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Current—voltage (/-V') characteristics of hydrogen DC plasma torches with different sizes in an external axial magnetic
field under atmospheric pressure are reported. Three anodes with different diameters are adopted in a 50-kW torch: 25 mm,
30 mm, and 35 mm, respectively. Two different diameters of anodes, that is, 100 mm and 130 mm, are adopted in a 1-MW
plasma torch. The arc voltage shows a negative trend with the increase of arc current under the operating regimes. On
the contrary, arc voltage shows a positive trend as the flow rate of carrier gas increases, and a similar trend is found with
increasing the external magnetic flux density. A similarity formula is constructed to correlate the experimental data of the
torches mentioned above. Linear fitting shows that the Pearson correlation coefficient is 0.9958.
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1. Introduction

Thermal plasmas have a great variety of applications in
many industries, including arc welding, surface treating, ultra-
fine particle synthesis, carbon nanotubes production, etc./1=5!
Owing to the advantages in high concentrated energy flux,
high chemical reactivity, and high temperature, more and more
attention has been paid to the plasma conversion of fossil re-
sources and biomass to produce syngas or acetylene.®7]

Due to the steep temperature gradient and non-uniformity
inside the plasma jet, it is difficult to achieve good mixing be-
tween processing materials and the plasma jet.[!] A larger vol-
ume of homogeneous plasma could be obtained when an ex-
ternal magnetic field is applied.!®! Also the magnetically driv-
ing plasma arc will spread the heat load on the anode surface,
reduce erosion of the electrode and increase the mixing ef-
ficiency, which has been used in the I-MW plasma torch of
AVCO!! and the 9-MW plasma torch of DuPont.[1%]

The current—voltage (I-V) characteristic is one of the ma-
jor characteristics of the plasma torch.!'!! This characteris-
tic depends on both the geometry of the torch and operating
parameters such as anode size, gas flow rate, working gas,
etc. Shashkov and Yas’ Ko!!?! introduced similarity theory
to characterize the DC plasma around the 1970s, and many
relevant dimensionless numbers were established. Similarity
theory!'%13] has been successfully used to study plasma char-
acteristics. It provides a reasonable way to construct the re-
lationship between experimental data and mathematical for-
mula. Then the experimental workload could be reduced,
and the corresponding plasma characteristics can be predicted.
The similarity theory was used in DC vortex plasma torches,
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which included the button and well-type cathode by Brilhac et
al."*131 and Zhang et al.!'! reported the characteristics of a
DC dual-jet plasma generator. Paingankar et al.!'’l used the
dynamic similarity to characterize a non-transferred plasma
spray torch.

Therefore, it is of theoretical and practical significance to
study the current—voltage (I-V) characteristic of the plasma
torch for designing and operating the torch.

2. Experiment

In the present work, two sets of plasma torches are de-
signed and built. The corresponding powers are 50 kW
(smaller one) and 1 MW (larger one), respectively; they are
designed similarly in geometry as shown in Fig. 1. Both the
plasma torches are conducted under a constant current power
supply. The circuit voltages for the 50-kW torch and the 1-
MW torch are 500 V and 2000 V, respectively. Atmospheric
hydrogen plasmas are produced at different anode sizes, gas
flow rates, and magnetic flux density (Table 1).

Table 1. Experimental conditions.

Parameters 50-kW torch 1-MW torch
Anode inner diameter D/mm 25, 30, 35 100, 130
Anode length/mm 180 400
Current/A 80-200 250-650
Gas flow rate G/(Nm?/h) 4-19 94-319
Magnetic flux density B/T 0.01-0.17 0.01-0.12

The anode chamber can be reassembled with anodes of
different sizes. Three anodes with different inner diameters
are adopted in the 50-kW torch: 25 mm, 30 mm, and 35 mm,
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respectively. The corresponding diameters of the cathodes are
6 mm (50 kW) and 20 mm (1 MW), respectively.

For the 1-MW plasma torch, anodes with 100 mm and
130 mm are used. Cooling water continuously flows to the an-
ode and the cathode to ensure the temperature of the plasma
torch is kept at a reasonable limit level. All the experimental
data are collected by a computer system.
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Fig. 1. Schematic diagram of the experimental set-up. 1: cathode; 2:
anode; 3: cooling water inlet; 4: quenching water inlet; 5: gas outlet;
6: quenching chamber; 7: anode chamber; 8: magnetic coil; 9: cooling
water outlet; 10: gas entrance.

3. Theoretical basis

The similarity theory provides a feasible way to gener-
ate a relationship between experimental data and mathemati-
cal formula, and then the corresponding plasma characteristics
can be predicted.

According to Shashkov’s theory,!!? considering thermal
conductivity, electric field, and enthalpy as the major phys-
ical parameters, the relevant dimensionless numbers can be
derived as follows:

G
IlRe = — (Reynolds number), €))
HoL
hoGL
II, = 60173 (enthalpy number), 2)
TyooL?
I = 1037260 (thermal conductivity number), (3)
GoU

7 (voltage number). “4)

Here, variables with subscript “0” refer to the reference val-
ues, G is the gas flow rate, u the viscosity, L the difference in
radius between anode and cathode, ¢ the electrical conductiv-
ity, h the specific enthalpy, A the thermal conductivity, T the
temperature, [ the arc current, and U the arc voltage.

In this case, an additional external magnetic field is used
in the plasma torch, so it should be taken into consideration.

The dimensionless quantity about magnetic pressure is
I = 1732 5)
PovjL
Here, vy is the initial gas inlet velocity, and B is the magnetic
flux density. The Reynolds number associated with the mag-
netic field strength could be changed into

poLIB

HRB - 2 . (6)
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Then, the five dimensionless quantities involved can be ob-
tained as
ooUL
Iy = == @
oohoGL
I, = Ta ®
IB
g = ——, ©
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According to the five dimensionless quantities, the similarity
formula can be written as

ITy = f(IT,, I, I, IT),). (12)

According to the power law approximation,!!” equation (12)
could be expressed as

Iy = C* I ITE T8 TS (13)

Physical properties of hydrogen under a certain reference

(13]

temperature are chosen as the reference values (Table 2)

used in the formula above.

Table 2. Reference values of Hy plasma. ('3

Physical variables Reference values of H, plasma

Temperature 7p/K 1.23x 10*
Electrical conductivity o¢/(S/m) 4.54% 103
Viscosity to/Pa-s 5.89x 1072
Thermal conductivity A¢/(W/(m-K)) 5.31
Enthalpy ho/(J/kg) 6.01 x 108
Density po (kg/Nm?) 9% 10~

4. Results and discussion
4.1. Hydrogen plasma arc characteristics
4.1.1. Effect of gas flow rate

The measured voltages of the lab-scale torch (anode di-
ameter, D = 25 mm) at a constant arc current (/ = 80 A) and
external magnetic flux density (B = 0.094 T) are shown in
Fig. 2. Results show that the arc voltage increases quickly
as the gas flow rate increases at the beginning, and the curve
flattens out gradually after a steep increase. This trend can be
explained by the cooling wall effect. The cold gas will com-
press and stretch the arc column, thus leading to the rise of
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the arc voltage.!'8! However, with the increase of gas flow rate
(> 10 Nm?/h) in the turbulent regime, the arc voltage fluctu-
ates little with the changes of gas flow rate and arc current. 8]
Bora et al.l'”! also showed a similar trend demonstrating the
same effect of the gas flow rate.
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Fig. 2. Effect of gas flow rates on the arc voltage (/ =80 A, B=0.094T,
D =25 mm).

4.1.2. Effect of magnetic flux density

The influence of magnetic flux density on the current—
voltage characteristic of the plasma torch (anode, D =25 mm)
is investigated under a constant current / of 80 A at a gas flow
rate G of 5.6 Nm3/h. Figure 3 shows that the voltage increases
with the increase of external magnetic flux density. With in-
creasing the magnetic flux density, the arc column is stretched
by an enhanced Lorentz force and becomes longer and the arc
voltage increases. Also when the magnetic flux density B is
more than 0.012 T, the increase of arc voltage becomes slower.
Like the result of Barreto et al.,!*"! the increase in voltage at a
higher rotation velocity is small. The reason is that when the
arc column is stretched to a certain degree, dispersed plasma
reaches a relatively steady state and the voltage will no longer
strongly fluctuate.

350
300t .
250

200

Arc voltage/V

150 F

100
0 0.06
Magnetic flux density/T

0.12 0.18

Fig. 3. Effect of magnetic flux density on arc voltage (G = 5.6 Nm?/h,
D=25mm,I=280A).

Figure 4 shows the current—voltage characteristics of the
plasma torch (anode, D =25 mm, G = 7.5 Nm3/h) under dif-
ferent magnetic flux densities, where the arc voltage decreases
with the increase of arc current. This negative trend is qual-
itatively consistent with previous results. The negative char-
acteristic is due to the fact that the arc electric conductance

increases with the increase of current intensity as a result of a

decrease in electrical resistance. 2]
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Fig. 4. (color online) Current—voltage characteristics under different
magnetic flux densities (G = 7.5 Nm?/h, D = 30 mm).

4.1.3. Effect of anode size

Effect of anode sizes on the current—voltage characteristic
in the 50-kW plasma torch (B =0.094 T, G=17.5 Nm?3/h) is
shown in Fig. 5. When anode length is fixed, anode size plays
a major role in the current—voltage characteristic of a plasma
torch. As illustrated, negative current—voltage characteristics
can be found in each anode size, similar to that described in
Subsections 4.1.1 and 4.1.2. Under otherwise identical oper-
ating conditions, arc voltage will increase with the increase
of anode diameter. This could be explained for the spatially
increasing of the arc column length.
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Fig. 5. (color online) Effect of anode sizes on current—voltage charac-
teristics (B = 0.094 T, G = 7.5 Nm?>/h).

4.1.4. I-V characteristics of the 1-MW plasma torch

Figure 6 shows the I-V characteristics at different gas
flow rates by using the 1-MW plasma torch with two different
anodes (D = 100 mm and D = 130 mm) at a constant external
magnetic flux density B of 0.11 T. In this figure, the arc voltage
decreases with the increase of arc current just like the trend
mentioned in Subsections 4.1.1-4.1.3. Comparing Fig. 6(a)
with Fig. 6(b), it can be concluded that no matter what the gas
flow rate is, negative voltage characteristics can be expected to
appear in the range of operating regimes. As the anode diame-
ter increases, the voltage of the 130-mm torch becomes higher
than that of the 100-mm torch, which is consistent with the
trend discussed in Subsection 4.1.3.
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Fig. 6. (color online) Experimental current—voltage characteristics un-
der different gas flow rates (a): D =100 mm, B=0.11 T; (b): D =
130 mm, B=0.11T.

4.2. Application of the similarity theory

Dimensionless equations describing the physical phe-
nomena in the plasma arc could be used to extrapolate the
[1422] A gen-
eralized formula of /-V characteristics (Eq. (14)) is derived by
the regression of experimental data under various operating

characteristics of one similar plasma generator.

conditions. Making the similarity formula fit by the experi-
mental data, which is obtained from both the 50-kW and 1-
MW plasma torches, coefficients of the similarity formula can
be obtained as follows: C =3207.67,a; = —0.53, a, = —0.37,
a3 = 0.63, a4 = 1.30. Then the formula becomes

—0.53 —0.37
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Figure 7 shows the linear fittings of experimental data of both
the 50 kW and 1 MW plasma torches given that Pearson’s cor-
relation coefficient r is 0.9958, which indicates the degree of

linearity.

In Table 1, it can be found that the experiments are carried
out under relatively wide operating regimes. So the similarity
formula obtained can be adapted to plasma torches with differ-
ent sizes and be valuable for designing larger plasma torches.
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Fig. 7. (color online) Experimental data’s linear fitting the similarity
formula.

5. Conclusions

Three anodes with different inner diameters for the 50-
kW plasma torch are used: 25 mm, 30 mm, and 35 mm. For
the arc current in a range between 80 A and 200 A, the arc
voltage decreases with the increase of arc current. When the
gas flow rate increases, the arc voltage increases. The same
positive trend can be found when the magnetic flux density
changes.

The negative current—voltage characteristics are found to
be the same in the case of the 1-MW plasma torch with two
anodes (inner diameters are 100 mm and 130 mm). The sim-
ilarity theory is applicable to the characterization of the mag-
netically rotating DC plasma, and the formula which is satis-
fied by the experimental data of different torches is found to
be reasonably appropriate. The linear fitting result shows that
the Pearson correlation coefficient is 0.9958.
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