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Abstract. Design of non-transferred DC electric arc plasma torches (EAPTS) operated with plasma gases containing alkane
hydrocarbons, as a promising type of heaters for a number of technologies (thermal spraying, surface hardening, testing
of thermal protection systems, etc.), requires taking into account the evaporation rate of surface cathode material (as one
of the channels of its ablative degradation). For this procedure, as the first stage, thermodynamic methods can be used to
simulate the composition and properties of reactive C—-H-O-N-Ar—-Me-systems with variable set of such input parameters as
the ratio of components of plasma-forming mixture, its pressure and temperature. We theoretically estimated the evaporative
degradation of the material for three variants of EAPT cathode with alkane-containing plasmas (“hot” thermochemical zirco-
nium and thermionic tungsten, and “cold” copper) in equilibrium and quasi-equilibrium modes of “plasma gas + surface ca-
thode material”-mixture, with use of generalized thermodynamic properties of the materials. The calculation for conditions
with pressure, which is characteristic for EAPT discharge chamber, showed that when varying the initial composition of the
plasma-forming mixture (from oxidizers (air or combustion products of alkanes) to reducing gases based on the products
of combined partial oxidation and pyrolysis of alkanes), the effect of a difference in the cathode evaporation rate EAIl was
observed in systems based on (air + alkane)-mixtures near the melting point of surface cathode substances, in a comparison
with the case of EAPTs with more conventional gases (commercial N, air) and, importantly, for two variants of the analyzed
cathodes (with the exception of copper). In addition, the electrode erosion value was compared for simulated zirconium
cathode (in terms of erosion evaporative component) when operating on the combustion products of alkanes from
“air + CH,”-mixture, and for some known EAPTs with similar cathodes in other gases. Using the case of earlier tested DC
plasma torch with rod Zr-cathode (with microheterogeneous surface) as an example, it was found that our calculation indicates
non-monotonic dynamics of EAI value and fractions of Zr-containing vapors as a result of the change of the fuel-air equiva-
lence ratio ¢ of initial reactive mixture. This effect is inconsistent with measured cathode composition, which shows a proba-
bility of nonequilibrium character of thermal and diffusion processes in near-electrode plasma and surface layer (~1 mm)
of the electrode, at least in the modes with arc current in the torch near 300 A. Besides this, it should be noted that obtained
modeling data on the behavior of zirconium compounds (ZrO,, ZrC) in C-H-O-N-Ar-Zr-system can be used not only for
improvement of the torch cathodes, but also for design of new Zr-containing thermal protection systems to predict prelimi-
nary their ablation rate in a flow of products of combustion (including incomplete one) of engine-, rocket- and other fuels.
Similarly, the results on the copper compounds behavior near the metal evaporation temperature can be useful for optimizing
the process of plasma spraying of copper alloy coatings.
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Pedepat. PazpaboTka snmexTpoayroBeix miasmMoTponoB (3I1) Ha mnazmoobpasyromux razax ¢ alKaHOBBIMH YITIEBOAOPOAA-
MH (AYB) kak HmepcrieKTHBHOH Pa3sHOBUIHOCTH INIa3MOTPOHOB KOCBEHHOTO NEHCTBUS IUIS psifia TEXHOJIOTHH (B TOM dHCIe
HAaITbUICHUS TTOKPBITUI, TECTUPOBAHUS TEMIO3ALIUTHBIX MaTEpHAIoOB U Jp.) TpeOyeT yuyeTa CKOPOCTH HCHAapeHHs MaTepuana
KaTooB (KaK OJHOTO M3 KaHAIOB WX aOJIIIMOHHOM merpamanuu). Jyist 9Toif mporenypsl B Ka4ecTBe IEPBOH CTaJlM MOKET
OBbITh MCIIOJIH30BAHO MOJICIIMPOBAaHUE COCTaBa M CBOWCTB pearupyrouieii cuctemsl Tuna C—H-O-N-Ar-Me tepmoaunamuye-
CKMM METOJOM IIPM BapbHPYeMBIX BXOJHBIX IIapaMeTpax — COOTHOIICHWH KOMIIOHEHTOB B IUIA3MOOOpa3yromed cMecH,
ee JaBJICHUH U TeMIepaType. ABTOPBI TEOPETHUECKN OLIEHUBAIHM HCHAPUTENIbHYIO JIETpaJalliio MaTepuaaoB B TpeX BapHaH-
tax katoma D/III ¢ AYB-conepskammmu 1mia3MaMu («XOJIOJHBINY U3 MEIH M TYTOIUIABKHE «TOPSUHE)» — TEPMOXUMHUYECKHI
U3 IUPKOHMS U TEPMOIMUCCHOHHBINA U3 BoIb(pama) B KBa3UPAaBHOBECHOM M PABHOBECHOM PEXHMaX CMECH «IIa3M000pa3o-
BaTeNb + MaTepual MOBEPXHOCTH KaToJa» € y4eTOM OOOOIIEHHBIX AAHHBIX MO (a30BbIM MEPEX0JaM B JaHHBIX MaTepUaiax.
Pacuer myst ycnoBuii ¢ XapakTepHBIM IS paspsaHoil kamepsl D/II1 naBneHueM mokasai, 9TO W3MEHEHHE COCTaBa IUIa3MBI
(ot oxucauTens (cMech MPOAYKTOB cropanus AYB) no BoccraHOBUTENS U3 NPOLYKTOB KOMOMHAIIMU YaCTHYHOTO OKHCIECHUS
u upoinn3a AYB) naer siBHBIH 3¢ (eKT OTIIMUNST NHTCHCUBHOCTH HcnapeHus karoqa EAl BOM3K Touky miaBieHns BeliecTsa
€ro MOBEPXHOCTH B BO3MYyIIHO-aJKAHOBBIX Cpefax Mo cpaBHeHHIO ¢ BapuanToM OJIII Ha Oonee MpOCTHIX Tra3ax (TeXHUUe-
ckoM N,, Bo3ayxe), IpudeM Uil JBYX BapHaHTOB KaToja (3a McKimodeHHeM Memu). CorocTaBlieH YpOBEHb 3pO3HH (paccUHTaH-
HBII 110 UCTIAPUTENTBHON COCTABIISIONICH) [IMPKOHUEBOTO KATo/ia B Cpesie MpoayKToB cropanusi AYB (u3 cMmecu «Bo3myx + CHy»)
M 3TOT K€ TTapaMeTp, HO B ombITax ¢ m3BecTHBIMH D /11 co cxomHBIMU KaToJaMu B Jpyrux razax. Ha npumMepe panee usydeH-
Horo JJIII co cTep)kKHEBBIM KaTOAOM M3 ZI ¢ TeTepOTreHHONW MOBEPXHOCTHIO MOKA3aHO, YTO TEPMOXUMHUYECKHN pacdeT IaeT
HEMOHOTOHHOE M3MeHeHue mapamerpa EAl u xoHmeHTparmii Zr-cojepskaliux IMapoB IpH cIABHUTe (akTopa 3KBHBAJICHTHO-
cru ¢ riazmoobpasyromeii cmecu. Takoit aGdekT He coriacyercst ¢ HalIEHHBIM B JKCIEPUMEHTE COCTAaBOM KaToa,
YTO yKa3bIBaeT Ha BEPOSTHOCTH HEPABHOBECHOTO XapakTepa TEIUIOBBIX NPOIeccoB M MU((Y3UH B IMPHAIEKTPOIHOI I1a3me
U B IOBEPXHOCTHOM ciioe (~1 MM) KaToza, o kpaifHel Mepe, B peXKUMax ¢ CHIIOH mocTostHHOro Toka B xyre D/I1 okono 300 A.
[Tony4yennsie B pacuyere naHHbie o moBeaeHuu coenunenuit ZrO, u ZrC B cucreme C—H-O—-N-Ar—Zr Mo)xHO IpUMEHATH HE
TOJIBKO JJIsI ONTUMHU3AIUH KaTOJO0B IIA3MOTPOHOB, HO U B Pa3pabOTKe HOBHIX ZI-COAEPKAIINX KEPAMHIECKUX TEIUIO3AIIUT-
HBIX CHUCTEM, B TOM YHCJE JUIs MPOTHO3a TEMIA MX Pa3pylIeHHs B MOTOKAaX MPOJIYKTOB CropaHus (B TOM YHCIIE HEMOJHOIO)
MOTOPHBIX, PaKETHBIX ¥ MHBIX TOIUMB. CXOTHBIM 00pa3oM pe3ylbTaThl 110 MOBEACHUIO MEIU BOIN3U TEMIIEpaTyphl ee Hcha-
PEHMSI MOTYT OBITh MOJIE3HBI JUISI COBEPIIEHCTBOBAHHS MPOLIECCOB a30TEPMUYECKOTO HATIBIICHHUS TOKPBITUH U3 CIIABOB MEAIN.

KiioueBblie ciioBa: AYTOBBI€ INIa3MOTPOHBI, INIA3MEHHOE HAIIBUICHUE, TECTUPOBAHUE TCIUIO3ALUTHBIX MAaTCPHUAJIOB, KaTOA-
HbIC MaTCpHUaJibl, HHpKOHHﬁ, BOIII)(i)paM, MEb, UCIIAPCHUE, YTIIECBOAOPOACOACPIKAIIUE T1JIa3MBbl, TepMOXHMI/I‘{eCKHﬁ pacuer

Jas muruposanus: OleHKa MCIAPUTENBHOH JIerpajanuy KaTojoB ILasMoTpoHoB ¢ CyHy-comepixamumu muasmMamu
JUTS HATTBUICHHS, TECTUPOBAHMSI TEIUTO3AIMTBI U CMEXKHBIX TexHousoruii / A. B. Topbysos [u ap.] / Hayxka u mexnuxa. 2022.
T. 21, Ne 3. C. 179-190. https://doi.org/10.21122/2227-1031-2022-21-3-179-190

Introduction

The field of application of thermal plasma
heaters, in particular the most efficient and indus-
trially commonest type of them — DC electric arc
plasma torches (EAPTS) operating at atmospheric
pressure (i. e. under conditions close to thermo-
dynamic equilibrium) — is quite wide and includes
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surface engineering, thermal protection testing,
plasma chemical synthesis and processing of
inorganic and organic powder materials and che-
mical products, pyrolysis, gasification and decom-
position of industrial and municipal wastes,
plasma-fuel technologies, etc. [1-3]. One of the
promising variants of such torches is a group that
uses not individual plasma-forming gases, but
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oxidizer-fuel mixtures, in particular, based on air
with natural or liquefied petroleum gases (mainly
contain alkanes C,Han+2) [3-7].

The previously demonstrated areas for engi-
neering application of the torches with plasmas
based on hydrocarbons and combined plasma-fuel
systems of atmospheric pressure with near-equi-
librium plasmas are the following:

1) plasma spraying (APS) of ceramic and some
metal coatings, including RPS, operating with
powder and other feedstock [3-6];

2) hardening of steels and alloys surface by the
plasma jets similar to the standard case-hardening
type [7].

It is also quite obvious that the use of this type
of thermal plasma heaters and combined equip-
ment based on these is also possible in the follo-
wing areas:

a) coating deposition in the hybrid plasma-fuel
spraying systems with powder or wire materials by
analogy with the approach of the authors [8, 9];

b) testing of ablative destruction of ceramic and
composite thermal protection materials/systems
(for aerospace, gas turbine and rocket technolo-
gies) under the temperature and dynamic action
of plasma jets, by analogy with performed plasma
and flame tests of such materials [10-13];

¢) in the units for thermal vitrification of ash
silicate (including dispersed) wastes [14];

d) in thermal apparatuses/furnaces of power
engineering sector to suppress the formation of NO,
during the oxidation of gaseous and other fuels, as,
for example, in the research [15];

e) in technology of surface melting of cera-
mic and other coatings and pressurized products,
by analogy with the laser or plasma approach [16].

Non-transferred arc DC plasma torches suitable
for use in these technologies can be efficiently
operated with plasma gases containing of alkane
hydrocarbons (AHCs), including natural gas or
liquefied petroleum gas [3-7]. Herewith during
their development, it is required as one of the most
important parts to take into account the rate of va-
porization of the material of their cathode (typi-
cally metal), as one of the main channels of its
degradation during the temperature and dynamic
induced ablation in plasma flows [1-3, 17, 18].
For these torches the intensity of electrode erosion
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is quite important, especially for cathodes, because
it directly determines the electrode lifetime.
For this analysis procedure the modeling of the
atomic and molecular composition and ther-
mophysical properties of reactive system of
the C—-H-O-N-Ar—Me-type can be used, as the
first stage, with conventional thermodynamic
methods. Wherein it is advisable to consider theo-
retically the character of evaporative decomposi-
tion of the material with the comparing such three
typical variants of cathode of the torches with
AHC-containing plasmas as “cold” copper and
refractory “hot” thermionic tungsten and thermo-
chemical zirconium. For non-transferred arc DC
plasma torches the intensity of electrode erosion
is quite important, together with other parameters,
especially for cathodes, because it directly deter-
mines the electrode lifetime. Under such analysis,
the output parameters of a chemically reactive
system are usually obtained at a varied level
of input parameters, such as the ratio of initial
components in the plasma-forming mixture,
its pressure and mass averaged temperature in the
thermodynamic equilibrium or quasi-equilibrium
regimes [3, 15, 19, 20].

Modeling approach

The variant of thermodynamic calculation
method was used, which is based on finding the
maximum of entropy of reactive system (i. e. mini-
mization of the Gibbs free energy/thermody-
namic potential) in the considered equilibrium
or quasi-equilibrium systems, at specified pressure
and temperature at the inlet, using such code for
chemical thermodynamic analysis as TERRA,
which was developed in MSTU, Moscow [19].

Schematic diagrams of the examples of DC
EAPTSs with the considered type of refractory metal
cathodes for thermal spray systems and related tech-
nologies [17, 18, 21] are shown in Fig. 1. Typical ope-
rating pressure p in gas discharge chambers of the tor-
ches of this type is near 0.2 MPa [3, 22]. Herewith
the typical difference of the composition in many ana-
lyzed equilibrium systems of the C—-H-O-N-Ar—Zr-
type when their pressure is changing in the range
near the value of 0.2 MPa was found to be quite
small (Fig. 2).
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Air + Fuel

Fig. 1. Schematics of some DC non transferred arc plasma torches with metal cathodes for thermal spraying, surface hardening
and other technologies: a — experimental plasma torch with thermo-chemical cathode [17, 18]: 1 — cathode;
2 — button-type insertion (Zr rod) of the cathode; 3 — electrically neutral diaphragm; 4 — anode;
b — pilot-scale plasma torch with reverse gas vortex and thermo-chemical cathode [21]:
1 - button-type insertion of the cathode (Zr or Hf); 2 — anode; 3 — gas vortex chamber; 4 — electric arc column
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Fig. 2. Calculated composition (in weight fractions) of equilibrium C-H-O-N-Ar-Zr-system, based on the “air + CH,”-mixture,
at the temperature range T = 500-6000 K at the ratio of mass rates of initial Me-containing part (taken as dioxide ZrO,)
to initial “air + CH,"-part as 1 to 100 at the value of fuel to air equivalence ratio ¢ = 1.0 (i. e. stoichiometric combustion regime)
at pressure p: a—0.101 MPa; b — 0.303 MPa

Results of the modeling

For analysis of degradation of the cathodes of
the AHC-operated torches, as the first approach,
it is advisable to consider the rate of evaporation of
the material of their surface layer with thermody-
namic approximation as a set of isothermal sec-
tions for initial plasma-forming mixture with its
variable composition on the hydrocarbon (CH,)
fraction. For three main variants of the torch ca-
thodes the character of the evaporative component
of the degradation of their surface material was
theoretically considered in the regimes of thermo-
dynamic equilibrium and quasi-equilibrium for
“plasma gas + cathode material”-system.

The calculations (Fig. 3-9, Tab. 1-4) showed
that when varying the initial composition of the
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plasma-forming mixture (in the range from oxide-
zing gases (air or alkane combustion products)
to reducing gases formed by the products of simul-
taneous partial oxidation (POX) and pyrolysis of
alkanes (CH,4, LPG, etc.)), the effect manifested
itself at the temperatures near the melting point
of cathode surface. This indicates the difference
in the values of cathode mass losses (i. e. evapora-
tive ablation intensity EAI) in the systems based on
“air + alkane”-mixtures in a comparison with
“background” case of more simple plasma gases
(air or N, of technical quality) for two (Zr and W)
of the three variants of the cathodes. This shows
the advisability of taking this factor into account
in the further development of the torches using
this group of reactive plasma gases.
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Fig. 3. Composition (in weight fractions)
of equilibrium C—-H-O-N-Ar-Zr-system, based
on the “air + CH,4”-mixture with fuel to air equivalence
ratio ¢ = 4.39 (Tab. 3), at the range T = 500-6000 K
(at p = 0.202 MPa) at the ratio of mass rates of initial
Me-containing part (taken as metal Zr) to initial gaseous part
as 1 to 100; this regime is the bound one to appear
the condensed zirconium carbide state in the system

Fig. 5. Composition (in weight fractions) of quasi-equilibrium
C-H-O-N-Ar-Zr-system, based on the “air + CH,”-mixture
with the ratio ¢ = 1.71, at the range T = 500-6000 K
(at p = 0.202 MPa) at the ratio of mass rates of initial
Me-containing part (taken as ZrO,) to initial gaseous part
as 1 to 100; this regime uses the fixation of condensed
zirconium carbide in the system (at 3100 K) with the same
fraction as was experimentally found [17, 18] in the torch’
Zr-cathode surface in the regime No 3 (Tab. 1)
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Fig. 4. Composition (in weight fractions)
of equilibrium C—H-O-N-Ar-Zr-system, based
on the “air + CH,”-mixture with the ratio ¢ = 1.71 (Tab. 1),
at the range T = 500-6000 K (at p = 0.202 MPa) at the ratio
of mass rates of initial Me-containing part
(taken as dioxide ZrO,) to initial
gaseous part as 1 to 100
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Table 1

Experimental data and additionally calculated parameters for the operating regimes
of button-type Zr-cathode of DC plasma torch with group of “air + CH,”-based plasmas [17, 18]

i Thickness . . . Mass ~ | Ratio of mass
Mass fraction of formed Mole fraction | Mole fraction | Fuel to air fraction Mass fraction | fractions of
Operating| of the CH, . of oxygen of carbon equivalence of ZrC phase | ZrC and ZrO,
. _ emission layer | . . - of ZrO, phase | . -
regime [in input plasma| he torch | the cathode | in the cathode | ratio for in th hode| M the cathode | phases in the
as, ka’kg on the torc layer, % layer, % plasma gas ¢ In the cathode layer, % | cathode layer
gas, cathode 5, mm ' ' layer, % ' kg/kg '
1 0 0.9 34.0 0 ~107 58.44 0 0
2 0.10 13 29.5 7.0 1.077 50.93 13.50 0.265
3 0.15 11 14.0 30.0 1.711 2461 58.91 2.394

The Tab. 2 demonstrates some characteristics
of the considered cathode materials, which are
important for the evaluation of evaporative degra-
dation at ablation of the materials under the high
temperature operation.

In the Tab. 1 the data are presented for the part
of experimental parameters of the button-type zir-
conium cathode in DC plasma torch with group of
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“air + CH,”-plasmas [17, 18] and additionally cal-
culated characteristics for these regimes to demon-
strate composition of the cathode after the opera-
tion in this AHC-type plasma.

Using our analysis with an example for the case
of tested in [17, 18] “CHy, + air”-operated torch with
the Zr-cathode with heterogeneous surface layer,
it was shown that the calculations in equilibrium
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and quasi-equilibrium approximations predict the

nonlinear behavior

of the cathode degradation

parameter EAI and the concentrations of Zr-contai-

ning vapors in gas phase,

of the equivalence ratio

depending on a value
¢ for plasma-forming

mixture in terms of C,H,-fraction in this.

Table 2

Some physical properties of analyzed cathode materials (metals and possible compounds after chemical interaction
with plasmas) for the plasma torches with AHC-containing plasmas, based on referenced data
and the values from thermodynamic database, used in TERRA-code [19, 23]

Properties (for phase

Commercial ThO,-doped (2 wt. %)

changes — typically Zr Cu
at ambient pressure) tungsten
Molecular weight, 0.18384 (W); 0.18480 (W + Th); 0.091224 (Zr); 0.063546 (Cu);
kg/mol 0.19585 (WC); 0.19585 (W,N) [24] 0.123223 (ZrO, — CAS number 0.079545 (CuO);

[1314-23-4]); 0.103235 (ZrC);
0.105231 (ZrN) [24]

0.143091 (Cu,0) [24]

Melting point T,,, K

3680-3695 (W) [25-27];
2023 (Th) [25];

3058-3093, 3053 (WC — CAS num-
ber [12070-12-1]) [25, 28-30]

2125-2128 (Zr) [25, 26];
2950-2983, 2963 (Zr0,) [25, 31-33];
3805-3700, 3845, 3673 (ZrC — CAS
number [12070-14-3]) [25, 34-37];
3233, 3228430 (ZrN — CAS number
[25658-42-8]) [25, 38]

1358 (Cu) [24, 25];
1599-1719 (CuO - CAS
number [1317-38-0]) [25,
31]; ~1517 (Cu,0) [24]

Value of T, used
in TERRA data base, K

3695 (W); 3050 (WC)
and 3050 (W,C)

2133 (Zr); 2983 (Zr0,),
3700 (ZrN) and 3720 (ZrC)

1358 (Cu); 1517 (Cu,0)
and 1700 (CuO)

Boiling point T, K

5828-5933 (W) [25, 26];
5061 (Th) [25]; 6273 (WC) [28, 30]

4682-3851 (Zr) [25, 26];
4300-4330 (Zr0,) [39, 40];
5370 (ZrC) [41]

2835-2840 (Cu) [25, 26];
2170-2270 (CuO) [40, 42]

Electron work func-
tion @ of the metals
and their com-
pounds, eV

4.32 (W{116}-W{110});
2.40 (polycrystalline Th) [25];
3.05-3.47 (“W + 2 % ThO,” -phase) [43];
4.6-5.6 (WC {011}, {111}) [44]

4.05 (polycrystalline Zr);
4.02 (ZrC{lattice plane 100}) [45]

4.48-5.10 (Cu{110}-
—Cu{100}) [25];

4.84-5.0 (Cu,O films)

and 4.7-5.5 (CuO) [46, 47]

lonization potential
of neutral atom of the
metal, eV

7.8640 (W); 6.3067 (Th) [25]

6.6339 (Zr) [25]

7.7264 (Cu) [25]

Table 3

Calculated parameters for vaporizing Zr-cathode (in metal and oxide forms) with the group of AHC-based
plasma gases for the regimes (p = 0.202 MPa) similar to the plasma experimental regimes in [17, 18]

Parameter — _ 0 100-EAI (wt. %) MFsuerOx-vap MFsuerOx-vap

Gas medium linTEélg(g\gb I/g) atT,=3100K = at T =2900 K, kg of at T = 3100 K, kg of
N 1= =1.069T, vapors/(kg of gas phase)|vapors/(kg of gas phase)
1 2 3 4 5

Oxidative plasmas — thermodynamic equilibrium case

1) Air (composition on
[48]) (atthe ¢ = L/ER ~
~ 107 i. e. the ratio va-
riant as in [20] ER ~

~ 10% [49]) — Regime #1
from [17, 18]

t (at ZrO, in the initial
mixture) 99.159

t (at ZrO,) 95.078

T (at ZrO,) 8.410 - 107°

T (at ZrO,) 4.916 - 107

2) O, (pure, 100 %)

T (at ZrO,) 99.237

t (at ZrO,) 95.488

T (at ZrO,) 7.618 - 10°

T (at ZrO,) 4.508 - 107

Oxidative plasmas — thermodynamic quasi-equilibrium (with fixing of mass fraction of ZrC(c)
and equilibrium (without the fixing) cases

in the mixture)

3)Air+CH, (at ¢ =
=1/ER =1.0774,

i.e. ER =0.9282) -
Regime #2 from [17, 18]

t (at ZrO,) 99.078 / f (with
fixing of the fractions of ZrC(c)
and ZrO,(c)): 99.041 {at 500 K,
2900 K, 3100 K exists only
ZrO,(c) phase}

t (at ZrO,) 94.486 /
1 (with fixing of the
fractions of ZrC(c)
and Zr0O,(c)): 94.276

1 (with fixing of the

1 (at Zr0,) 9.216 - 107°/

fractions of ZrC(c) +
+Zr0,(c)): 9.21-10°°

1 (at ZrO,) 5.502 - 107
/¥ (with fixing of the

fractions of ZrC(c) +

+ ZrO,(c)): 5.50 - 107
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4) Air+ CHy (at ¢ =
=1/ER =1.7111,

1 (at ZrO,) 98.969 /
1 (with fixing of the fractions

t (at ZrO,) 93.858 /
1 (with fixing of the

i.e. ER=0.5844) - Re- |of ZrC(c) and ZrO,(c)): fractions of ZrC(c)
gime #3 from [17, 18] 98.832 {at 500 K, 2900 K, and ZrO,(c)):
3100 K exists only ZrO,(c)} 93.088

1 (at ZrO,) 1.028 - 107/
1 (with fixing of the
fractions of ZrC(c) +

+ Zr0,(c)): 1.025 - 107

1 (at Zr0,) 6.114 - 107/
1 (with fixing of the
fractions of ZrC(c) +
+Zr0,(c)): 6.10 - 107

Non-oxidative plasma — thermodynamic equ

ilibrium case

5) Air + CH, (at ¢ = t (at Zr in the initial mixture) |1 (at Zr) 81.838 =

= 1/ER =4.390, 83.496 = 99.663 (for the stan- |=97.683 (for the

i.e. ER =0.2278) dardized value (only ZrO,(c) standardized value
at 500 K; exists only ZrC(c) (only ZrC(c))™ /
at 2900 K and 3100 K)"/ (at ZrO,) 79.442 =

(at ZrO,) 83.952 =99.228

(for standardized value with
the recalculation to pure Zr) —
mixture of ZrC(c) + ZrN(c) at
2900 K; only ZrOy(c) at 500 K

=94.351 (for stan-

dardized value with
the recalculation

to Zr) — ZrC(c) +

+ ZrN(c) at 3100 K

t (at 2r)3.779 - 107°

T (at Zr) 2.541 - 107

Designation: T — thermodynamic equilibrium state; + — thermodynamic quasi-equilibrium state.

" ZrO,(c) — ZrC(c).
Weight fract. [ Eovilibrium systems
! = 27 - Quasi-equilibrium systems
20 -
01 CH4 N =

0.0t

ool i '
0 1500

000 1500 T.K

Fig. 6. Composition (in weight fractions)
of equilibrium C—-H-N-Me-system
(Me = (W + ThO, (2 wt. %)), based on the
commercial “N, (high quality [51] +

+ 10 wt. % CH,”-mixture, at the range T = 300-6000 K

(at p = 0.202 MPa) at the ratio of mass rates of initial
Me-containing part (taken as W + ThO,) to initial
gaseous part as 1 to 100 (Tab. 4)

EAIl at 2900 K EAIl at 3100 K

6_

44
=0
oI

p,at 2900 K p, at 3100 K

Fig. 7. Degradation intensity EAI (wt. %)
and Zr-containing vapors pressure p, (Pa) for zirconium cathode
material in the conditions of equilibrium
and quasi-equilibrium systems (“air + CH,”-mixture
with the equivalence ratio ¢ = 1.71) (Tab. 1, 3))
at the temperature values of 2900 and 3100 K
atp =0.202 MPa

[ zr in “air + CH,” at equivalence ratio = 4.39

|:| Zr in oxygen
22 ]
0]
] _|
Fig. 8. Degradation intensity EAI (wt. %) and Zr-containing 6.
vapors pressure p, (Pa) for zirconium cathode material
in the conditions of two equilibrium systems (gaseous oxygen 44
and “air + CH,”-mixture with the equivalence )
ratio ¢ = 4.39 (Tab. 3 for the non-oxidative plasma regime, 1
i. e. POX of C,H,) at the temperature values of 2900 0lel"]

and 3100 K at p =0.202 MPa
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It is inconsistent with the experimentally ob-
tained in [17, 18] parameters of the cathode com-
position, which indicates a probability of none-
quilibrium type of thermophysical and mass
transfer processes in the near-electrode region

and the surface layer (~1 mm thickness) of the
material (at least when the torch operates in
modes with electric current of about 300 A),
which indicates the need for additional study
of this effect.

Table 4

Combinations of the refractory (metal-based) cathode materials for DC arc plasma torches and some plasma gases,
containing of hydrocarbons, and comparative ones, and calculated composition/state and the values
of the (100 %-EAI (%))-parameter for evaporative degradation of the cathodes (at p = 0.202 MPa)

Material —
. Cu (at To = 1300 K;
- 0, =]
Gas nledlum ThO,-doped (2 wt. %) tungsten (T; = 3600 K) for the oxidized state at T, = 1500 K)
1 2 3

Non-oxidative/weak oxidative plasmas — thermodynamic equilibrium and

quasi-equilibrium cases

1) N, (technical quality) —
on the [50]

0 (for W + ThO, at 3000 K); 0.0271 (for W + ThO, at 3600 K)
{at 300 K: WO4(c) + ThO,(c); at 3000 K: absence of phases:
at 3600 K: W(c)}

2) N, (commercial grade) —
high purity gas with
minimal impurities [51]

0.96197"" (for W + ThO, at 3000 K);
0.95387"" (for W + ThO, at 3600 K) {at 300 K: W,N(c) +
+ ThO,(c); at 3000 K: W;,N(c); at 3600 K: W(c)}

0.99998 (at T = 1300 K) and 0.99994
(at T = 1350 K) and 0.9991
(at T = 1500 K)

3) N, (pure, 100 %)

0.97976™ (for W + ThO, at 3000 K);
0.97034™ (for W + ThO, at 3600 K) {at 300 K: W,N(c) +
+ ThO,(c); at 3000 K: W,N(c); at 3600 K: W(c)}

4) Ar + H, (75 + 25 % vol.)
(the commercial mixture for
plasma spraying)

0.95213 (for W + ThO, at 3000 K);
0.94404 (for W + ThO, at 3600 K) {at 300 K: W(c) +
+ ThO,(c); at 3000 K: W(c); at 3600 K: W(c)}

5) Air + C3Hg = LPG”
(at the equivalence ratio
¢ =1/ER ~3.32,

i.e. ER =0.3012),

i. e. ideal POX

1.0 (at T=1300 K) and 0.9999 (at T =
= 1350 K) and 0.9982 (at T = 1500 K)
(for all T exists only phase Cu(c))

6) Air + CH, (at ¢ = 1/ER =
=4.0,i.e. ER =0.25),
i. e. ideal POX

0.999949 (at T = 1300 K) and
0.999848 (at T = 1350 K) and 0.99787
(at T = 1500 K) (for all T exists

only Cu(c))

7) N, (as #2) +
+ CH, (10 wt. %)

kK

0.9666  (for W + ThO,) = 0.94122 (for standardized value
to the transformation as in #2); 0.9774™" (for W + ThO,

at 3000 K) = 0.95166 (for the standardized value) / (for the
quasi-equilibrium regime the same result was found)

{at 300 K: W,N(c) + ThO,(c); at 3000 K: WC(c);

at 3600 K: WC(c)}

0.99996 (at 1300 K), 0.99989

(at 1350 K) and 0.99846 (at 1500 K)
(for all T exists only Cu(c)) () /
0.99996 (at 1300 K), 0.99990

(at 1350 K) and 0.99849 (at 1500 K)
(for all T exists only Cu(c)) ()

8) N, (as #3) +
+ CH,4 (10 wt. %)

0.9672" (for W + ThO,) = 0.94179 (for standardized value
to the transformation as in #2); 0.9778™ (for W + ThO,

at 3000 K) = 0.95213 (for the standardized value) {at 300 K:
W;N(c) + ThO,(c); at 3000 K: WC(c); at 3600 K: WC(c)}

9) N, (as #3) +
+ CH, (20 wt. %)

0.96616™" (for W + ThO,) = 0.94077 (for standardized value
to the transformation as in #2); 0.97783" (for W + ThO,

at 3000 K) = 0.95213 (for the standardized value) {at 300 K:
W;N(c) + ThO,(c); at 3000 K: WC(c); at 3600 K: WC(c)}

10) N, (as #3) +
+ CgHB ~ LPG* (10 wit. %)

0.96892" (for W + ThO,) = 0.94346 (for standardized
value to the transformation as in #2); 0.97783"" (for W +
ThO, at 3000 K) =0.95213 (for the standardized value)
{at 500 K: W,N(c) + ThO,(c) + C(c); at 3000 K: WC(c);
at 3600 K: WC(c)}
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1 2

Oxidative plasmas — thermodynamic equilibrium case

11) Air (composition -
on [48])

At Cu in initial mix: 1.000 (at T =
=1300-1350 K);

0.8994 £ (at 1450 K) = 0.999954
(for standardized value to

the transformation as in (1 £ ));

and 0.8993 £ % (at 1500 K) = 0.99987
(for the standardized value); at Cu,O in
initial mix: 1.000 (at T = 1300-1350 K);
0.8992 ¥ (at 1450 K) = 0.999952
(for the standardized value) and
0.8992 t £ (at 1500 K) =0.999851
(for the standardized value)

12) Air + CH, (at ¢ = -
=1/ER =1.00,

i. e. ER = 1.00),

i. e. ideal combustion

With standardizing to the Cu(c) state:
0.99998 (at 1300 K) and 0.99994
(at 1350 K) and 0.99899 (at 1500 K)

Designation: 1 — thermodynamic equilibrium; t — thermodynamic quasi-equilibrium; £ % — with CuO(c) — Cu,O(c) transformation
at high temperatures; - — with transformation of the part of Cu(c) to oxide (via the Cu(c) — Cu,O(c) reaction) at high temperatures.

* LPG - liquified petroleum gas (technical propane-butane).
" With W,N(c) — W(c) transformation at high temperatures.
“ With W,N(c) - WC(c) transformation at high temperatures.

Besides the above described thermodynamic
analysis, the tentative estimation was carried out
for the comparative cathode metals degradation
intensity to find the level of the degradation of the
metal materials in terms of the vaporization part
of the degradation based on the Hertz — Knudsen
equation for the mass rate of the vaporization of
metal and oxide melts [52]: Gy = Otecpy[M/27RT]Y2

B \V + ThO; at 300 K (in wt. %)
[ 1w+ Tho, at 360 K (in wt. %)

4
2- ﬂ
04

N,

Ny(c.9) N,+10% CH, Ny(c.g.)+10% CH, N,+20% CH,

Fig. 9. Degradation intensity EAI (wt. %)
for tungsten-based cathode material in different equilibrium
systems with (W + ThO, (2 wt. %)), N, and CH,
at the temperature values 3000 and 3600 K
(at p = 0.202 MPa), according to Tab. 4, the modes
are as follows: N, (c.g.) — commercial grade nitrogen [51];
N, — pure nitrogen (100 %)

Hayka
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In the above equation: a.. — evaporation/con-
densation coefficient; M, p, — molecular weight
and the sum of partial pressures for the vapors
of metal-containing components in gas; R -
the molar gas constant. For the calculation such
value o, was established, which can be found,
as one of the variants [53], based on the Kincaid
and Eyring approach for multiatomic liquids with
use of the data for &; — as the free angular ratio
for non-linear molecules with three rotational
degrees of freedom (characteristic for oxide and
other melts). The values of a, in an accordance
with the reviewed empirical data and some calcu-
lated ones for properties (M, p,) near melting point
of the materials was found to be 0.05-0.60 for
a number of refractory oxides [52, 53].

As a result, we evaluated the data to compare
the estimated erosion rate (in terms of evaporative
part of this) for the thermochemical Zr-cathode
when operating on the mixtures with AHC (such
as “air + CH,”) with the same parameter for some
known DC plasma torches with similar cathode
materials [1, 3, 22, 54]. The values obtained show
an agreement on the rate level (10°-10® g per
Coulomb), which is important for engineering
design of the AHC-based plasma torches at their
medium or elevated power (>50-100 kW).

187



Mawiunocmpoenue u mawiunogedenue

The calculated thermodynamic data on the
behavior of refractory zirconium compounds (such
as ZrQ,, ZrC) under the C-H-O-N-Ar-Zr-system
conditions at T > 2500 K can be also used for de-
velopment of thermal protection systems to predict
their ablation/destruction by vaporization in flows
of combustion products (including incomplete
combustion, i. e. with POX or pyrolysis) from
various engine, turbine and rocket fuels.

CONCLUSIONS

1. The task stated was to evaluate approximate
intensity of the erosion process and, in particular,
the evaporation of cathode material of arc plasma
torches for operation with gas mixtures with
hydrocarbons by thermochemical modeling of
the C—-H-O-N-Ar-Me-system with varying ope-
rating parameters: the composition of plasma-
forming mixtures, pressure and temperature of
heterogeneous mixtures formed in the system with
three variants of cathode material — zirconium,
copper and commercial tungsten doped with thoria.

2. The calculations (according to the approach
proposed by authors using the thermochemical
method of the Bauman MGTU) for the conditions
oriented to gas discharge chamber of DC plasma
torch in the thermodynamic equilibrium approxi-
mation and with the deviation from equilibrium
modes showed that the change in plasma type from
the variants with oxidizing composition, such as
a mixture of methane combustion products, to the
variants of mixtures with reducing composition,
gives the effect of a difference in the specific rate
of vaporization of the cathode near the melting
point of the cathode surface in a comparison with
the case of the torch with N, or air. This effect
is typical for two of the three materials considered
(Zr and doped W).

3. With regard to the previously experimentally
studied plasma torch with a zirconium cathode
insert, operating in plasma in the thermochemical
mode of electron emission [17, 18] and having an
inhomogeneous multiphase surface, the calcula-
tion reveals a complex dependence of the specific
vaporization rate of zirconium and the concentra-
tions of Zr-containing compounds in the gas phase
on the value of the fuel-air equivalence ratio of
the plasma-forming CHj-air mixture. This dyna-
mics of the dependence differs from the data on
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the composition of surface layer in this cathode,
which were established in experiments in the
modes with electric current in the torch ~300 A,
and this indicates nonequilibrium character of the
processes in near-electrode plasma and in the sur-
face layer of the electrode. During the modeling
the specific erosion (assuming only its evapora-
tive component) of a zirconium cathode in the
“air + CH,”-mixture was also compared with this
parameter in experiments with previously studied
plasma torches with similar cathodes of the ther-
mochemical subgroup in other plasma gases.

4. The data obtained on the behavior of zirco-
nium compounds ZrO, and ZrC in the C-H-O-N-
—Ar-Zr-systems are interesting for next design
and optimizing the plasma torch cathodes and also
for developing new Zr-containing thermal protec-
tion systems, including assessment of their destruc-
tion in flows of combustion products of a number
of hydrocarbon-based fuels. Besides, the calculated
results on the behavior of copper near its melting
point can also be useful for analyzing the processes
of thermal spraying of copper coatings.
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