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CHARACTERIZATION OF OPPORTUNITY FOR UPGRADING OF THE SYSTEM BASED
ON ARC PLASMA TORCH FOR THERMAL SPAYING OF CERAMIC MATERIALS,
BY MEANS OF USE OF FUEL VORTEX INTENSIFIER.
PART I: THERMODYNAMIC MODELING OF THE SYSTEM EFFICIENCY PARAMETERS

Abstract. One of the main trends in the field of improving the modern technologies of thermal spraying, including plas-
ma one, for functional ceramic coatings formation is the reducing the energy consumption of the process. In this regard, one
of the important directions for improving these technologies is the development of their new versions, using the principle of
adding inexpensive fuel-oxidizer mixtures based on hydrocarbons with air. This type of plasma-fuel type of spraying will be
promising for application at the present time, first of all, in order to obtain refractory functional coatings. For this purpose, we
investigated the opportunity for upgrading an industrial unit/system for plasma spraying of ceramic powder materials with
arc plasma torch of 25—40 kW power by the use of experimental variant of a fuel gas-vortex intensifier. The thermodynamic
assessment of possible parameters of the generated mixed flow after the torch with this fuel intensifier was carried out to
estimate the applicability of this system to optimize the spraying of oxide and carbide coatings (based on the examples of
Al,O3;, Cr;C, and other powders). The analysis of possible parameters of the produced flow after the torch with intensifier
was performed for the cases of main C-H-O—-N-Ar—Me (Me = Al, Cr) systems and additional C—-H—O—-Al-system to assess
the potential of this system to modify the technology of oxide and carbide ceramic coatings formation. New regimes, which
were analyzed in our research as the simulants of Al,Os spraying, surpass on calculated energy efficiency characteristics
(by 10-20 %) one of the new prospective spraying methods with (CO,+CH,)-plasma, as well as the conventional method of
powder heating during the spraying with N,-plasma. The case of our proposed fuel assisted process (FA-APS) with liquefied
petroleum gas (LPG) fuel for the heating of ceramic powders (especially, Al,03) demonstrates the advantage of the process (in
particular, on the energy efficiencies and energy consumption) in a comparison with the conventional regimes of APS of the
powders (in N; plasma of the standard torch). For the variants of the FA-APS with Al,0O53 and Cr;C, feedstock powders it was
established to be potentially possible to obtain (at the moderate values of total electric energy consumption for the torch and
auxiliary equipment, — near 1.8 and 1.0 kWh/(kg of product)) such high level of the process productivity on the final product as
approximately 17 and 28 kg/h, respectively; at the values of required power of the torch: > 28.2 and > 22.3 kW.
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efficiency, energy consumption
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ONPEJEJEHHMUE BO3MOXKXHOCTHU MOAEPHU3ALIUU CUCTEMbBI HA OCHOBE JYI'OBOI'O
INJIABMOTPOHA JJISI TABOTEPMUYECKOI'O HAIIBIVIEHU S KEPAMUYECKUX MATEPUAJIOB
C UCITIOJIB30BAHHUEM TOIIVIMBHOI'O BUXPEBOI'O UHTEHCU®UKATOPA.
YACTb I: TEPMOJAUHAMMWYECKOE MOJEJIUPOBAHHUE ITAPAMETPOB D®®EKTUBHOCTHU CUCTEMBbI

AHHOTAIUA. OZ[HO U3 MEPCHEKTUBHBIX HaHpaBJ’IeHI/Iﬁ B TCXHOJIOTUAX Ira30TEPMHUYECCKOTO, B TOM YHUCJIC IIJIa3MEHHOTI' 0,
HaIlbIJICHU A q)yHKHI/IOHaIIBHLIX KEepaMHUYICCKUX HOKpBITPIﬁ, — 3TO pa3pa60TKa HOBBIX HX BAPUAHTOB, C IPUMEHCHUEM BBO-
Jla B TEIJIOHOCUTEIb HEAOPOTUX cMmecent IIPOMBIINIJICHHBIX YTJIEBOAOPOIOB C OKHUCIUTEIIEM IJId CHUKCHUSA SHEPrOCMKOCTH
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npornecca. Takyio MIa3MEHHO-TOIUTMBHYIO PAa3HOBUAHOCTH Hanboiee MEepCHeKTHBHO UCIOIB30BAThH AJS TOMYyUEHHS TyTo-
MIaBKUX (DYHKIIHOHAJIBHBIX MOKPBITHIL. /IS 9TOH e HaMU PaccMOTpPEHa BO3MOKHOCTH MOZIEPHU3AINH TIPOMBIIUICHHON
CHCTEMBI ISl HAalIbLJICHUS] KepaMUYECKHUX ITOPOIIKOBBIX MaTepuajoB Ha OCHOBE JyrOBOro IjIa3MoTpoHa Ha 25—40 kBt my-
TeM HCIIOIb30BaHMS MPOOHOrO BapHaHTa TOILIMBHOTO ra30-BUXPEBOro mMHTeHcudukaropa. [Ipm 3ToMm ObLT mpoBeaeH Tep-
MoxuHamuaeckuit ananus cucteM C—H-O-N-Ar—-Me (Me = Al, Cr) n C-H-O—Al ¢ nenpio MogenTupoBaHNs BO3MOXHBIX
napamMeTpoB FeHePHPYEMO BHICOKOTEMIIEPATYPHOI CTPYH MOCIE MIa3MOTPOHA C JaHHBIM HHTEHCH(HUKATOPOM ISl OTIpe/ie-
JICHNS TIPUMEHUMOCTH TaKOH CHCTEMBI A5 (HOPMHUPOBAHUS OKCUAHBIX M KapOMIHBIX MOKPHITHH (HA MPUMEpPe HECKOIBKUX
TIOPOIIKOBEIX MaTepHaioB, B ToM ducie Al,Osz, Cr;C,). M3yueHHbIe HaMK HOBBIE PEKUMBI-MMHATATOPBI HANIBIJICHUST OKCUIA
QJIOMUHUS 110 PAaCUSTHBIM HapaMeTpam sHeprodppextuBHoctr Ha 10-20 % mpeBocxXoasT KaK TPaJUIIMOHHBIN ClIOco0 Ha-
rpeBa MOPOLIKOB PH HANbUIEHUH (B Nj-T1s1a3Me), Tak U COBPEMEHHBIN, pa3paboTaHHBIN B psie UCCIEIOBAHMMA CIIOCOO HAIIbI-
nenns B ycnoBusix cmeceBoit (CO,+CHy)-muma3mel. [Toka3aHo, 4TO IMpeIoxKEeHHBIH BapHaHT JUIsl MOAEPHU3AIUH IIpoliecca
HaIBbLJICHUS C UCIOJIb30BAHUEM IIPOMBILIIEHHOI'0 PONaH-0yTaHOBOr'O TOILUIMBA (CKMIKEHHOI'O ra3a) MO3BOJISAET B TEPMOAU-
HaMHYECKH PABHOBECHBIX YCIOBHSX MONYYHTh HEOOIBIIOE IPEUMYIIECTBO, IO CPABHEHUIO C TPAAUIUOHHBIM TJIa3MEHHBIM
HaTbUIEHUEM, IIPU HarpeBe M INIaBJICHUH KepaMHUYeCKHX MaTepHuaioB (B ocobeHHocTH, Al,O3) M0 TakuM mapaMeTpam, Kak
yaenbHble dHepro3arparsl U sHeprerudeckue KIIJ[ nponecca. Takke yCTaHOBJICHO, YTO JJIsl PACUETHBIX CIIy4aeB CHCTEM
C OKCHJTHOQTIOMHUHHUEBBIM U C KapOUTHOXPOMOBBIM MOPOIIKAMH (CBIPHEM) MOTEHIIMATBHO BO3MOKHAS IIPOU3BOJUTEIHHOCTD
TIporiecca o HarpeBaeMbIM JI0 IIJIaBJICHHS IIOPOIIKaM COCTABIISICT COOTBETCTBEHHO 17 M 28 KI/4 mpy 00IKX yAETbHBIX JHEp-
rozarpatax EC ue Boiue, yeM 1,8 u 1,0 kBru/(kr npoaykTa) u npu TpedyemMoil MOIHOCTH 1a3MOTpoHa = 28,2 u > 22,3 kBt
JUTSI HATPEBA 3TUX JBYX BaPUAHTOB CHIPHEBBIX MOPOIIKOB.

KunroueBbie cjioBa: 1yroBoil N1a3MOTpPOH, aCCUCTUPYEMOE TOPEHUEM IJIa3MEHHOE HAallblIICHHUE, TIOPOLIKH, OKCUABL, Kap-
Oubl, TepMoAMHaMUKa, dHepreTrudeckuii KITJ, sHeprosarparsl

Jass nutupoBanus: OmpenereHHe BO3MOXHOCTH MOJEPHHM3ALIMU CHCTEMBl HAa OCHOBE MIYTOBOTO IIIA3MO-
TpOHA I Ta30TEPMUUYCCKOrO HANBLICHHUS KEPaMUYECKUX MAaTEpUajioB, C MCHOIb30BAaHUEM TOILIUBHOIO BHXpe-
Boro wuHTeHcHuKaTopa. Yacte [: TepMmommHaMuyeckoe MOACTUPOBAHUE MapaMeTPoOB SPPEKTUBHOCTH CHUCTEMBI /
O.T. [leBoiino [u ap.] / Bec. Ham. axax. maByk bemapyci. Cep. ¢i3.-toxH. HaByk. — 2021. — T. 66, Ne4. — C. 399—-410.
https://doi.org/10.29235/1561-8358-2021-66-4-399-410

Introduction and research task. One of the most used industrial techniques for coatings formation
for various functional purposes is a method of thermal spraying, which provides enhancement of wear-,
thermal and corrosion resistance of the surfaces of machine parts and equipment. The world market for
equipment and technologies for thermal spraying reached at the end of the 2010s a level of $10 billion/
year, while in 2010 this value was no more than 4-5 billion [1-3]. At present, the main part (near 45 %)
of thermal spraying processes is plasma ones based on the use of DC arc torches. The prevalent starting
materials for thermal spraying, including plasma spray, according to the data of leading companies in
this field (Oerlikon Metco AG and Praxair Surface Technologies), are powders, of which about 10° tons
are used annually. A significant part of them are ceramic powders, including Al,O5 ones. The disadvan-
tages that restrain their industrial adoption (and other oxide coatings) are, along with moderate adhesion
to the metal substrate and the complexity of control of the properties of coating formed, also the high
energy consumption for the process (15-35 kWh per kg of sprayed material) and typically insufficient
coefficient of powder utilization under the spraying due to its instable heating and limited residence time
of particulates in a high temperature zone [1, 3, 4]. In this regard, one of the important directions for im-
provement of spraying technologies is to optimize the conditions for heat and mass transfer of powders
with plasma, in particular, by optimization of operating modes of electric arc plasma torches (EAPTSs)
for spraying in terms of temperature and velocity characteristics and the composition of used plasma
gases or their mixtures.

In the last 10 years in a number of countries (in Canada, USA, Russia, Spain, Japan) within the
scope of this important trend in coating technologies, a group of new technologies have been actively
developing [4-9] for electric arc spraying (at atmospheric pressure, APS) and for melting/spheroidizing
of ceramic (Al,O3, ZrO,, TiO,, rare earth oxides, WC) and metal (copper alloys for antibacterial coat-
ings, heat-resistant nickel alloys) powder materials, as with the use of hydrocarbon based heat-transport
gases (including CH4 + CO, mixtures) to improve velocity and thermal conductivity of plasma jets and
to intensify particle melting in them, as well as with organic solid or liquid additives injection into plas-
ma to control porosity and structure of sprayed coatings [10—14].

In connection with the aforementioned trends in thermal (including plasma) spraying, it seems
promising to develop new processes of this type using the principle of injection (into the heat-transport
medium in devices for spraying metal or oxide powders) of inexpensive fuel-oxidizer mixtures, based
on alkane hydrocarbons (natural gas (NG), etc.) with air, that are efficient in terms of thermophysical
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properties, from analogy with [7, 8]. In our opinion, it is expedient to use such plasma-fuel variety of
spraying, first of all, to obtain such functional coatings as wear-resistant coatings of machine-building
parts based on Al,O;, as well as carbides (of chromium, etc.), as the most demanded in recent years due
to combination of technical and economic parameters for a number of factories, in particular, for the
manufacturing of power plant and oil-producing equipment, including in Belarus and CIS [1, 3, 7].

Previously, we performed the analysis using thermodynamic method for processes in C—-H-O—-N-—
Me systems in the range of 300-3000 K. This problem statement allows considering them as simulators
of operating gas-particulate media for technologies of oxide and metal powder processing, including
spraying and powder spheroidizing [15]. This approach can be also efficient for the task stated in this
research: to determine (based on theoretical assessment and subsequent experiment) the possibility for
upgrading of typical for CIS systems/installations for spraying of ceramic powder materials (oxides,
carbides) based on EAPT of 25—40 kW power [1, 3] by means of use of trial variant of fuel gas-vortex
intensifier to a level that gives a prospect for application of these systems in machine industry.

Plasma torch based spraying system, intended for the upgrading by means of use of the vortex-
fuel intensifier. The experimental system was developed based on standard industrial plasma spraying
unit of UPU-3D type [1, 3] with special fuel intensifier for testing with the injection of combination of
compressed gases — nitrogen and mixture of liquefied petroleum gas (LPG) with air. A schematic diagram
of a spray system of this type is illustrated in Figure 1. In this case, the operating regimes can be used
with variation of power of the DC plasma torch (P = 25-35 kW with electric current on the arc up to 350—
400 A) as well as with variation of the composition of outlet high-temperature jets, due to the injection
of (N, + (air + LPG)) gas mixture into the apparatus used. The mixture can be injected through the spe-
cial vortex-type fuel intensifier (the body of which
made from Cu—Zn alloy L63), that was designed  plasma gas (N,)
taking into account the experience of a number of
DC torches of 50200 kW power [16—19] for plas-
ma chemical reactors for pyrolysis and oxidation
of hydrocarbons. In particular, the basic operating
regime of the upgraded system based on the UPU-
3D unit allows, as the most preferable, such flow ,

. . . . High-enthalpy
rate of nitrogen for plasma stabilization in the torch DC electric arc mixture jet
as Gy, p = (1.0-1.2)- 10 kg/s, and the flow rate  Plasmatorch
of this gas for sprayed powder transportation from Figure 1. Schematic diagram of the analyzed processing
the feeder as 10-15 % of the Gy 5 pl value. These  system with ceramic powder injection, using fuel-assisted
parameters of the proposed spraying system were  process for technology of thermal plasma spraying (APS) for
further used as the initial conditions for our ther- oxide and carbide coatings formation
modynamic calculations.

Modeling method for assessment of the parameters of high-enthalpy flow in the spraying unit
based on EAPT with the fuel intensifier to determine the applicability of this system (as applied
to oxide (Al,03) and carbide (Cr;C,) materials). The thermochemical process with the participation
of gas fuel in the reaction mixture for the basic case of C—-H-O—-N-Me systems under consideration
(Me = Al Cr; in this case, the presence of an Ar impurity as air component is also advisable to take into
account [20]) under the conditions of the spraying process at ambient pressure (p = 0.101 MPa) is quite
complicated in terms of kinetics and it can be presented by a simplified brutto-reaction (assuming that
the ceramic (solid) part of the mixture, for example, oxide one, is not subjected to chemical transforma-
tions up to its melting point):

aN, (gas) + BCX1 H, (gas) + YN, Oy2 Ar,, (gas) + 0Al,05(solid) =
=eC,H 0N, Ar, (gas) + A1, 05 (liquid).

Substrate
(Air + Fuel) + Ceramic powder

(1

HereC, H, and N, O, Ar, are elemental formulae of technical grade LPG and air; and it was accepted
that impurities of steam and CO, in air after a compressor with standard oil-moisture separator can be
neglected. Taking into account the complexity of set of redox reactions in gas phase of the system due to
the possibility of several dozen compounds participation in them at different temperatures, in a general
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case the set can be represented by quite simplified brutto-reaction, which, by analogy with [19], allows
partial as well as complete oxidation of alkane fuel molecules:

@

The composition of selected fuel (LPG) was taken for further calculation based on the experimental
data [16] for this feedstock: CH4 — 0.6; C,Hg — 5.6; C3Hg — 72.5; n-butane C4H;o — 12.2; iso-butane —
9.0 (in vol.%). Its averaged molecular weight is 0.0461 kg/mol, lower heating value (LHV) = 46.2 MJ/kg.
Taking this into account, for the reaction (1), as well as those similar to it, the values of the coefficients
in elemental formulas of the reagents were established as follows: x; = 3.144, y; = 8.288, x, = 1.561,
v, =0.420, z, = 0.0094. Wherein, in the general case, the coefficients for elemental formula of complete
heterogeneous mixture of reaction products C,H,O.N,,Ar,Me; can be expressed as follows: x = f3-x;,
v=By,z=(yyt33), w= Qaty-xy), v="72, k=25 (for systems with Al,O3); and x = (B -x;+29),
Vv=By1,z=7"y2, w=Qa+y-x3), v="y"25, k=30 (for systems with Cr3C,).

During the thermodynamic analysis, which makes it possible to predict probable products under
equilibrium and quasi-equilibrium conditions with acceptable accuracy over a wide range of tempera-
ture (up to 6000 K), without considering the mechanisms of possible reactions, we used the variant of
this method based on finding of entropy maximum (i. e. minimization of the Gibbs free energy/thermo-
dynamic potential) of reacting system. The calculations were carried out using TERRA code [19, 20].
The algorithm used in it for determining the atomic/molecular composition and properties of reacting
systems was presented in [15]. The data calculated were further used to analyze the efficiency of the
target process of heating ceramic powders in these systems, and herewith a special group of energy
and processing parameters was used, including the following ones: equivalence ratio of the mixture (on
fuel) ER [15, 21] and its adiabatic temperature; the energy efficiency of the material heating (in various
versions — with and without taking into account the contribution of fuel to the efficiency value), specific
energy consumption EC for the heating to desired (specified) temperature of the process, the degree of
autothermicity of total allothermal process (in a variant on temperature 4Dy and in a variant on enthalpy
ADp) during the combined powder heating. The informativeness of these parameters was earlier tested
during generalization of the characteristics of thermochemical and plasma processes, such as pyrolysis
(typically requiring intensive allothermal heating via electrothermal or other routes) and gasification and
combustion of a number of fuels and carbonaceous wastes, including high-ash ones [15, 21-24].

For a typical variant of heating (during spraying) of ceramic powders, in particular, oxides, the ex-
pression for such parameter as the energy efficiency E£nE; is derived taking into account the first law of
thermodynamics, and in it (in contrast to the similar efficiency for gasification of solid fuels [19, 22-24])

it is advisable to use in the numerator the enthalpy difference AH o = (H r, —Haog )M 0’ required to
€Ox

heat the oxide from temperature 7} to the desired (specified) temperature of the process 73, which ex-
ceeds the melting point of oxide 7, by an amount (characterizing the degree of overheating of the react-
ing system beyond 7> (DOH)), which schematically represents the degree of nonadiabaticity of spraying
apparatus in a zone between plasma torch nozzle (i.e. anode outlet) and the end of powder heating area
(i.e. substrate for spraying). The final expression for this efficiency is the following:

WE, = GMerAHMeOX
1= .
(GeLHV; )+ [Ppt / (nelnpt)] + [(%N(aeq)k ) / ne1:|

©)

Here Gy and Gy are mass flow rates for ceramic powder and for fuel, LHV; is lower heating value of
the fuel, Py, is electric power on an arc of the torch, N,¢q is power (or energy consumption) for each type
of auxiliary electrical equipment in the system (in our case, these are: a) the power of air compressor and
b) the consumption of electricity for cryogenic production of N, as a plasma gas for the torch), ny is ther-
mal efficiency of the torch (assumed equal to 0.80 based on aggregated data for non-transferred arc plasma
torches [25]), ne — energy efficiency of commercial-scale solid fuel power plants CPP of steam turbine
cycle (it was chosen as 0.393 according to the actual reference data from DOE/NETL) [26]). The thermo-
dynamic properties of the reagents (AH MeO, > etc.) were determined using the NIST’s database [27].
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As additional indicators of the energy efficiency of the upgraded spraying system, we used, by anal-
ogy with [15], the energy efficiency EnE, (which differs from EnE; by ignoring the real energy effi-
ciency of CPP (i.e. by using such efficiency magnitude as 1 = 1) on the efficiency value EnkE,), and the
energy efficiency of EnFE; (calculated, in a contrast with EnFE|, without taking into account the effect of
fuel enthalpy on the last efficiency, i.e. with Gy LHV;= 0). The power consumption of the compressor for
air blowing into the spraying system was calculated as in the paper [28], at the polytropic index of 1.40.
Also, for the “basic” (further labeled as “bas”) regimes (in N,, that simulates the conditions of industrial
spraying units [1, 3] without fuel in plasma flow) of powder processing, we took account of the energy
consumption for production of N, from air, and by analogy with [29] it was assumed to be at the level of
0.3 kW -h/kg (ignoring the contribution of the CPP efficiency).

The adiabatic temperature 7,4 of a mixture of given composition under equilibrium and quasi-equilib-
rium conditions can be calculated in the mass-average approximation based on the dependences derived
from the law of conservation of energy [15, 24]. Specific consumption of electric energy (in kWh (for all
types of equipment in the system) per kg of final ceramic material) in systems of the type under consider-
ation (excluding the contribution of the CPP efficiency) was calculated as EC = (P /Myt + 2Naeq)/Gmeons
and the degree of overheating (J/J) of the reacting system beyond 7, (i.e., to the desired specified tem-
perature of the process 73) as: DOH = (I,(T5) — I:(To))/(Lp(Th) — L(T0)). Here, I,(T) denotes three vari-
ants of the sum of enthalpies of the equilibrium products of interaction (taking into account their molar
fractions M; in the reacting mixture): at high temperatures 7; and 73, and at initial 7 = 298.15 K.

For most general case of the considered APS process (assuming the use of thermally dissociated
feedstock/material in it), the energy balance for the main (thermochemical) zone under the spraying
of ceramic (e.g. oxide) material, during which the target transformation takes place (including possible
chemical dissociation reaction and the phase transition, i.e. melting of oxide) can be written as:

No= Ot + O + Qox =(AH[" + AHJ' + AHY' + AHJ' + AH' ) + Oy, + Ocs. @)

Here in the considered general case of this air-plasma APS-process (in which, as an option, heating of
the powder of thermally dissociating feedstock/material is allowed), the total temperature range for the
sprayed substance (which, for the case, e.g. of obtaining a coating from Al,O; with estimated value of
melting point of 2328 K [27], ranges approximately from 298.15 to 2500 K) is divided to the regions:
1) from 75 =298.15 K to the temperature of feedstock decomposition (to final oxide), equal to 7;; 2) from
T; to melting point of oxide particles 73; 3) from 7 to the maximum temperature 73 reached by molten
particles in front of metal substrate. In the equation (4), for the process thermochemical zone (including
quasi-cylindrical section between the outlet from the torch anode and the substrate), the following unit
symbols are used: total thermal power (in W) of the feedstock and the heat-transport gas at the inlet to

the zone under consideration: Ny = Qpe + Ny = Ope + 2, (M j Hj) (where Q. is the thermal power of

the material (if it is injected as preheated one), Ny, is th]e thermal power of the heat transport gas, i.e.
plasma gas, preheated by the torch arc); Oy, — “useful” heat, transferred from hot gas in the considered
jet to the initial particulates heated to melting (which depends on the material can be exposed to disso-
ciation, as, e.g. in the techniques of special APS-, SPS-, SolPS-spraying [9, 14, 30]); O, — heat losses
from gas-powder flow in the considered zone in radial direction to surrounding air or to the walls of the
protective channel (in the case of flow inside the channel (e.g. shroud, as it was in the oxy-fuel spray-
ing [31])); O is the heat power of the gas phase of this high-enthalpy jet at the exit from the considered
zone after the end of powder melting, which decreases during the following heat transfer with substrate;

AH{" =(H % -H 20 )nm> 18 the difference between the enthalpy of the initial material (undissociated) at 7;
(e.g., for the case of AI(OH); equal to ~ 550 K [32]) and its enthalpy at Ty; AH, = AH, &298 is the heat of
dissociation reaction (endothermic) of the initial feedstock powder (e.g. with the formation of oxide) at 7i;
AH3' =(H % -H % )nm 18 the difference between the enthalpy of dissociated powder at the 7, and its en-

thalpy at 7}; AH,' = (Ale?quid ~AH L) = AH? , — is the heat (normalized to the standard conditions)

melt

of powder melting at 7»; AHS' = (H7Q3 —H% )um 1S the difference between the enthalpy of final powder
at Tz, slightly higher (usually, for technological reasons, by 150-300 K) the 75, and its enthalpy at 75.
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Footnote for the Table.

Unit symbols for the parameters:
mass fraction of fuel in the mixture — yy¢;
process productivity on final product (i.e. oxide or carbide powder material) — Gy
mass fraction of final product/material in the product mixture at 73 — ypr;
the difference between the enthalpies of final ceramic material (as (*) the case of APS-process with AI(OH);-feedstock was
marked, which differs by the taking account of energy consumption for feedstock heating up to its dissociation to oxide) at
final temperature T3 and at initial T, for the reacting mixture — (Hy, — Hyy,);
the equivalence ratio for analyzed reacting mixture ER = (Goy/G¢) /Ry (Where Go/G¢— ratio of the mass flow rates of oxidizer
and fuel for the mixture; Ry — ratio of the flow rates of these reagents in the stoichiometric mixture, which is sufficient for
complete fuel oxidation);
energy efficiency for the heating of initial material in the mixture (ignoring the contribution of CPP’ efficiency) — EnE»;
energy efficiency for the heating of initial material (ignoring the contribution of the fuel enthalpy in the heating process) — EnEs;
degree of autothermicity of the reacting system on temperature — 4Dy (K/K) and on enthalpy — 4Dy (J/);
effective hydrogen to carbon ratio for initial reacting mixtures with varied chemical composition [33] — (H/Ce¢r);
required minimal power of plasma torch (at total energy efficiency of the combination “torch + attached protective “shroud”
Npl Mes = 0.6) - Ppt72;

Symbols:
T — micro-impurity (< 1 % of total mass of condensed products), ¢ — with taking account of effect of heating value (HHV) of
fuels in these POA-APS-regimes as for complete combustion.

Results of the modeling. The calculated efficiency parameters for C—H-O—-N—Ar—Me systems
(Me = Al Cr; p = 0.101 MPa) are shown in Table as for the simulants of operating regimes of the plas-
ma spraying system (APS-process) for oxide and carbide coatings, using proposed fuel intensifier, for
two variants on injected fuel evolution: a) regimes with complete oxidation (i.e. combustion) assistance
(CA-APS), b) regimes with its partial oxidation assistance (POA-APS). Figures 2—4 represent the exa-
mples of data obtained on the compositions during heating of the reacting systems for two variants (CA-
and POA-APS) for the cases that simulate thermodynamically optimal conditions for processing regimes
with Al,O5; and Cr;3C, (the condensed phases are indicated by the symbol “c” in the graphs). For the
cases that are identical to the ones in the Table, but without metals (i.e. C-H—O—-N—Ar-system, see their
compositions in Figure 5), it was found that for the regime with ER = 1.0 (CA-APS-process) temperature
T.a = 1597 K and at ER=0.30 (POA-APS-process) the value 7,4 = 938 K. Besides, in Figure 6 the depen-
dences for total enthalpies of analyzed C—-H-O—-N-Ar—Al-, C-H-O-N-Ar—Cr- and C-H—-O-Al-systems
are presented. The regimes investigated, which simulate the spraying of oxides (on the example of Al,O5
from two kinds of feedstock), surpass (by 5—20 %) on calculated output characteristics, such as energy
efficiencies and energy consumption for heating, the conventional method of powder heating during the
spraying with N,-plasma (especially, case with Al,05; powder), as well as one of the new methods with
(CO,+CHy)-plasma [5-6, 9], — see the Table for comparison of the regimes: 2 with 3; 4 with 5; 9.

In Figure 7 the comparison of the part of the found efficiency parameters is presented for various
cases of the modeled systems as the simulants for regimes of plasma spray with the fuel assistance. It is
evidently from the Figure 7 as well as from the results of the Table, that the case of proposed FA-APS
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Figure 2. Calculated chemical compositions for equilibrium systems C—H-O-N-Ar—Al at 7= 300-3000 K (p = 0.101 MPa)

with the ratios of initial reagents corresponding to model regimes of alumina coating spraying with use of initial Al,O5

powder (@) in oxidative gas medium at the equivalence ratio ER = 1.05 (see regime 2 in the Table), and with initial AI(OH);
feedstock powder (b) in combined reducing-oxidative medium at ER =0.50 (see regime 4 in the Table)
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Figure 3. Calculated composition for quasi-equilibrium
system C—H-O-N-Ar—Cr at 7= 300-3000 K (p = 0.101 MPa)
with the ratios of initial reagents corresponding to the model
regime of carbide coating spraying with use of initial Cr;C,
powder in reducing gas medium, which is achievable at
the conditions of partial oxidation of LPG (see regime 6
in the Table) at the mixture equivalence ratio £ER = 0.30.
(In this calculation the absence of CrN and Cr,N phases was
specified for kinetic reasons of the initial carbide-contained
heterogeneous systems of this group at 7 < 1200 K [4])
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Figure 4. Calculated composition for equilibrium system
C-H-0O-Al at T = 300-3000 K (p = 0.101 MPa) with
the proportion of initial reagents, that is simulating the
experiment, which is analogue of our proposed plasma-fuel
spray process and was performed by the authors [5] with
the effect of complete melting of alumina powder in the
DC plasma torch jet in reducing medium in the mixture of
(Al,03+CO,+CHy) at the conditions of partial oxidation of
the alkane fuel (see regime 10 in the Table)
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Figure 5. Composition for equilibrium systems C—H—O—-N-Ar (without metals) for the range of 300-6000 K (p = 0.101 MPa),

with the ratios of initial components corresponding to the regimes, which are applicable for deposition of ceramic coatings: in the

oxidizing medium formed by the “N, +air + LPG fuel”-mixture (CA-APS-process) at the equivalence ratio ER = 1.00 and T,y =

1597 K (a), and in the reducing medium formed by the similar mixture (POA-APS-process) at ER = 0.30 and 7,4 = 938 K ().
For these regimes the nitrogen flow rate Gy, = 1.2+ 107 kg/s
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Figure 6. Mass averaged enthalpies of the simulated C-H-O-N—-Ar—Al-, C-H-O-N-Ar—Cr- and C-H-O-Al-systems at the
range of 7=300-3000 K (p = 0.101 MPa) for the regimes 2 (with Al,O; feedstock), 4 (with AI(OH); feedstock), 7 (with Cr;C,
feedstock) and 9 (with Al,O5 feedstock) in the Table
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with LPG fuel for the heating of ceramic powders (especially, alumina) demonstrates the advantage
of this FA-APS (in particular on the energy efficiencies and total energy consumption £C) in a compar-
ison with the “basic” regimes of APS of the powders (in pure N, plasma).

As a result for the cases of FA-APS with Al,Os-feedstock and with Cr;C, one it was found that it is
potentially possible to reach such enhanced level of the process productivity on the final products Gy, as
close to 17 and 28 kg/h, respectively (at the moderate values of electric energy consumption £C, — near
1.8 and 1.0 kWh/kg (see the Figure 7, a, d)). For these two powder heating cases the values of the re-
quired power of the torch (at n, = 0.8) are as the follows: > 28.2 and > 22.3 kW.

Energy consumption £C, kWh/(kg of ceramic product) Minimal energy consumption for plasma torch operation ECy,
kWh/(kg of ceramic product)

40 @ 40 ()
3.5 1 3.5 1

3.0 1 3.0 1
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Il Basic regime of the process (APS in Ny)
I Fuel assisted (FA) plasma process

Figure 7. Comparison of efficiency parameters for various cases of modeled C—-H-O—-N-Ar—Me- and C-H—O-Al-systems:
a — comparison for energy consumption EC; b — comparison for energy consumption for plasma torch operation (ignoring
the CPP’ efficiency and with taking account of effect of HHV of fuel in POA-APS-regimes as for combustion) ECy; ¢

comparison for EnEj; d — comparison for the process productivity on the product. Here the red columns correspond to
the following regimes in the Table: 1 — CA-APS with Al,O;-feedstock (regime 2), 2 — POA-APS with Al(OH);-feedstock
(regime 4), 3 — POA-APS with Cr3C,-feedstock (regime 6), 4 — FA-spray with Al,O; in (CO,+CH,)-gas (regime 9); and the
black columns correspond to the “basic” regimes of APS (with pure N, medium — 3, 5, 8) and for regime 10 for the mixture of

(A1,05+CO,+CHy)

In accordance with obtained results for the variants of this group systems, it was also found that
for the regimes simulating the heating of carbides (in particular, Cr;C,, — see regime 6 in the Table) in
(N-air-LPG)-mixtures, the parameters of the process efficiency differ slightly from those for the conven-
tional (clear-endothermal) regimes of their processing in N, (in the spraying UPU-3D units [1, 3]). For the
case of processing regimes of AI(OH); hydroxide, they are explicitly worse than the CA-APS-variant
with Al,O;-powder feedstock by the level of output efficiency parameters, but nevertheless, this variety
of APS with dissociation-able AI(OH); feedstock will be quite promising due to very low prices for this
material (only 0.6-2.0 US$/kg) [34], in a comparison with commercial Al,O; powders for spraying.
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Conclusions. 1. The opportunity for upgrading of the industrial-type unit/system of atmospheric
pressure for thermal spraying of ceramic powders with DC electric arc torch (30—40 kW power) by use
of experimental variant of fuel gas-vortex intensifier was considered.

2. Special analysis of possible parameters of the produced mixed high-enthalpy flow after the
plasma torch with this intensifier was performed based on thermodynamic calculations for the cases
of C-H-O-N-Ar—Al-, C-H-O-N-Ar—Cr-, and C-H-O-Al-systems in order to assess the potential
of this system to modify the technology of oxide and carbide ceramic coatings formation. For the
analyzed regimes, simulating spraying of alumina, they are 10-20 % superior in terms of the ther-
mochemical characteristics of process to both the conventional method of powder heating during
spraying in N,, and the new efficient variant under (CO,+CHy)-plasma conditions, proposed in re-
cent years.

3. The case of proposed FA-APS with LPG fuel for the heating of ceramic powders (especially,
alumina) demonstrates the advantage of this FA-APS (in particular on the energy efficiencies and EC)
in a comparison with the “basic” regimes of APS of the powders (in N, plasma). For the variants of
FA-APS with alumina feedstock and for Cr;C, feedstock powder it was found to be potentially possible
to reach (at the moderate values of total electric energy consumption EC for plasma torch and auxiliary
equipment, —near 1.8 and 1.0 kWh/(kg of final ceramic product)) such enhanced level of the process pro-
ductivity on the final product Gy, as approximately 17 and 28 kg/h, respectively.
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