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In plasma spraying, the properties of the plasma-forming gas largely control the characteristics of the
plasma jet and the momentum, heat, and mass transfers to the particles injected in the flow. The objective
of this work was to investigate the effect of gas composition on the static and dynamic behaviors of the
plasma jet. The latter behaviors were investigated from measurements of arc voltage and plasma jet ve-
locity. Ternary gas mixtures of argon, helium, and hydrogen were used. The results were expressed as
correlations between arc voltage and flow velocity, and the operating parameters of the gun for a specific
nozzle diameter.

Keywords arc voltage fluctuations, Ar-He<jas mixtures, gas . Ina plasma Spray process, the composition of the_plasma 9
thermodynamic and transport properties, inert plasma IS one_o_f the o_p_eratlng paramet_ers that (_:an_ help to increase
spraying, plasma jet velocity deposition efficiency and possibly the lifetime of electrodes

The mixing of argon with both hydrogen and helium makes i

1. Introduction possible to combine the advantages of the high thermal cond

tivity of hydrogen and the high viscosity of helium. Previous

Plasma spraying is commonly carried out using a mixture of studies have shown that such ternary gas mixtures were favd
two gases: the primary gas, argon (Ar), and the secondary gasable to the spraying of ceramics, resulting in a significant in
hydrogen (H) or helium (He). The composition of the plasma- crease in deposition efficiency and giving rise to the
forming gas influences (a) the formation of the plasma jet and development by Air Liquide of the ternary plasma-forming gas

the arc behavior inside the anode nozzle, (b) the mixing of themixture “ Spral” (Ref 2).

plasma jet with the enveloping atmosphere, and (c) the accelera-  The present study deals with ternary gas mixtures of argon, h

tion and heating of the particles injected in the flow. lium, and hydrogen for a large range of gun operating conditions
Argon ensures arc stabilization inside the nozzle and controls

the transport rate of mass and the momentum of the flow. Argon Nomenclature
is characterized by a high mass, a rather high viscosity(2.7
10*kg/m s at 10,000 K), and a relatively low thermal conduc-
tivity (0.6 W/m K at 10,000 K).

Helium and hydrogen increase the energy capacity of the
gun. They also enhance the heat transfer to particles, which og
curs mainly by conduction through the boundary layer sur-
rounding particles, as they have a high thermal conductivity.

D Internal nozzle diameter, m

G Mass flow rate of the plasma gas, kg/s

h*  Mass enthalpy of the plasma gag#4tJ/kg

| Arc current, A

k  Thermal conductivity of the plasma gas, WK

k*  Thermal conductivity of the plasma gasTat W/m O
K

The latter is higher for hydrogen than it is for helium: 3.7 Vil/m _ kOxhO

K and 2.4 W/niK respectively at 10,000 K. In addition, helium Pr Prandtl numbepr = kOx TO 1 T

has a high viscosity, especially above 10,000 K(G]IT4kg/m dc. Conductive flux to particleg; = R xI k(T)dT,
[5 at 10,000 K and 42810 kg/m (s at 15,000 K), due to its W/m? P,

higher ionization potential of 24.6 eV compared to 15.7 eV for G
argon and 13.6 eV for hydrogen. When the temperature in-| Re Reynolds numbeRe= OxD
creases beyond room temperature, the values of viscosity ar¢ H
controlled first by the interactions between neutral molecules S
(for diatomic molecules). Then, as dissociation starts, viscosity
values are controlled by neutral atoms; at even higher tempera} j=—mMm———
tures, the charged particles control the values. In reality, when olx hlx G x D

ionization occurs, the viscosity decreases with increasing tem{ Tp Particle surface temperature, K
perature. The drop in viscosity is due to the ionization of the gas| T~ Undisturbed plasma temperature, K
resulting in a Coulomb force of relatively long range between | T* Temperature for which electron concentration in the

Radius of the particle, m

Energy number (second number of Yas'kp),
12

particles. For helium, this decrease is not observed below 17,000 plasma is higher than 1 vol%, K
K due to the higher ionization potential of helium (Ref 1). V. Arcvoltage, V _
Vmax Maximum gas velocity at 2 mm downstream the npz-
S. JanissonandE. Meillot, CEA/DAM Le Ripault, BP 16, 37260 . Z!e ex'_t' m/s
Monts, France; and. Vardelle, J.F. Coudert, B. Pateyron,andP. W*  Viscosity of the plasma gas &, kg/m[5
Fauchais, SPCTS, University of Limoges, 123 avenue A. Thomas, p* Specific density of the plasma gasTat kg/m
87060 Limoges cedex, France. Contact e-mail: armelle@ensil. o* Electrical conductivity of the plasma ga8 (]‘n)_1
unilim.fr.
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The first objective of this work was to determine the domain of centage of Hup to 5000 K and by both percentages gHd

gun parameters for which the gun is stable. This analysis wasHe at temperatures above this level.

made by studying the dynamic behavior of the plasma jet. The In thermal plasma jets, heat transfer to particles injected in
second objective was to establish correlations between the timethe flow occurs mainly by conduction through the boundary
average arc voltage and the jet velocity, and the variables of thdayer. If kinetic equilibrium prevails in this boundary layer, the
spray process. Such correlations allow a reduction in the numberate of heat transfege, through the gas shell can be expressed as
of experiments in the investigated domain. Moreover, they can(Ref 4):

assist in developing a model for the on-line control of the T

rocess. 1 ”
p q. = R XI k(T)dT (Eq 1)
P

. P
2. Thermodynamic and Transport
Properties of Ternary Gas Mixtures whereRy is the radius of the particlkethe thermal conductivity

) ) of the gasT, is the particle surface temperature, dgds the
The volume percentage of argon in the gas mixture was var-yngisturbed plasma temperature. The heat flux, of course, fol-

ied between 30 and 50 vol%, the percentage of hydrogen bejgys the same trend as the gas thermal conductivity. Adding H
tween 7.4 and 25, and the percentage of helium between 30 ang the mixture results in an increase as soon as the temperature
55.6. The thermodynamic and transport properties (Ref 1) of theexceeds 4000 K (Fig. 3).

different mixtures were computed using the ADEP software  The viscosities of the ternary mixtures as a function of tem-
(University of Limoges and CNRS, Limoges, France, 1986) perature are shown in Fig. 4. These viscosities are very close to
(Ref 3). Figures 1 to 4 represent the specific enthalpy and thethat of pure argon up to 11,000 K. Above this temperature, the
transport properties of the various gas mixtures at atmospherigjiscosity decreases and exhibits some variation between the
pressure. The compositions of these mixtures and their molecuvarious mixtures. First, the interactions between the neutral spe-
lar weights are given in Table 1. cies control the values of viscosity. After the first ionization of

The variations in enthalpy are mainly due to the heat of dis- Ar and H, the viscosity decreases. This can be explained by the

sociation of H and the ionization of the various gases, Ar, He, relatively long-range Coulomb forces between charged parti-
and H. This effect is noticeable for low percentages gfid- cles, resulting in a decrease in their mobility when the density in-
cause the dissociation of hydrogen starts at a rather low temperacreases. The decrease in mobility causes an increase in the
ture (3000 K). The maximum dissociation is found at about 3800 collision integrals for charged particles.
K at atmospheric pressure. The energy of ionization of heliumis ~ The differences in the curves, above 11,000 K, are explained
higher than that of argon (24.5 eV compared to 15.7 eV), and thedy the helium content in the mixture; the higher the helium con-
addition of helium modifies the enthalpy of the mixture above tentis, the higher the gas mixture viscosity, due to the higher
17,000 K and at volume percentages higher than 60. ionization potential of He.

For a constant gas flow rate, an increasejiandl/or He con-
tent results in an increase in the specific enthalpy of the mixture
This is due to the decrease of the gas mass resulting from th
lowering of argon content. A rough estimate from the curves of

Fig. 1 shows that, at 20,000 K, the gas enthalpy increases by |, 5jasma spray guns, the arc voltage is characterized by fluc-
~23% when the.argqn cor_1tent ple_creases F’y 20% tuations at frequencies ranging from approximately 2 to 20 kHz.
Because of its high dissociation and ionization peaks, H These arise from the continuous movement of the arc root at-
shows the highest value of thermal conductivity, whereas Ar hastagchment spot on the anode (resulting from the interactions of
the lowest value (Ref 1). An increase of the relatiyedhtent  electromagnetic, thermal, and dynamic phenomena in the arc
thus implies an improvement in the thermal conductivity for ter- column) and the anode attachment region (Ref 5, 6). This effect
nary mixtures, especially at low temperature (T > 3500 K) (Fig. results in a continuous fluctuation of the length and diameter of
2). Increasing the amount of He in the gas mixtures also im-the plasma jet at the exit of the torch. Moreover, the mixing of
proves the thermal conductivity in a smaller range than the ther-the free jet with the quiescent ambient jet induces turbulent phe-
mal conductivity with H at temperatures higher than 10,000 K. nomena that are governed by large density and velocity differences
As a result, thermal conductivity is mainly controlled by the per- between the plasma jet and the surrounding gas. Large-scale ed-

g Arc Behavior and Plasma Jet
Dynamics

Table 1 Plasma spraying conditions

Gas mixture, vol% Molecular weight, Total gas flow rate, Arc current,

Ar He H, g/mol sim A

50 40 10 21.7 27 50 320 460 600
50 30 20 21.4 27 50 320 460 600
40 50 10 18.1 27 50 320 460 600
40 40 20 17.8 27 50 320 460 600
37 55.6 7.4 171 27 50 320 460 600
30 45 25 14.3 - 50 320 460 600
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dies extend from the outer edge of the shear layer toward the jeiy,  Experimental Procedure
center in which they are broken down into smaller eddies and . L
mixed with the flow (Ref 7). This phenomenon is enhanced by 4.1 Spraying Conditions
the fluctuations of the jet originating from the arc root motion. Experiments were carried out using a F4 plasma gun (Sulze
As the time constant of the arc fluctuations is in the order of Metco, Wohlen, Switzerland) with a 6 mm nozzle diameter ang
the residence time of the particles within the plasma jet, the arca vortex injection of the plasma-forming gas in the arc zone
behavior can be affected by these fluctuations. The arc behavioThey were conducted in argon atmosphere atPedchamber
can be investigated from the time dependence of the arc voltag@ressure. The chamber was equipped with two 285 mm
and from transient measurements of the plasma light in the po-glass windows for optical diagnostics and could be moved in
tential core, where the entrained fluid has not yet penetrated.vertical plane according to two orthogonal directions, so that th
Further downstream in the flow, such measurements will dependoptical axis for measurement was fixed. The various sets ¢

POMBINSY 1984

more on the flow turbulence. spray conditions are listed in Table 1.
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The process parameters investigated in this study were (a)a sampling rate of 1@s/point. The location of the tips of both fi-
composition of the gas mixture, (b) total gas flow rate, and (c) bers was accurately known from a mechanical device involving
arc current intensity. The volume content of hydrogen was set totwo orthogonal microdisplacement systems. The accuracy on
7.4, 10, 20, or 25%, while the content of helium was fixed to 30, the distance between the two sampling points was 0.2%.

40, 45, 50, or 55.6%. Indeed, if the flow characteristics are modi- The data processing consisted in determining the time delay
fied as soon as hydrogen is mixed with argon, the helium contentyetween both tracks registered by the oscilloscope. A cross-cor-
must be atleast equal to 30% to significantly affect these characrelation procedure involving the first 256 points of each track
teristics. was used. These points were selected from a smooth-edged time
window. The temporal resolution was determined by the number
of points per track used for the cross-correlation process (256),
the sampling rate (1@s/point), and, to a lesser extent, the shape

In the potential core, the plasma jet velocity was determined of the time window. Each of the measured velo_cmes, there-
from the light fluctuations, which originate in the arc root insta- [°'€: corresponded to a mean value that was time-averaged
bilities (Ref 5). These fluctuations are supposed to propagate aPVer 2 ms; in other words, the velocimetry method was lim-
the flow velocity. The measurement method is closely con- ited to the velocity-fluctuating components in the 0 to 500 Hz
nected to a time-of-flight method. It consisted in determining the frequency range.
delay between two light signals collected at two locations that I addition, from a single recording associated with a single
were 10 mm apart in the plasma jet. location in the jet, a temporal evolution of the velocity was ob-

A diagram of the experimental setup is shown in Fig. 5. An tained over the period for data collection of approximately 80
image of the plasma jet was formed through a lens and a beanis. The time-evolution of arc voltage was recorded with a sam-
splitter on the end of two optical fibers 100 in diameter. The  pling rate of 1Qus per point.
latter guided the collected light toward two photomultipliers Previous experimental work (Ref 8, 9) carried out using this
connected with a dual-track digitizing oscilloscope operating at method for plasma jet velocity measurement has shown that it

4.2 Gas Flow Velocity Measurements

Table 2 Arc voltage and gas velocity for a total gas flow rate of 27 sim

First measurement Second measurement
Ar/He/H 2 mixture, Arc current, Voltage, Velocity at the center of jet, Voltage, Velocity at the center of jet,
vol% A \% m/s \Y m/s
50/40/10 600 30+0.1 802+ 96 37.1+0.9 1602t 575
50/40/10 460 31+0.5 729+ 126 37.3: 0.3 912+ 228
40/50/10 600 30.5+0.1 864+ 67 375+ 0.5 1301+ 268
40/50/10 460 355+ 0.9 916+ 328 39.5: 0.5 158# 232
Note: Gas velocity was measured on the torch centerline, 2 mm downstream of the nozzle exit.
ot atrospheric pressure \/\ Digitizer
Beam Photomultiplier
splitter
e=dPlasma = ek - —
==jgun PT-F4%{
Potential core of
Anode - nazzle nitial cor
diameter T 6 mm the plasma jet

Fig. 5 Schematic view of the experimental setup for gas velocity measurements
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can be confidently applied in the potential core of the jet where striction of the arc column, was ineffective when the gas flo
mixing with the surrounding gas has not begun. rate was too low. It should be noticed that the measurements
voltage and gas velocity carried out with a longitudinal injectio

. . of gas along the cathode showed more stable plasma jets, e
5. Dynamic Behavior of the Plasma Jet with the critical conditions.

The average values and standard deviations of arc voltag% 'T‘ féLCt' the m_?zs tflow_rate tt;]as atcortnp:]e_xhrf[)hle on t.he tari
and gas velocity at the nozzle exit (2 mm) were measured, at dif- aviorbecause It etermines the rate atwhich the arc is stretc
ferent times, for the various sets of the spray conditions given inand lengthened. The mass ro_w rate E’.IISO largely controls the t
Table 1. bulence_ and the perturbatlon in the fringes of the_ arc column.

The scatter of both variables for every run, and between sepa- Previous expenments_ ha_v_e ShF’W“ that _an increase in t
rate runs, showed that the spraying conditions used in the pres[nass flow raFe causesa S|gn|f|car!t Increase in the voltage amp
ent study resulted in two operating modes for the gun. Mode 1tude fluc_tuatlons and a _decrease in the lifetime of the arc attac
was stable and characterized by a low time-dependence of th8€Nt point at one location (Ref 5, 10). In the present study, t
average values of voltage and gas velocity. Moreover, the radiaf€Vvels of voltage fluctuation were similar for total gas f|OYV rate
profile of gas velocity were quasi-symmetrical with a parabolic of 27 and 50 sIm, as a result of the unstable torch operation at
shape. Mode 2 was unstable and characterized by a high level oFim. .
fluctuations. The scatter between separate measurements was 1able 3 shows the fluctuations of the arc voltage and plas
large, and the radial velocity profiles were asymmetrical. velocity for the different spraying conditions. Both fluctuations

The latter mode was only observed for the low total flow rate are defined as the ratio of the standard deviation of the variab
of 27 slm when the arc current was high (460 or 600 A), the he-to the average value.
lium content was high (40 or 50%), and the hydrogen content The motion of the arc attachment spot on the anode is main
was low (10%). Table 2 lists the four torch operating conditions governed by the thickness and stability of the “colder” gas laye
giving rise to this mode and shows examples of arc voltage andsurrounding the arc column. The thicker this layer is, the highe
gas velocity variations at two different instants. the voltage amplitude fluctuations and the lower the frequenc

This unstable mode is largely due to the low gas-flow rate of characteristic of arc root motion (Ref 11). On the contrary, whe
argon (ranging between 10 and 13 slm), which is not high the cold gas layer surrounding the arc column is thin, any pertu
enough to stabilize the arc. In addition, the vortex injection of bation in the column fringes gives rise to arc breakdown and re
the plasma-forming gas, which was assumed to help the conarcing. In the latter condition, the arc generally has not enoug

POMBINSY 1894

Table 3 Fluctuations of arc voltage and gas velocity for the various plasma spraying conditions

Gas mixture
composition Total gas flow rate, Arc current, Arc voltage fluctuation, Gas velocity fluctuation,
Ar/He/H 2, vol% slm A % %
50/40/10 27 320 14 28.3
460 0.7 32.0
600 19 35.9
50 320 1.3 18.3
460 25 18.6
600 3.1 26.5
50/30/20 27 320 1.0 6.3
460 0.6 11.9
600 12 18.1
50 320 11 147
460 13 17.7
600 1.2 18.8
40/50/10 27 320 21 11.9
460 13 14.6
600 15 20.6
50 320 1.2 13.2
460 14 145
600 18 20.3
40/40/20 27 320 0.5 10.9
460 15 22.2
600 1.2 24.8
50 320 0.5 28.3
460 0.8 149
600 0.9 41.4
37/55.6/7.4 27 320 1.0 15.2
460 12 21.8
600 24 105
50 320 1.0 9.2
460 15 15.0
600 17 18.5
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time to be significantly lengthened under the intricate action of pOx hOd

; Pr=t—— (Eq4)
gas flow and electromagnetic forces. Therefore, voltage fluctua KOx TO
tions are generally lower. The thickness of the cold gas layer can

_be reduced by increasing the energy input to the arc or decreas]-.he thermodynamic and transport properties of the gas mixture
ing the gas flow rate, as long as it is high enough to ensure the

;2 involved in the dimensionless numbers were calculated at a ref-
constriction of the arc column. . .

. . .erence temperatur@*. The latter is the temperature for which
Increasing the percentage of hydrogen increases the electric S e
field of the arc and constricts and lengthens the arc column Thi36|e(:tron concentration in the plasma s higher than 1 vol%.

g y In Eq 2-4K*, p*, h*, ando* are the thermal conductivity, the

effect can be enhanced by a demixing phenomenon within the . . . a
. - . - viscosity, the mass enthalpy, and the electrical conductivity, re-
arc column, which causes a higher density of hydrogen in pe-

; " ;
riphery of the column (Ref 12). As well, increasing the helium spectively, ar*. All terms of these numbers were expressed in

content improves the plasma jet stability because of a slightlythe Sl system.

e Co ’ T* and the gas properties &t were calculated using the
Eﬁlt;enrc?gfsgr?ﬂg\:v()f the arc column and a reduction in the tur ADEP program (Ref 3). Their values are presented in Table 4.

The voltagey, was expressed through a dimensionless num-
ber that represents the arc electrical resistance:

6. Static Behavior of the Plasma Jet V x D x o0
Su=——F— (Eq5)

The behavior of the plasma gun for a set of operating condi- |
tions was characterized by the time-averaged arc voltage and the . .
gas velocity on the jet centerline at the nozzle exit. Relationships2nd the maximum gas velocitna, was expressed through a
between both variables and the working parameters of the torcHlimensionless velocity defined as:
were established from a dimensional analysis. This method y
made it possible to deduce the logical dimensionless groups oP, = S (Eq 6)
the variables involved in the process. Such relationships can 0
help (a) to have a better understanding of the effect of the various
variables and (b) to predict the variation of arc voltage and gas

velocity for a specific plasma gun. whereV, = <

D2 x pO

(Ea7)

6.1 Dimensional Analysis Here,p* is the specific density of the gasTat

In the present study, the variables of the process were the arc
current,], in A; the gas flow rat&5, in kg/s; and the gas compo-
sition for a specifig nozzle di;{rsnet@?in m. Theygwere coﬁ- 6.2 Arc \Voltage
lected in the following dimensionless numbers deduced from  The functional relationships betweSnandPv, and the di-
the physical equations tha_t govern the working of the gun (i.e., mensionless groupRe Si, and Pr were determined from a
energy transfer, conservation of the momentum, Ohm's law):  power law expressed as:
¢ the Reynolds number that characterizes the gas flow re-

gime: Su=a[(Re)° OPr)° (Si)° (Eq8)
G
Re= Eq2
= 0xD (Ea2)  and
Pv=a [(Re)? OPr)® Os)¥ (Eq9)
e the energy number (second number of Yas’'ko) (Ref 13):
12 wherea, b, ¢, d, a, b', ¢, andd' are constants. Both equations
Siz————— Eq3 i ithmi :
! o0x h(x G x D (Eq3) were expressed in logarithmic form as follows:

In(SY =In(@) + bOn(Rg + c On(Pr) +d On(S) (Eqg 10)
* the Prandtlnumber, which is a measure of the relative effec-
tiveness of momentum and energy transport by diffusion: and

Table 4 Thermodynamic and transport properties of the various gas mixtures at reference temperature, T*

Ar/He/H 2 mixture, T, h*, o*, ux, k*,
voI% K 107 J/kg 10Q-Ym 104kg/m 5 W/m K
50/40/10 9500 1.28 1.82 2.57 1.42
50/30/20 9400 1.58 1.65 2.53 1.67
40/50/10 9500 1.53 1.73 2.56 1.62
40/40/20 9400 1.89 1.58 25 1.85
30/50/20 9500 24 1.61 2.48 2.15
30/45/25 9400 2.61 1.50 2.43 2.18

55001 Volume 8(4) December 1999 Journal of Thermal Spray Technology



—

In(Pv) = In@) +b’" Ln(Rg + ¢ [n(Pr) +d' Ln(S) (Eq11) 7. Conclusions S
: . 0)
Therefore the experimental data can be plotted in a linear form,  In plasma spraying, the composition of the plasma gas part 5
Fig. 6 and 7. controls the operating of the torch and the heating and accelen &y
TheSucorrelation (Eq 10) was established from 46 experi_ tion Of pal’tiC|eS injected intO the gaS ﬂOW The addition Of. bOt %
mental data as shown in Fig. 6. The curve fitting by the least- hydrogen and helium to argon makes it possible to combine tHiE=
squares technique results in the following correlation with a advantages of the high thermal conductivity of hydrogen angity
correlation factor,(Z) equal to 0.96: high viscosity of helium. This results in an efficient heat transfe
to particles and less entrainment of the surrounding atmosphe

Su= 5.38x Re 0-?1x pr0.01x g0-58 (Eq12)  gas.

In the present study, the arc behavior and the plasma jet we

Restating this correlation in terms of the dimensional variables investigated for various Ar-He-Hjas mixtures. The arc motion

yields: was studied through time-monitoring of arc voltage, and the

V = 5.38x A x D0-22x G0-37x |-0.16 (Eq 13) plasmf_;ljet was studi(_ad through the measure of gas velocity in t

potential core of the jet. Results were expressed in terms of cg

relations between the average values of voltage and gas veloci

and the variable parameters of this study (i.e., arc current, g
A= (0%) 0% (%) 0-57x () 02x (k* x T*)0-011 (Eq14)  flow rate, and gas composition for a given nozzle diameter).

The results show that the arc voltage is to a great extent co

This equation shows that the dominant factors on arc voltage fortrolled by the gas-mass flow rate and composition, and by t

a specific gas mixture are the gas mass flow rate, the nozzle dinozzle diameter. The gas velocity is mainly influenced by noz
ameter, and to a lesser extent, the arc current. zle diameter and arc curreht)n addition, for the range of the

operating parameters of the plasma gun, two operating modes

. the gun were observed: a rather stable mode and a more unsta

6.3 Gas Velocity one. The latter occurred for a low flow rate of argon (between 1

The radial profiles of gas velocity were measured at 2 mm @nd 13 sim) and high current (460 or 600 A).
downstream of the nozzle exit. Each profile was determined
from at least 10 measurement points, 0.5 mm apart. 0.8

with

The typical sampling time for velocity measurement, at a .
given point, was 80 ms. As explained in a previous section, some 0.6 .
sets of plasma spraying conditions resulted in an unstable opera .o ¥
tion mode for the gun. When a change in arc mode occurred be- 0.4 4 *
tween two measurements, the radial distribution of gas velocity __ . o
was asymmetric. a 021 o
Therefore, only 42 velocity profiles exhibiting a parabolic € ] P A .
form were considered to determine the functional relationship ! 05 ot *
between the velocity and the various factors that influence it. ) Y. ‘4.972 9 05 1
A good fit of the data, with a correlation factor of 0.86, is ob- ”.
tained with Eq 11 (Fig. 7). Nonetheless, by considering each gas . -0.4 +
mixture separately, the correlation factcnz) (is 0.90 for vt
Ar/He/H, at 40/50/10 vol%, 0.92 for 50/40/10 vol%, 0.93 for 06
37/55.6/7.4 vol%, 0.97 for 50/30/20 vol%, and 0.99 for 40/40/20 In(a) + b.In(Re) + c.In{Pr) + d.In{Si)
vol%. This confirms the higher stability of the gun working for Fig. 6 Correlation betweeSuand the dimensionless numb@s
a higher percentage of hydrogen: Pr, andSi
P, = 13.2x Re053x pr088c gp-23 (Eq 15)
In terms of dimensional variables, this equation can be ex- PR o
pressed as : 451+ . .o e
. o« ®®
v =13.2x B x D—1.7x GO'23X |0.47 Eg 16 "; te ¢ .
max (Eq 16) o 44 te e "0
with £ ) ’
B= (0*)—0.24x (h*)—l.lZX (u*)—0.35x (p*)‘lx (k* x T*) 0.88(Eq 17) 35+
The correlation shows the strong influence of the nozzle diame- 3 : I
ter,D, onvmax Which varies roughly as the inverse of the nozzle a5 4 45 5
internal cross section surface and is proportional to the arc cur- + '
X ; : . + .
rent, |, with the influence of the gas flow rat8, being much In(ar) + b.In{Re) + cIn(Pr) + dL.In(Si)
smaller. Fig. 7 Velocity correlations with operating parameters
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