the energy need for the
plasma torch which then transfers it to the substances to be treated.

Water vapor begins to dissociate above 2000K [16] (Fig. 3) and
at4000K it is no longer water vapor. The plasma flow consists only
of 05, Hy, molecules and O, H, OH radicals.

The optical emission spectroscopy method was applied to
identify the species present in the plasma jet. Optical emission
spectroscopy, which measures the light emitted from the plasma
as a function of wavelength, time and location, is the most com-
monly used plasma diagnostic probe for plasma processing. Since it
is non-intrusive, inexpensive, and can be easily applied into plasma
processing system, it quickly gains popularity in the plasma spray-
ing industry for monitoring the plasma processing. However, large
information content makes the interpretation of the spectra diffi-
cult. For this reason, it is primarily used as a “fingerprint” of the
plasma species identification. As a research and development tool,
it can be very useful in understanding the basic processes within
plasma. It can be quite effective and quantitative if combined with
other measurements. According to the stated above, the main goal
of this work is to develop a water vapor plasma torch for conversion
of biomass and organic waste.

2. Methodology and equipment

The experimental water vapor plasma system was projected and
designed at Lithuanian Energy Institute by the staff of Plasma Pro-
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Fig. 3. The dependence of the percentage composition of water vapor on the tem-
perature at 1bar pressure.
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Fig. 4. A schematic view of water vapor plasma torch. (1) Cathode junction, (2, 4, 8) neutral section, (3) step formed anode, (5) cooling water supply, (6) water exhaust, (7)
water vapor supply, (8) overheated water vapor, (9) electric arc, (10) plasma jet, (G;) argon gas supply, (G») water vapour supply.

cessing Laboratory (Fig. 4). It consists of a linear DC plasma torch
30-40 kW of power with button type hot tungsten cathode (Fig. 4,
position 1) and a step-formed copper anode (Fig. 4 position 3).
The equipment also contains the systems of power supply and
regulation, torch cooling, water vapour and gas feeding. The sys-
tem is operating under the atmospheric pressure. The electrodes of
plasma torch are separated by insulation rings (Fig. 4, position 2),
which have an inlet hools for tangential supply of shielding gas and
main plasma forming gas. The DC water vapor plasma torch, oper-
ating at atmospheric pressure at arc current strength I=140-180 A,
arc voltage U=180-250V, power P=25-45kW, Argon gas flow rate
G;=18.21min~!, and water vapor flow rate G, =128-1331min1,
has been employed. The average temperature of flow at the torch
outlet nozzle varied within the limits of T=2600-3500 K.

When a DC arc is ignited between the cathode and anode and
the feeding gas is introduced in the reaction chamber of the plasma
torch, the arc is pushed through the nozzle and high temperature,
and high velocity plasma jet is generated. Due to the arc shunting
process suppression and the life-time of the electrode prolongation,
the stair-step shape to the copper anode has been provided. The
dynamical stabilization of electric arc and protection of the cath-
ode from erosion has been applied using argon (Ar) as shielding gas.
The amount of shield Ar to ensure good shielding effect depends on
the current strength and type of plasma forming gas used, which is
about 10-20% of the total mass flow rate. The main plasma form-
ing gas is the overheated water vapor, which is produced using
a 5bar of pressure water steam generator. The mass flows of the
source gases as water vapor and shielding gas are regulated by the
mass flow controllers. The characteristics of the plasma torch and
parameters of plasma jet were determined from the heat conser-
vation calculations while measuring current strength in the circuit,
voltage drop and gas flow rates. Heat lost to the cooling water was
determined, average flow temperature and velocity was calculated
and the value of efficiency 7 of the plasma torch was established.
The electrical characteristics of the linear, sectional plasma gener-
ator with step-formed anode are generalized employing the theory
of similarity of electrical processes as follows [17]:

(5 o

where U is arc voltage (V); I, arc current (A); d, anode diameter (m);
G, total gas flow rate (kg s—1); p, pressure in the arc chamber (Pa); |,
length of the anode (m); A, m, n, k and x constant values depending
on plasma torch construction and operating regime.

The performance of plasma torch can be evaluated by its effi-
ciency 1, which indicates what part of the generated energy is
transferred to the gas:

n = Gd(UI). (9)

Generalization of the thermal characteristics of the plasma torch
is similar to the generalization of electrical characteristics:

2 n(l) () Q)

where Bis a constant established from the dependence of efficiency
from arc current.

In order to understand plasma chemistry, optical emission spec-
troscopy (OES) for various plasma processes diagnostic was used.
OES was developed to quantify various reactive species in the
plasma and provides a non-intrusive analysis to investigate atoms,
ions and molecules within plasma, and information about plasma
properties.

Spectral analysis was provided using an acousto-optic emission
spectrometer [FU AOS4, which operates on the basis of a tuneable
acousto-optical filter (AOTF). The spectrometer has a solid state
monochromator/grating, which measures emission wavelengths
between 250 and 800nm with an excellent spectral resolution
between 0.05nm (250nm) and 0.5nm (800 nm). The schematic
view of the optical emission analysis system is shown in Fig. 5.
It consists of an initial optical system, a spectrometer with a photo-
multiplier detector system, including computer control. The optical
lens collimator of 5 mm diameter and 2 m long optical fiber was
used to focus the axial center of the flowing plasma jet. The focal
distance was 0.08 m. The fiber directs emission from plasma into
the optical interface located at the entrance pinhole of the grating
spectrometer. In this manner, the spectra from emitting plasma jet
are observed.

3. Results and discussion

The measurements were carried out varying the arc current
strength and overheating it up to 473-573 K temperature, water
vapor flow rate G,, tangentially injected into the plasma torch.
Generated plasma jet was slightly unstable. The main operational

%_,//y\ O |

Detector

Plasma Lens

Spectrometer Recorder

Fig. 5. The schematic presentation of an optical system for the analysis of photoe-
mission from plasma.
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Fig. 6. Water vapor plasma torch in operation.

Table 1

Experimental parameters of water vapor plasma torch and plasma jet.
Arc current (A) 138-182
Arc voltage (V) 179-260
Arc power (kW) 29-39
Power loss to the cooling water (kW) 11-16
Power available for plasma jet (kW) 16-26
Torch efficiency, 1 (%) 51-70

Argon gas flow rate, G; (Imin~1) 18.2

Water vapor flow rate, G, (Imin-1) 128-133
Total mass flow rate, G (Imin~1) 146-152
Average temperature of plasma jet at the torch outlet nozzle (K) 2600-3500
Velocity of plasma jet at the torch exhaust nozzle (ms~') 211-311
Diameter of stair-step anode, d, (1073 m) 8

Diameter of stair-step anode, d; (10~ m) 14

characteristics of plasma torch and plasma jet were established and
are given in Table 1 and Fig. 6 which shows water vapor plasma
processing in operation. The magnitude of applied current, voltage
and the total mass flow rate are selected as the prime variables in
experiments.

To ensure a stable work of the water vapor plasma torch, ris-
ing or steady voltage-current characteristics (VCC) are desirable.
A general estimating equation for determination of VCC were esti-
mated using the theory of similarity and is presented below in (11).
The general results are depicted in Fig. 7.

The VCC of water vapor plasma torch are strongly dependent on
the type of working gas and shield gas and their mass flow rate. It
also depends on the physical characteristics of the gas, i.e. density,
viscosity, conductivity and etc. The VCCs of the PG investigated are
described by the following relationship:

-0.6
ud, 3 12
2 =3x10 (Gd (11)

where U is voltage (V); da, diameter of anode (m); I, the arc current
(A); G, the total mass flow rate (kgs=1).

T
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Fig. 7. Voltage—current characteristics of water vapor plasma torch.

The knowledge of geometry of plasma generator and its VCC
helps to determine the temperature and velocity of the plasma jet
at the exhaust nozzle.

The general results of plasma torch thermal efficiency (Fig. 8)
were estimated using the theory of similarity for thermal processes
and were summarized into one equation. The general estimated
equation for determination of efficiency is presented below in (12).

0.26
(1-h S P
o = 1655107 o ) (12)

It enables estimating any magnitude of plasma torch thermal
efficiency. The results from Fig. 8 and (12) are taken into account
when designing plasma generator for decomposition of biomass
and organic waste.

Thermal and dynamic parameters of plasma jet have the most
influence on the effective thermal plasma gasification of biomass
and organic waste. The additional regulating resistors are not
required and the thermal efficiency of water vapor plasma torch
increases while increasing the water vapor flow rate. The plasma
torch works steady then the flow rate of water vapor-Ar is in the
range of 148, 150 and 152 Imin~" at the current strength of electric
arc variation in the range of 138-174 A.

This newly designed water vapor plasma torch has some advan-
tages such as there are no hot moving parts with additional
mechanisms to wear them out and the cooling system is not com-
plicated, the plasma torch can work stable at low flow rates of Ar
as shielding gas or without Ar if hafnium cathode is used.

Toinvestigate the processes occurring in the water vapor plasma
flow, the OES has been employed as well. Figs. 9 and 10 present the
optical emission spectrum, measured for water vapour-Ar plasma
jet at the 5mm from exhaust nozzle. The measured field was
approximately 4°. The experiment conditions in emission spec-
tra measuring (Fig. 9) were the following: power of plasma torch
P=31.8kW, argon gas flow rate G; =18.21min~! and water vapor
flow rate G, =1461min—!. The measurements performed to obtain
the results depicted in Fig. 10 were established accordingly to
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Fig. 8. The dependence of plasma torch thermal efficiency on the current strength
and water vapor-Ar flow rate, Imin—!: 1-148; 2-150; 3-152.
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Fig. 9. Optical emission spectrum of Ar (as shield gas)—water vapor plasma at P=31kW, water vapor flow rate G =1291min~"'.
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Fig. 10. Optical emission spectrum of Ar (as shield gas)—water vapor plasma, power of plasma torch at P=37 kW, water vapor flow rate G, =133 Imin~"'.

P=37KkW, G; =18.21min"! and G, =133 Imin~'. It can be seen that
the most intense spectral lines are situated in the zones of cyan,
green and orange part of the spectrum around 500-590 nm. The
emission spectra consisted of OH, hydrogen (HI), excited argon (Ar
I), copper (Cu I) and oxygen (O II) lines. The intensity of Cu was
much larger than those of H and O. It is considered that the cop-
per anode is emitting copper radicals in the plasma. The major OH
peak is located at 306.4 nm band, the Hy peak, which belongs to
the Balmer series, is located at 434.0nm and O peak is located at
533.1 nm. The H peak is extremely prominent (Fig. 10). Therefore,
it was confirmed that the water vapor plasma was decomposed
into H, OH and O radicals. Beside these important groups of spec-
tral lines, the spectrum contains a large number of other lines with
variable intensities, making the plasma emission spectrum rather
complicated.

It appears that the water vapor plasma discharge emits quite a
complicated spectrum. Indeed, as the review papers usually report
on glow discharge analytical spectrometry, e.g. [18,19], one of the
advantages of mass spectrometry, as an analytical technique com-
pared with the optical emission spectrometry, is that the mass
spectra are much simpler than line-rich optical spectra; thus, they
suffer less from spectral interferences.

In the world-wide scientific sources some other researches
report about using OES for water vapor plasma flow [5,20]. How-
ever, these studies have been performed in the vacuum conditions;
thus, the lack of information in water vapor plasma at atmospheric
pressure still exists. Additionally, an exact comparison of the results
is not possible due to the different discharge conditions in the
reacting arc zone and plasma torch constructional particularities
and geometries; therefore, different positions of the spectral line
intensities were recorded.

4. Conclusions

An experimental linear DC water vapor plasma torch with hot
button-type cathode step-formed anode operating at atmospheric

pressure has been designed, tested and found to be suitable for
biomass conversion. The average temperature of flow at the torch
exhaust nozzle varied within the limits of T=2600-3500K. The
maximal plasma torch thermal efficiency was up to 0.7.

Analyzing the electrical and thermal characteristics of water
vapor plasma torch, it has been determined that the rising arc cur-
rent leads to the decrease of arc resistance. Thus, the arc voltage
decreases due to the reduced resistance, which ensures the stable
work of the plasma torch.

The H,0 vapor plasma was characterized by the optical emis-
sion spectrum analysis and was observed to surely decompose
into H, OH and O radicals. The present study shows that the most
intense lines in the emission spectrum are situated between 434
and 620 nm.

The presented plasma torch is absolutely suitable for biomass
conversion purpose. To conclude, it is important to notice
that water vapor plasma is very attractive for production of
high-energy synthetic gas from different organic matters which
could be used in the heat exchangers of different assign-
ments.

Although important research progress in this area has been
made in recent years, there are still considerable technical
challenges to be faced in developing and modifying thermal
plasma pyrolysis process for industrial applications. Summa-
rized results can help to calculate and design gasification
systems of biomass, to establish optimal parameters for stable
operation of plasma generator and regulate the process parame-
ters.
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