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CHARACTERIZATION OF OPPORTUNITY FOR UPGRADING
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Abstract. The main trends in the field of improving thermal spraying processes for ceramic coatings formation is, along
with enhancement of coating properties, also the reducing the energy consumption for the process. In this regard, one of the
important directions for improving these technologies with plasma is the development of their new versions, using the prin-
ciple of adding inexpensive fuel-oxidizing mixtures based on hydrocarbons (natural gas, liquefied gas) 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, the opportunity for upgrading an industrial unit/system for plasma spraying of powder
materials with arc plasma torch of 25-40 kW power was investigated with the use of experimental variant of a fuel gas-vortex
intensifier. Herewith the thermal engineering assessment for possible parameters of the generated high-temperature flow from
the torch with this intensifier was carried out to compare these with established thermodynamic characteristics on the appli-
cability range of this system for optimization of the oxide and carbide coating spraying process (using the examples of Al,Os,
Cr;C, and other powders); and gas dynamic and heat transfer calculations of the intensifier operating regimes in this model
unit was also performed. New regimes, which were analyzed in our research as the simulants of Al,O5 spraying, have the ad-
vantage over the N,-plasma regimes from the point of view of such kinetic parameter of powder processing as ability of heat-
ing factor of hot gas medium. Taking into account the calculated data, the experimental system was developed based on the
standard spraying unit UPU-3D with a fuel intensifier of the selected design and the preliminary testing of its operation was
carried out at the power of 30+2 kW under the following combination of gases in the torch: nitrogen and mixture of liquefied
petroleum gas with air. This system has shown the stable operation in certain range of parameters and, according to the zonal
calorimetrical measurement and photo-registration of jets, it provides 30-35 % more energy emission from torch generated
jet (with attached fuel vortex chamber) in atmospheric conditions, in a comparison with the torch regime with pure N,-plasma
with the same power on the arc of plasma heater. Use of the system creates an opportunity to spray carbide powders as well as
oxide ones at improved intensity of coating producing in a comparison with standard regimes of commercial spraying units
with N, or Ar plasmas.
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ONPEJEJEHHUE BO3MOKHOCTHU MOAEPHU3ALIMN CUCTEMBbI
HA OCHOBE AYT'OBOI'O IIJIABMOTPOHA JJI5I TASOTEPMHUYECKOI'O HAITBIJIEHU A
KEPAMHNYECKHNX MATEPHUAJIOB C UCIIOJIB30BAHUEM TOIIJINBHOI'O
BUXPEBOI'O MHTEHCU®UKATOPA.
YACTD II: TEINIOTEXHHUYECKASI OHEHKA
N S3KCHHEPUMEHTAJIBHOE TECTUPOBAHHUE

AnHoTanus. K OCHOBHBIM TEHAEHIMSIM B TEXHOJIOTUSAX Fa30TePMHUCCKOTO HAITBUICHHS KePAMHUIECKHUX ITOKPBITHH, Ha-
PSRy C ONTHMHU3AIUEH MX CBOMCTB, OTHOCHTCS M CHID)KEHHE HEProeMKOCTH mporecca. [Ipu 3ToM ogHO M3 HampaBIeHUit
B JAaHHBIX IIpOIleccax C MIa3MOH — 3TO pa3padOTKa HOBBIX X BAapHAHTOB C HCIIOIH30BAHHEM BBEICHHS B TEIJIOHOCHTENb
HEIOPOTHUX CMecel YIIIeBOAOPOAOB ¢ OKHCIHUTEeNeM. [T pereHus 3ToH 3aJady pacCMOTPeHa BO3MOXKHOCTh MOJICpPHU3AIHH
MIPOMBIIIJICHHON CUCTEMBI IS HAITBUICHHS TOPOIIKOBBIX MaT€PHUAIOB Ha OCHOBE JYTOBOTO MIa3MOTpoHa Ha 25—40 kBt my-
TeM MPUMEHEHHs MPOOHOrO BapHaHTa TOIIMBHOIO ra3o-BHXpeBoro mHTeHcupukaTopa. IIpu 3ToM cpenana ympomeHHas
TeTUIOTeXHUYECKas OIEHKAa BO3MOXKHBIX MapaMeTPOB TeHEPHPYEMOH BBICOKOTEMIIEPATypPHOI CTPyH IJIa3MOTPOHA C AaH-
HBIM MHTEHCH(UKATOPOM AJI CPABHEHHSI C TEPMOANHAMUYIECKUMHU JAHHBIMHU M0 IPIMEHUMOCTH JAHHBIX CHCTEM C IEIIbIO
(dbopMupOBaHHS OKCHAHBIX M KapOHAHBIX MOKPbITHl (Ha mpumepe AlyOs, Cr;C, 1 ApYruX MOPOLIKOB), @ TaK¥Ke ra30nHa-
MHYECKMI U TEMJIOBOH pacyeT peXXKMMOB IUIa3MEHHO-TOIUIMBHOTO MHTEHCH(HKATOpA B TaKoil cucteme. M3y4eHHbIe HOBBIC
PEKHMBI — UMUTATOPbI HanbuleHU Al,O3, UMEIOT IPEUMYLIECTBO HaJl A30THO-IIJIA3MEHHBIMH PEXKUMAMHU C TOYKU 3PCHUS
KMHETHYECKOro IlapaMeTpa HarpeBa MopoIKoB — (akTopa HarpeBarenbHOU criocobHocTH (ability of heating factor, A HF) ra-
30BO# cpebl. C yueToM MOJTYUYSHHBIX JaHHBIX BBIIOIHEHA pa3paboTKa IKCIIEPUMEHTAIBHON CHCTeMBbI Ha 0a3e CTaHJapTHOIL
ycraHoBkU HambuieHus YIIY-3]] ¢ nHTeHCcH(UKAaTOPOM BBIOpPAHHOH KOHCTPYKI[MH U IPOBEICHO TECTHPOBAaHUE ee paboThI
npu MoifHOCTH 30+2 kBT U coyeTaHuu ra3oB: a30Ta U CMECH CIKMIKCHHOTO rasa (mpomaH-OyTaHa) ¢ Bo3ayxoMm. Cucrema
HoKasajia CTabMIIbHYIO paboTy B ONpENeICHHOM HHTEpBalie MapaMeTPOB M, COTJIACHO Pe3yJIbTaTaM MpeaBapUTeIbHbBIX Ka-
JOPUMETPHUECKUX U3MEpPeHHUH U (POTOperucTpanuy cTpyi, oOecrneunBaeT BHEIIHEE YHEPrOBBIICICHHE OT BBIXOJSINCH U3
IUIa3MOTPOHA C TOIUITMBHON Haca kol ctpyu Gosblre Ha 30-35 % 10 cpaBHEHMIO C BAPHAHTOM pabOTHI JaHHOTO HAarpeBaTels
C a30THOI IUTa3MOM MpH TOIf K€ MOIIHOCTH Ha ayre. lcnonb30BaHHE CHCTEMBI OTKPBHIBAET BO3MOXKHOCTH ISl HAIIBLICHHUS
KaK KapOMJIHBIX, TaK U OKCHUJHBIX ITOPOIIKOB IIPH MOBBIIICHHONW MTPOM3BOAUTEIBHOCTH Oy YEHHS TIOKPBITHH B CPaBHEHHH
C TPaJUIMOHHBIMH PEXXHMaMH IPOMBIIIJICHHBIX YyCTAaHOBOK Ha a30THOM MJIM aprOHOBOIT ITa3Me.

KuroueBble cJ10Ba: I1a3MOTPOH, ACCHCTHPYEMOE FOPEHUEM IUIa3MEHHOE HANbIJICHUE, TOIUIMBHBIH MHTEHCH(PHUKATOD,
KepaMHUYecKHe MOPOIIKH, (aKTOp HarpeBaTeIbHOM CIOCOOHOCTH, Ta30ANHAMHUeCK U pacueT, TeraoBoit KI1/1, skciepument

Jas nurupoBanus: OnpeneneHne BO3MOKHOCTH MOJICPHU3AIIH CHCTEMBI HAa OCHOBE JIYTOBOTO IIIIa3MOTPOHA JJIS Ta-
30TEepPMHUYECKOTO HANBUICHUS KePaMHUYECKHX MaTEPHAIOB C MCHOJIB30BAaHHEM TOIUIMBHOTO BUXPEBOTO MHTEHCH(HKATOpA.
Yacrts II: TenmnoTexHudeckas oneHka 1 SkcrnepuMenTainsaoe Tectuposanue / O.I. lesoitHo [u ap.] / Bec. Ham. akan. HaByk
Benapyci. Cep. ¢i3.-1oxH. HaBYK. —2022. — T. 67, Ne 1. — C. 7-16. https://doi.org/10.29235/1561-8358-2022-67-1-7-16

Introduction. During the last decade, the new group of promising technologies of surface engi-
neering sector have been actively developing in a number of countries [1-6] for electric arc spraying (at
atmospheric pressure, APS) and for melting/spheroidizing of ceramic (refractory oxides and carbides)
and metal (copper and nickel alloys) powder materials, as with the use of hydrocarbon based gas com-
binations (including “liquefied petroleum gas (LPG) + air” and “methane + CO,” mixtures) to enhance
plasma jet parameters in order to intensify the material melting in them, as well as with carbonaceous
additives injection into the jets for improved control of the structure of sprayed coatings [7—11].

Preliminary the thermodynamic assessment was performed for a group of the parameters of mixed
high-enthalpy flow after the conventional type DC arc plasma torch with assisted fuel intensifier of our
design for establishing the potential of this prospective combined plasma-fuel system to modify the
technology of ceramic oxide and carbide coatings formation [12]. For this task the cases of two main
C-H-O-N-Ar—Me-systems (Me = Al, Cr) and one comparative C—H-O—Al-system (all at the pressure
p = 0.101 MPa) were analyzed, with taking account of possible variants of combustion assisted APS
(CA-APS) and partial oxidation APS (POX-APS) regimes. Based on these results, the task for current
investigation can be assumed: to obtain (with use of thermal engineering estimation and experimental
testing) the data on possible parameters of high-enthalpy flow after the plasma torch of 25—40 kW with
the fuel intensifier (described in [12]) in order to compare them with previously found thermodynamic
characteristics of this system on its applicability range for optimization of the ceramic coating spraying
process (using the examples of Al,O3 and other powders) to a level suitable for machine industry appli-
cations.
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Estimation of the effect of kinetic parameter of the powder heating in the analyzed spray system.
Taking into account the fact that the levels of efficiency parameters, found in our thermodynamic mod-
eling of this spray system [12], are relatively close both for the C—H—O—-N-Ar—Me-systems investigated
and for the auxiliary “basic” (N,—-MeO,)-systems (as the simulants of plasma-fuel spraying and conven-
tional one, respectively), it is desirable to take into account other factors that are important for efficiency
of these systems. Thus, a significant parameter when comparing thermal spaying in different mixtures,
according to [11, 13], is the ability of heating factor (4HF'), applicable for a number of gases, which are
suitable for plasma jet heating and melting of ceramic powders in the technologies with these materials:

LT =T (<4 >) (T -T) (<A > Hpdy <py>

<Mg >V, <Mg > 16

AHF

= DMF. )

Here: d — diameter of heated powder particulates; DMF — the difficulty of melting factor; H,, — total
enthalpy of the melting; L — length of hot zone of plasma jet (where the heating and melting proceed);
1 = L/v, — average passing time of plasma gas via this zone; 7 — temperature; initial powder temperature
T, = 300 K; v — linear velocity; <n>, <A> — average dynamic viscosity and thermal conductivity of the
gas; p — density; indexes are: g — gas; p — particulates. The modified variant of this factor:

AHF' =(< 0y >)*/ <my >. 2

It was deduced based on the kinetic model [11, 13] for intensive heating of oxide powders in the con-
ditions of arc plasma jet processing, for which the energy balance equation for two-phase flow is:

2 1 3 T, 2 4
nd,h(T, —Tp)+hr(Tg):gnppcpdpE+ndp8chp. 3)

The parameters here are: 4, h, — gas to powder heat transfer coefficients on convection and radiation
mechanisms, respectively; ¢, and €, — specific heat capacity and emissivity of the powder; 6 — Stefan—
Boltzmann constant.

The left side of the equation (3) describes the energy transferred from the plasma by convection and
conduction (first term) and by radiation (second term). The right side of (3) presents the energy absorbed
by the powder which results in an increase of the particulates’ enthalpy (first term) and radiation losses
from them (second term). The integration of simplified form of this equation (for the case without taking
into account radiation energy transfer in the torch and at the assumption, that the Nusselt number for
heat transfer Nu = 2) followed by its association with the solution of movement equation for the heated
particulates leads to the expression (1) for AHF.

Using the thermophysical properties of various gases and their mixtures in the range of 300—
3800 K (calculated for the thermodynamically equilibrium case at ambient pressure, with the use of
thermodynamic code TERRA of Bauman MGTU [14, 15]), corresponding to the main plasma gas-
es applicable for thermal spraying [1-7, 16—18], we found the dependences for the modified AHF" of
these gases (Figure 1). They show that the variant of the (air + alkane)-mixtures (including the (air +
NG)-mixture with stoichiometry corresponding to fuel complete oxidation to CO,, H,0) is suitable to
provide one of the highest levels of AHF" at the fixed total heating time of powder in the gas (t = const),
thereby it is an efficient heat transport gas, which allows to obtain high heating rate of ceramic powder
in it, that makes it possible to decrease by several fold the heating time of the particulates to their melt-
ing point, and also provide (in the case of polydisperse powders) fast heating even for the coarse fraction
particles. It is also significant, that the calculation shows that this (air + alkane)-mixture is a few times
more efficient in terms of AHF" level than as N, and Ar, typical for gas media of industrial spraying
units [1, 16—17, 19]. Moreover, to heat a gas, e.g., for the range of 300-3200 K in the case of (air + NG)-
mixture (and for the (air + LPG)-mixture of close composition), according to the calculated data, an en-
thalpy difference no higher than AH = 7.0 MJ/kg is required, which is technically achievable for the use
of our combined (plasma-fuel)-system as well as when operating with the torch with arc stabilization by
these mixtures [18, 20].

Figure 2 represents a comparison of the levels of influence of thermodynamic factors and kinet-
ic parameters (such as AHF) for different variants of reaction systems of the analyzed type for the
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Figure 1. Temperature dependences (in SI units) for the modified “ability of heating factor” AHF'[11, 13] (@) and for complete

variant AHF of the factor (b) for a number of individual and mixed plasma gases (at pressure p = 0.101 MPa), which are

applicable for arc jet heating and melting of ceramic powder materials. Symbols: Air + NG = the mixture of air and natural

gas with the stoichiometric ratio, corresponding to the value of equivalence ratio £R = 1.0 (i.e. equivalently to the conditions

of ideal CA-APS-process). For the case of N,-plasma, absent on the figure, the level of AHF’ at T'< 3500 K is near the values,
which were found for the air case
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Figure 2. Comparison of thermodynamically found energy efficiencies £nE; and EnE, (a, b) for the cases of C-H-O-N-Ar—

Me- (Me = Al, Cr) and C-H-O-Al-systems (p = 0.101 MPa) as the simulants for the regimes of plasma spraying (APS) with

the fuel assistance, and the values of averaged modified ability of heating factor AHF' and for complete variant AHF of the

factor (c, d) for individual (N;, Ar) and mixed (alkane-based) gases. a — Comparison for EnE, [12]; b — comparison for EnEy;

the values of AHF" and AHF factors for the temperatures range up to 2500 K (c) and the values of the factors for the range up
to 3000 K (d)
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application in plasma-fuel spray units. It shows that the kinetic component, i.e. the potential intensity
of the ceramic materials heating in various gas mixtures, for which the Figure shows the values of the
AHF and AHF' factors depended on the composition of plasma gas, that were averaged for two con-
ditionally specified temperature ranges from ambient temperatures up to 2500 K and up to 3000 K),
can provide a stronger effect than the thermodynamic component (expressed in terms of the energy
efficiencies) — at least by 1.5-2 fold for the case of alkane-containing gas mixtures (e.g. (air + natural
gas)-ones) in a comparison with simple plasma gases, such as air, nitrogen or argon (for the specified
ranges on 7, which are typical for operating conditions of the analyzed group of APS-processes with
ceramic powders).

Thus, for the regimes considered that simulate spraying of oxides (e.g. Al,O;), in terms of the ther-
modynamic parameters of efficiency, they are not only slightly superior to the conventional variant of
the powders heating during spray (in N,-plasma), but in addition, the regimes of the plasma-fuel process
potentially have an advantage over N,-plasma regimes in terms of such kinetic parameter as the AHF".

Gas dynamic calculation of possible regime of gas-vortex intensifier for fuel injection into the
plasma spraying device (power up to 40 kW). The calculation of the flow dynamics in the zone of
mixing of the plasma jet from the arc torch (described in [12]) with the gas mixture, blowing through
the vortex chamber (i.e. to the fuel intensifier, joined coaxially with the anode of the torch (at the out-
let from which it is provided for powder injection from the feeder)), showed that the axial velocity of
the resulted gas mixture flow in the plane of its exit from the chamber to side of the flow moving to
the metal substrate to be coated at the optimal (on the levels of power and electric current (> 350 A))
regimes of its operation is fairly high for the stabilization of the near-axial core of the mixed flow and
was found to be 50-70 m/s even with the minimal flow rate of the (N, + air + LPG)-mixture — G =
(2-3)- 1073 kg/s and without taking into account the input momentum of N, jet after the anode. In the
case when the effect of the estimated level of N; jet velocity after the anode nozzle was taken into ac-
count (the mass averaged velocity was found to be 800—1150 m/s, at the jet Reynolds number (Re) of
1700-2100), — the axial velocity of the resulted gas mixture flow is > 850—-1200 m/s, that corresponds
to the typical level for thermal spraying systems of APS-type [1, 16]. The basic configuration of the
vortex chamber is shown in Figure 3; the anode diameter for the torch joined to the chamber — 0.006
m; material of the ring in the chamber is 20X23H13 alloy steel. It was also evaluated that the tangential
component of the gas velocity at the exit of the ring (from its tangential holes) of the vortex chamber
(with an inner radius of 0.025 m) is 95-120 m/s in the basic regimes on the flow rate of air-fuel mix-
ture. To calculate the axial velocity in the chamber’ outlet to the attached channel with diameter of
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Figure 3. Outline for the fuel vortex chamber (@) in experimental plasma-fuel intensifier and for ring of the chamber’ (b).
The dimensions for all parts are in mm
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0.058 m (serving a function of protective shroud (similar to the used in the oxy-fuel spray system [21])
for the zone between the exit from the intensifier and the region near the substrate) we used the method
based on semi-empirical dependences [22, 23], which were tested in a number of the experiments with
DC arc torches of 50-300 kW power with air and other plasma gases:

Ve =Vp(Ry / Ryp)" = (C1G + CyG')(Cs + C4GP?IRy)", @

where: C) = 4.42e/(pF); C, = 2.79e*2/(R"3pF*2u°?); C; = 1.33R; C4 = 0.69F%¥/(Re™®1"?); p and p — gas
density and dynamic viscosity at the exit from the ring of the chamber; R, and R — are the inner radii
of the attached (to the chamber) channel and of the ring, respectively; F — the area of the inlet holes in
the ring; € — factor of gas velocity saving in the chamber; n — empirical coefficient dependent on the gas
dynamic regime in the chamber.

In the equation (4) the gas velocity at a border of quasi-potential flow zone (with radius Rp) at the
exit from the vortex chamber/injector is:

Vp=C,G+ C,G"* ®)

Experimental testing of upgrading system based on the plasma torch with emission cathode at
UPU-3D unit operating with N,-plasma and air-fuel (quasi-binary) mixture injection into the in-
tensifier; the contribution of thermal efficiency of the unit parts in the process efficiency. Simplified
testing of the upgrading system based on the UPU-3D unit for spraying [16, 17] was carried out at the
operation with DC electric arc torch (with button-type cathode of Th-doped tungsten rod) with our spe-
cial fuel intensifier and attached cylindrical protective channel (shroud) of steel. For this the regimes
were used with the fixed power on the arc of the torch (P = 30+2 kW), which differed in the composi-
tion of the obtained gas mixture jets, when such combination of gases as N, with mixture of LPG and
air (from the low pressure compressor) was injected. Cooling water flow rate per 1 m? of the internal
surface of the torch electrodes was not less than 5+1 kg/s. During our experiments (propane + bu-
tane)-based LPG (commercial SPBT grade on the GOST 20448-90 [20]) was used, injected into the
unit from gas cylinders of 1.6 MPa pressure. The system showed quite stable operation in the chosen
parameter ranges (in terms of gas flow rates and the torch power). Figures 4, 5 show the results of pho-
toregistration of high-enthalpy gaseous and two-phase gas-powder jets (with powder injection as the
simulant of refractory material for the spraying) with variable composition in different test regimes of
the investigated system with the plasma torch. According to our calorimetric data, it provides 30-35 %
more energy emission from the intensifier generated jet (in atmospheric air conditions), in a comparison
with the torch operating regime with N,-plasma with the same power on the torch arc.

Figure 4. Photos of high-enthalpy gas jets in the test regimes of the spraying experimental system

on the base of DC plasma torch with fuel intensifier. The operating regimes were used with

fixed torch’ power (30+2 kW), differing in the jet composition: N, (a), air (), (N, + air + LPG)-

mixture at gas flow rate ratio, which provides on the thermodynamic estimation the conditions for

spraying of carbide powders (for example, Cr;C,) in reducing medium (c); similar gas mixture,

but with the flow ratio that provides the conditions for the spraying of oxide ceramic powders in
oxidative medium (d)



Becui HaupisnanbHail akagsmii HaByk benapyci. Cepebis dizika-ToxHiunblx HaByk. 2022. T. 67, Ne1. C. 7-16 13

Figure 5. Photos of gas jets (a, ¢) and gas-powder jets (b, d) under the different test regimes of the upgrading system of

UPU-3D type for plasma-fuel spraying (CA-APS) on the base of the torch with fuel intensifier and attached cylindrical shroud.

The regimes with the fixed torch’ power (30+2 kW) were used, differing in the jet composition: N, (a), N, + metal powder
(<50 mm particle sizes) (b), (N, + air + LPG)-mixture (¢), (N, + air + LPG) + metal powder (d)

When determining such parameter that we specified early in the modeling of the system [12], as the
thermal efficiency of the attached to plasma-fuel intensifier (i.e. plasma torch with coaxially joined vortex
chamber/injector for input of air-fuel mixture) additional cylindrical channel (protective shroud) ne = 0.75,
the already known criterion dependences for similar high-temperature devices can be used. For example,
the case of the experimental variant of PDS-3D plasma torch (based on button-type Hf cathode, tubular
copper anode and coaxial cylindrical electrically neutral channel) can be considered as a relatively close
analog in terms of the temperature regime and gas flow composition in flue channel. The equation for its
generalized thermal efficiency (which is equal to ((1-n)/n), where 1 is experimentally measured thermal
efficiency of the torch) when operating on the mixtures of air and LPG [20] has the following form:

2 080 -0.71
0.39
7=3.02-10° (é] (;J (1 - Yp) (correlation coefficient of this dependence R = 0.97). (6)

In this equation (6) such parameters were used as: / is the electric current, G is the total gas flow rate via
this plasma heater, d is the anode diameter of the torch, g, is the fraction of LPG in the input mixture.

It was found, based on (6), that the value of total thermal efficiency of the torch with the additional
shroud mp; - nes will be 0.55-0.60 for plasma-fuel system simulated in our investigation. We also found
the values close to this level (+ 10 %) when using two related criterion equations for heat transfer in par-
allel-flow reactors with ambient pressure N,-plasma jets and injection of additional hydrogen-containing
(HC) gasified feedstock:

i) St, = 105-Re *33(L /D)3 (7)

(it is data from [24], where St, and Re are zonal Stanton number for gas-wall heat transfer and Reynolds
number for the two-component flow, D — channel diameter; L, — the length of the chosen zonal part of
the channel; allowable ranges for these parameters in (7): Re = 700-2300, L, /D < 14.5);

i) E, = 0.68 p, > )

(this is on the data [25] for cylindrical plasma reactor with channel length of 6.8 calibers at the operating
range of 0.19 < p, < 0.42; here the unit symbols are: E, = (gy,/qw) — a correction factor for the heat flux
for the two-component heterogeneous mixture in the channel; g, and g, — heat fluxes for the hetero-
geneous mixture and for gas flow, respectively; p, = (G,/G,) — the heterogeneity degree of the mixture;
G, and G, are the flow rates of the HC-feedstock and the main heat transport gas (i.e. N)).

The checking calculation was also performed for thermal efficiency of the shroud after the plas-
ma-fuel intensifier to validate the coefficients (including the thermal efficiency of the (intensifier +
shroud)-combination)) for our used thermodynamic model of the spray system [12], taking into account
the convection heat transfer of high-temperature flow in it and the energy dissipation transfer by radi-
ation from the heated (up to 800—1100 K according to our experimental measurement) steel wall of the
shroud. For this calculation the Nusselt number for gas flows in a cylindrical channel (Nu = ad/A,) was
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used in a conventional form of Mikheev’s criterion dependence [26] for heat transfer of turbulent flow
with a cylindrical channel with diameter : Nug = 0.021 - Re "% Pr®# - (Pr/Pr,,)*?° - &, where the Nugy
and Rey numbers were evaluated on the internal diameter of the shroud; two variants of the Prandtl
number Pr and Pr,, were used for the gas at the mass averaged temperature in the cross-section of the
shroud and for the gas at the shroud” wall temperature, respectively; & ~ 1.65 (at the level Reg > 10%) is
the correction factor for non-steady character of the gas flow for the channel length //d < 50. Herewith, it
was found that zonal heat transfer coefficient through the wall of the protective steel shroud used in the
experiments is at a level of o < 70-90 W/m?- K, which results in a level of the thermal efficiency of the
(intensifier+shroud)-combination not lower than 0.60—0.65 (even at the value of 0.70—0.75 for thermal
efficiency of the plasma torch), and as a result, this confirms the permissibility of earlier used approach
for the thermodynamic modeling [12] of the analyzed plasma-fuel system in terms of the level of used
values of empirical coefficients, including the thermal efficiency of the system parts.

Totally it is possible to accept, that investigated experimental system, in accordance with the set of
preliminary data obtained (including our thermochemical modeling results [12], and current estimation
and testing data), makes it possible to provide the opportunity for spraying of easily oxidizable carbide
powders [1, 27, 28] (under the conditions of a flow of alkanes partial oxidation products at the equiva-
lence ratio £R < 0.5) as well as for the spraying of oxides (e.g. Al,O; powder) in a flow based on the fuel
complete oxidation (air combustion) products, formed in fuel-lean mixtures, characterized by the level
of ER = 1.0-1.1. This, taking into account the calculated data given in Section 3, creates an opportunity
to achieve the improved intensity of coating producing from the carbide and oxide powders in a com-
parison with standard operating regimes of the commercial spray units of UPU-3D-type with N, or Ar
plasma, which are still typical for the machine industry in CIS countries [16, 17].

Conclusions. 1. Based on our preliminary thermodynamic modeling results for the cases of C—H—
O-N-Ar—Me-systems (Me = Al, Cr) and C—H-O—Al-system [12] (as the simulants of the combined
plasma-fuel system with arc plasma torch), the additional thermal engineering analysis of parameters of
the system was carried out and herewith some kinetic, heat transfer and gas dynamic theoretical estima-
tions at the fuel intensifier operation with “LPG + air”-mixture had carried out.

2. The optimized regimes investigated by us have an advantage over the Ny-plasma regimes from
the point of view of such kinetic parameter of powder heating as the ability of heating factor AHF" of
the gas medium in spraying system. The calculation performed shows that (air+alkane)-mixtures can be
a few times more efficient in terms of AHF" level than as N, or Ar, typical for industrial spraying units
gases. Besides, to heat a gas, e.g., for the range of 300-3200 K in the case of (air+natural gas)-mixture
(and for close (air + LPG)-mixture), according to the calculated data, an enthalpy difference no higher
than 7.0 MJ/kg is required, which is technically achievable for the use of the (plasma-fuel)-system as
well as when operating with the torch with arc stabilization by these mixtures.

3. Experimental system based on standard UPU-3D plasma spraying unit with electric arc torch
(30—40 kW) and with fuel intensifier of selected design has been developed and its operation was tested
when the combination of N, and (LPG + air)-mixture is injected. It was found that stable operation in the
range of parameters (in terms of gas flow rates, torch power) is attainable and, according to calorimetri-
cal data, the effect of 30—35 % higher energy emission from plasma torch jet (with attached fuel vortex
chamber) relative to the torch regime with Nj-plasma with the same initial power was indicated. The use
of the system gives the possibilities for spraying both carbide powders (in reducing medium of the prod-
ucts of fuel’ partial oxidation) and oxide materials with increased productivity for obtaining coatings, in
a comparison with conventional unit’ spraying regimes.
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