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Abstract. Over the past few years, a group of new processes was developed for high-temperature, including plasma electric
arc spraying (at ambient pressure) and spheroidizing of some ceramic and metal powder materials with the use of gaseous
hydrocarbons in the heat carriers as well as with feeding of organic additions into a high-temperature jet, in particular, poly-
meric ones, to control porosity of sprayed metallic functional coatings. The paper considers the possibility to modify such
technological processes by introducing solid fuel additions of a polymer type into the operating fluid of an apparatus for gas-
thermal (plasma or other) treatment, which provides melting of metal or oxide powders. For this, with the help of thermody-
namic analysis, the processes have been evaluated at temperatures (300-3000) K for the set of such reacting five component
systems as C-H-O-N-Me (at ambient pressure 0.101 MPa) with five variants of Me — aluminum, titanium, chrome, copper,
nickel. This makes it possible to consider these systems as simulants for potential technologies for the treatment of oxide
powders (Al,O3, TiO,, Cr,03) as well as metallic ones (Cu, Ni and their alloys). In order to obtain high exothermic contribu-
tion to the heating of powders, the combination “air + polymeric addition (polyethylene) of LDPE grade” was chosen as mixed
heat carrier (operating fluid) for the basic version of simulated process. During the analysis of equilibria for the considered mul-
ticomponent systems (17 variants), a set of following parameters has been used to characterize the energy intensity of the target
powder heating process: the equivalence ratio for reacting mixture and its adiabatic temperature; the energy efficiency of material
heating with and without taking into account the effect of fuel addition; specific energy consumption for the powder melting; auto-
thermicity degree of the process during the combined heating (electrothermal heating by the arc of plasma torch and heat flux from
the “air + solid fuel additions” mixture) of refractory powders. As a result of the assessment, the preferred (from thermodynamic
standpoint) regimes of the considered processes have been found and the possibility to realize an energy-efficient heating of these
oxide and metal materials (without oxidation of the latter to CuO,, NiO) with a reduced part of the electric channel of energy trans-
fer, resulted from the carrying out of appreciable effect of the fuel-initiated mechanism of heating in the analyzed C-H-O-N-Me-
systems, has been shown in the paper.

Keywords: multicomponent C-H-O-N-Me-systems, thermal spraying, spheroidizing, ceramic and metal powder materials,
aluminum and chromium oxides, titanium dioxide, copper, nickel, fuel additions, polymers, polyethylene, thermodynamic
equilibria, adiabatic temperature, energy efficiency, energy consumptions, autothermicity degree of heating

For citation: Gorbunov A. V., Devoino O. G., Gorbunova V. A., Yatskevitch O. K., Koval V. A. (2021) Thermodynamic
Estimation of the Parameters for the C-H-O-N-Me-Systems as Operating Fluid Simulants for New Processes of Powder
Thermal Spraying and Spheroidizing. Science and Technique. 20 (5), 390-398. https://doi.org/10.21122/2227-1031-2021-
20-5-390-398

Tepmoaunamuyeckas ouenka napamerpoB cucreM C-H-O-N-Me
KaK HMUTATOPOB padoyel cpeabl B HOBBIX Ipoueccax
ra3’oTepMHY€eCKOro HanblIeHUs U ceponn3anuu NOPOUIKOB
Kanna. TexH. Hayk A. B. FopﬁyHOBl), JIOKT. TexH. Hayk O. I'. I[eBOﬁHOZ),

KaHl. XuM. Hayk B. A. T opﬁyHOBa2 , KanauaaTsl TexH. Hayk O. K. HIIKeBI/I‘IZ), B. A. Kopasinb?

UTexnonornueckuii uHctuTyT a3ponaTuku (Can XKose nyc Kamnyc, bpazuims),
2)Ee:nopycmq/lﬁ HaIlMOHAJILHBIA TeXHUYECKU yHUBepcuTeT (MuHCK, Pecriybnmka bemapych)

Pedepat. B nocnennee Bpems Benercst pa3paboTKa IpYyHITEI HOBBIX TEXHOJIOTHI BBICOKOTEMIIEPATYPHOT'0, B TOM YHCIIE IUIa3-
MEHHOTO 3JIEKTPOJYrOBOTO, HambUleHHs (IIpU aTMOC()EPHOM MAaBICHHH) U COEPOMIM3ALUM HEKOTOPHIX KEePAMUYECKUX

AJpec ISl IepenncKu Address for correspondence

T'opOynosa Bepa AnekceeBHa Gorbunova Vera A.

Benopycckuii HAMOHATIBHBIA TEXHUUECKHH YHHBEPCUTET Belarusian National Technical University
npoci. Hezasucumoctw, 67, 67, Nezavisimosty Ave.,

220013, r. Munck, Pecriy6inka Benapych 220013, Minsk, Republic of Belarus

Ten.: +375 17 293-92-71 Tel.: +375 17 293-92-71

ecology@bntu.by ecology@bntu.by

390 Hayka

urexHuka. T. 20, Ne 5 (2021)


https://doi.org/10.21122/2227-1031-2021-20-5-
https://doi.org/10.21122/2227-1031-2021-%0b20-5-
https://doi.org/10.21122/2227-1031-2021-%0b20-5-

Mechanical Engineering and Engineering Science

M METaJUTMYECKUX MOPOIIKOBBIX MATEPHAIOB KaK C HCIOJIL30BAaHHEM YIIICBOJOPOAHBIX T'a30B B KaUeCTBE TEIIOHOCUTEINEH,
TaK ¥ C BHECEHHEM B BBHICOKOTEMIIEPATYpPHYIO CTPYIO OPTaHHIECKHUX H00aBOK (B 4aCTHOCTH, ITOJMMEPHBIX) IS PEryIHpoBa-
HHS TIOPUCTOCTH HANbUIIEMBIX METAIIMYECKHX MOKPHITUH. B cTrathe paccMoTpeHa BO3MOXKHOCTH MOJU(UKALINM TPOIECCOB
JAHHOM TPy 3a CUET BBOJA TBEPAOTOILIMBHBIX 0OABOK MOJMMEPHOTO THUIMA B pabodylo cpeay ammapara s ra3oTepMu-
yeckoil (I1a3MeHHOW WIM JIpyroif) oOpaboTku, obecneyuBarolIell IUIaBIeHHE METAIMYECKUX WM OKCHUAHBIX TOPOIIKOB.
s 3TOro ¢ MOMOIIBIO TEPMOJIMHAMHUYECKOTO aHajlu3a MPOBEAEHa OIEHKa MpoleccoB mpH Temmeparypax (300-3000) K
Jutst Habopa pearupyronyX MITHKOMITOHEHTHBIX cucteM Tra C—H-O-N-Me (npu nasnenun 0,101 MIIa) ¢ nsaTeio BapuaHTa-
MH Me — aJlfOMUHHH, TUTaH, XpOM, MeJlb, HUKEb. JTO MO3BOJISIET PacCCMAaTPUBATh JaHHbBIE CHCTEMBI KaK MIMUTATOPEI IS T10-
TEHI[HAIBHBIX TEXHOJIOTHI 00paboTku kak okcuaHbiX (Al,O3, TiO,, Cry,03), Tak u Metammueckux (Cu, Ni 1 UX CIUIaBsI) 1M0-
pomkoB. C HeNbIo TOJIy4eHHsT BEICOKOTO SK30TEPMHYIECKOT0 BKJIAJla B HArpeB IOPOIIKOB B KAYECTBE CMECEBOTI0 TEIIOHOCH-
Tess Ui 6a30BOr0 BapHaHTa MOJIEIUPYEMOTO Mpoliecca BEIOPaHO COUETaHUE «BO3AYX + MonuMepHas a00aBKa (IOJIMA3TUIICH
mapku LDPE)». B xone ananu3a paBHOBECHH B paCCMOTPEHHBIX MHOTOKOMITIOHEHTHBIX cucTeMax (17 BapHaHTOB) AJIs Xapak-
TEPUCTHKU SHEPTOEMKOCTH IIEIEBOTO IMPOIECcca HarpeBa MOPOIIKOB HCTOIb30BaIM HAOOp MapaMeTpoB: (akTOp SKBHBAICHT-
HOCTH PEaKIMOHHOM CMeCH M ee aanabaTHdecKyro Temrepatypy, sHeprerndeckuii KI1J] Harpesa marepuana ¢ yuerom u 6e3
ydeTa BKJIaJla TOTUIMBHOM OOABKY, yIeIbHBIE SHEPro3aTparhl Ha IUIaBJICHHE MTOPOIIKA, CTENeHb aBTOTEPMUYHOCTH IIpoIiecca
TIpu KOMOMHHPOBAaHHOM Harpese (3JIEKTPOTEPMHUIECKOE HarpeBaHHe depes AYTy INIa3MOTPOHA M TEIUIOBBIIEICHHE OT CMeCH
«BO3IyX + TBEpAOTOILIMBHAS 100aBKay) TYrOINIaBKHUX MOPOIIKOB. B pe3ynpTraTe mpoBeaeHHON ONEHKN HaHICHEI IPEAIOYTH-
TeNbHBIE (C TEPMOJMHAMUYECKUX MO3UINI) PEXUMBI PACCMOTPEHHBIX IPOIECCOB M IIOKA3aHA BO3MOXKHOCTH PeaIH3aIin
9HepProd(HeKTHBHOrO HarpeBa JAaHHBIX OKCHAHBIX M METAIUIMYECKUX MaTepraios (6e3 okucienus mociaenuux 1o CuOy, NiO)
C TOHIKEHHOM J0JIel 3/eKTPHUYECKOT0 KaHajla 3HEpProlepeHoca 3a CYeT CYIMIECTBEHHOTO BKJaJa TOIIMBHOTO MEXaHH3Ma
HarpeBa B C—H-O-N-Me-cucremax.

KnroueBblie cioBa: MHOrokoMmoHeHTHbIe cucTeMbl C—H-O-N-Me, razorepmudeckoe HambuICHHE, ChEpOUIH3AIM, Kepa-
MUYECKHE U METANIMYECKHE IOPOIIKOBBIC MaTepUaibl, OKCHJbl AIIOMUHUS U XpPOMa, AUOKCHJ TUTAHA, MEAb, HUKEIb, TOI-
JMBHBIE JTOOABKH, ITOJIMMEPHI, ITOJIMITHIEH, TEPMOJIMHAMAYECKHE PAaBHOBECHS, aanabaTHdeckas TeMIepaTypa, SHepreTide-
ckuit KI1/I, yaensHbIe 3HEpro3aTpaTsl, CTENEHb aBTOTEPMUYHOCTH HarpeBa

Jas nutupoBanusi: TepMmonunaMmudeckas omeHka napamerpoB cucteM C—H-O-N-Me kak mmuratopoB pabodueii cpemsl
B HOBBIX ITPOLECCaX [A30TEPMHUYECKOr0 HambUICHUs U chepounusaruu nopowkos / A. B. TopOyHoB [u np.] / Hayka u mex-
nuxa. 2021. T. 20, Ne 5. C. 390-398. https://doi.org/10.21122/2227-1031-2021-20-5-390-398

Introduction

Over the last 5-10 years, specialists in a number
of countries (at University of Toronto, Canada, and
others) have been intensively developing a group of
new high-temperature technologies, including elec-
tric arc spraying (at atmospheric pressure, APS) and
melting/spheroidizing several ceramic (Al,Os, WC,
Zr0,) and metal (copper and its alloys for antibacte-
rial coatings, nickel-based superalloy Inconel 625)
powder materials, both using hydrocarbon-based
gases (including (CH4 + COy)-mixtures), and with
feeding of solid or liquid organic additions to high-
temperature jet [1-8]. Some polymeric materials can

a
DC plasma torch Metal
Polyester powder substrate

Composite
coating

Inconel 625 powder

be used as these additions in order to control porosity
and microstructure of sprayed metal and composite
functional coatings (including transpiration cooled
ones for heat-resistant blades of gas turbines) [1].
A schematic diagram of a thermal spray system of
this type is shown in Fig. 1a.

In this regard, the opportunity to modify the
processes of this group is obvious by using the
feeding of solid fuel additions (SFA) of polymeric
type (which are typically low cost ones) into the
operating fluid of these apparatuses for thermal
(plasma or other) treatment, purposed for melting
of metal or refractory oxide powders under the
conditions of gas-powder flow.

b

Gas Substrate
Fuel + metal powder

; Hot jet
Torch Electric arc

Fig. 1. Variants of schematics of the systems for high temperature processing of metal and ceramic powders,
using the polymeric particle additions: a — on the technical description [1] for the process of electric arc plasma spraying
of metal/alloy powders; b — analyzed by authors schematic diagram for potential technologies for thermal plasma spraying
or spheroidizing of oxide and metal powders with additional feeding of SFA-addition in the processing zone
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At the same time, it seems acceptable to con-
sider (initially, at a theoretical level) the case of air
heat carrier (it acts simultaneously as an oxidizer).
It was efficiently used during the recent few years
by Russian group [9, 10], based on new arc plasma
torches with a power of up to 52 kW for powder
spraying of some alloys, oxides and cermet com-
positions, and, as one of the variants, this techno-
logy was used with the combination of air with
injection of hydrocarbons (propane-butane or me-
thane) additions into the torch. The chosen variant
of the process to consider is schematically illus-
trated in Fig. 1b.

To execute this task, at the first stage it is ex-
pediently to use only thermodynamic analysis
of energy consumption parameters of chosen vari-
ant of the thermal process. As the simulants of ty-
pical thermal treated powders in a high tempera-
ture flow, it is suitable to consider a set of three
oxide compounds — Al,Qs, TiO,, Cr,0; and two
metals — copper and nickel. These substances are
widely used in conventional industrial technolo-
gies [11] as well as newly developed ones for
spheroidizing and plasma spraying of powder
materials [1, 2, 4, 8-10, 12].

Methodology of analysis

We used the variant of thermodynamic method,
which is based on finding the maximum of entropy
of reacting system (i. e. minimization of the Gibbs
free energy/thermodynamic potential) in the con-
sidered equilibrium or quasi-equilibrium systems
at specified pressure and temperature regime at the
inlet, using such code for chemical thermodyna-
mics analysis as TERRA, developed at Bauman
MSTU, Moscow [13, 14]. An algorithm for calcu-
lation of thermodynamic states in multicomponent
systems with organic and inorganic components is
based on the equations:

TdS>dU+8A or TdS—dU — pdv>0; (1)

< \ . RyTh;
S:Z:Si(pi)ni +.Sn :Z(Sio ~RyIn Ov ']ni +
i=1 1=1 i=1
L K+l (2)
+>°8/n U+ > Uin =0;
1=1 i=1

k+L

~U+> Un =0; 3)

U, = [CadT +AH(Ty); (4)

To
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b,=>a;n, j=12 .., m (5)
i=1
Kk
D 20 =0; (6)
i=1
k
pv=R,T Y n;, (7)

i=1

where T — temperature, K; S — total entropy of
the mixture, J-kg-K™; U — complete internal
energy, J-kg; A — pressure-volume work of the
system, J-kg™; p — pressure, Pa; v — specific vo-
lume, m*kg™; Si(p‘) — entropy of gas phase compo-
nent at the partial pressure which it will have in an
equilibrium condition; k — quantity of components
of the gaseous phase; L — quantity of condensed
phases accounted at calculation; n; — concentra-
tion of the i" component of the mixture, mol-kg‘l;
S, — entropy of the i" component of the mix-

ture, J-mol™K™; S — standard entropy of gas phase
component at temperature T and p = 0.101 MPa;

Ry — the universal gas constant, JmoltK™ C,; —
specific heat capacity of the i" component of mix-

ture at v = const, J-mol™-K™; H?— standard en-

thalpy of the i component of mixture, J-mol™; b; —
mole content of the j" chemical element at the
system, mol-kg™:; a;i — stoichiometric coefficient,
i. e. numbers of atoms of chemical element j
in substance i.

During the analysis of thermodynamic equili-
bria in the multicomponent systems (17 of their
variants were considered), a set of the following
parameters was used to characterize the energy
intensity of desired process of heating and melting of
metal-containing powders: the equivalence ratio (ER)
of the reacting mixture and its adiabatic tempera-
ture T, such output parameters as the energy
efficiency EnE of the material heating (in various
versions — with and without taking into account the
contribution of the fuel addition to the efficiency),
specific electrical energy consumption for the
heating and melting EC, the degree of autothermicity
(in a variant on temperature AD; and in a variant
on enthalpy ADy) for total allothermal process of
combined heating of refractory powders (electro-
thermal heating through an arc of plasma torch
and heat transfer from the oxidizing mixture
“air + SFA”). Part of these parameters was tested
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earlier for characterization of processes of ther-
mochemical and plasma assisted pyrolysis, gasifi-
cation and combustion of a number of industrial fuels
and wastes, including solid ash-rich fuels [15-21].

The temperature T,q for mixtures with estab-
lished components of equilibrium system was
found based on the following dependences derived
from the law of conservation of energy [21]:

Ipr (Tad): Iin (TO); (8)

1 (To) = 2 (M;AHY) (9)

]

L e (Tad):Z(MiAf Hi0)+

+Z[Mi TCpi(T)dTJ, (10)

where 1,(Taq) — sum of the standard enthalpies of
formation of obtained products AH;’ (with taking
into account theirs fractions M; in the product
mixture) and the enthalpies of theirs heating from
initial temperature Ty = 298.15 K to adiabatic Tqg;
lin(To) — sum of the standard enthalpies of for-
mation for the initial components Aij0 (with ta-
king into account theirs molar fractions M; in the
initial mixture); C,; — specific heat capacity for the
products.

First variant of the energy efficiency was
determined on the basis of the first law of thermo-
dynamics, by analogy with the dependence pre-
viously used to describe a similar efficiency
(which coincides with CGE (cold gas efficien-
cy)) [16] for plasma gasification of fuels [15-18]
with syngas production (based on CO and H,)
as the main product

LHVg

EnE = —
LHV, + Electricity

11)

where LHVsg, LHVE — lower heating values for the
main product and for the initial fuel; Electricity —
total electrical energy consumption in this process
during the operation of arc plasma torch and
auxiliary electrical equipment. To determine Elect-

ricity, the calculated difference (H7, —H; ),

was used (it was assumed to be equal to the
required power of the torch Pp) between total
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enthalpy of the main product at desired operating
temperature T, and the enthalpy of the product at T,g.

For the currently considered case of heating
of metal or ceramic powders in (11) was modi-
fied by introducing into the numerator (instead
of LHVss) the quantity of difference of the

enthalpies AHye = (HY, — H%g)ye, Which is re-

quired to heat the metal or oxide from the
temperature of its standard state T, to the desired
specified temperature 7>, which exceeds the
powder melting temperature 7; by the variable
(that characterizes the degree of overheating of the
reacting system beyond 71, given below in Part 4),
approximately representing the degree of non-
adiabaticity of real thermal apparatus in quasi-
cylindrical zone between the plasma torch noz-
zle and the end of the powder heating area (i. e. the
substrate in a case of spraying process). The mo-
dified expression was established as the following:

Gy AH,,. X
(GeaLHVe, )+ (Py /(mamyr )+
Gy AH,,,
+(Naeq Img )’

where Gpye, Gea — mass flow rates of the metal
(ceramic) powder and fuel addition; LHVg, — lower
heating value of the fuel addition; Py — electric
power on an arc of plasma torch; N,q — power
of the auxiliary electrical equipment (in this case,
an air compressor); n, — thermal efficiency of the
torch (assumed equal to 0.80 based on aggregated
data for non-transferred arc plasma torches,
including ones for thermal spraying [22]); ne —
energy efficiency of commercial-scale solid fuel
power plants CPP (it was chosen as 0.393 accor-
ding to the actual reference data from DOE/NETL
of USA) [23]. The thermodynamic properties of
the reagents (in particular, AHy.) were determined
using the NIST’s thermodynamic database [24].

The calculated values for the case of the energy
efficiency EnE;z (assuming a zero contribution of
the “fuel term” to the efficiency value) represent
one of the feasible scenarios in which the cost of
the consumed fuel addition will be close to
negligible level, that will ensure an increase of the
EnE; efficiency magnitude in the considered
regime of combined heating.

Eng, =

(12)
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Moreover, the equivalence ratio for the mixture
was used (that contains a fuel addition, which is
decomposed in a redox reaction during the heating)
as a useful initial parameter to characterize
oxygen-containing reacting mixtures [19]

_ G, 1G4

ER —R (13)

st

where G, /G — ratio of the mass flow rates of
oxidizer and fuel for the analyzed reacting mixture;
Rst — ratio of the flow rates of these reagents in
the stoichiometric mixture, which is sufficient for
complete fuel oxidation.

The calculation of energy consumption during
the operation of a low-pressure compressor for air
blowing into the thermal treatment system (in this
case, to the plasma torch) was carried out accor-
ding to the conventional method [25], at the value
of polytropic index of 1.40. Also, for the “basic”
(further labeled as “bas”) modes (in the N, envi-
ronment, that simulates the regimes of industrial
plasma spraying units [11] without fuel additions)
of high-temperature processing of powders, we
took into account the energy consumption in the

technological chain for producing nitrogen from
air, and by analogy with [20] it was assumed at the
level of 0.3 kW-h/kg (ignoring the contribution
of the CPP energy efficiency).

Choice of polymeric solid fuel addition
for the analyzed process

The combination of air + (polymer addition —
polyethylene (commercial LDPE grade, i. e. low den-
sity PE)) was chosen as a mixed heat carrier for the
main variant of the simulated thermal process to en-
sure high exothermic effect to the powder heating.
At the same time, it is important that reclaimed pow-
dery (dusty) polyethylene of technical purity, accor-
ding to the environmental classifiers of some regions
(e. g. CIS countries), belongs to non-hazardous
industrial wastes [26] and is typically supplied from
petrochemical (organic synthesis) plants to large-
scale consumers at prices close to zero. Tab. 1
demonstrates the characteristics of this variant of
polymer addition in a comparison with the properties
of some related substances to illustrate the preference
of LDPE as a potentially better solid fuel.

Table 1

Composition and some thermodynamic properties (standard enthalpy of formation AH°,
lower and higher heating values LHV, HHV) for typical calorific polymeric materials in a comparison
with simple ordinary fuels (the values are shown on dry and ash free basis)

Formula;
mass fraction
of non-carbon part

Material or compound
(commercial grade)

HHV, MJ/kg

LHV, MJ/kg AH®, MJ/kg

Polystyrene (PS, PS-waste)

(CgHg)n: 0.077 | 40.00-43.65 [27-28] |38.30-41.96 [27-29] (1)| -1.18 (at HHV = 40.0 [27]),

and the close value on [30]

Low density polyethylene (LDPE,
LDPE-waste)

(CoHy)n; 0.144 | 46.00-47.74 [27-29] | 42.8-44.6 [27-29] (1)

~2.073 [31]

Polyamide oxygen-containing
polymer (polycaprolactam

(CeH1:NO),; 0.363| 30.0-30.9 [28, 32]

28.8[28, 32] ~2.911 (on the data [24])"

grade, PAG)

Cellulose (CgH1O0s)n; 0.556 17.5 [33-34] 16.0 [35-36] (1) -5.95 [37]
Graphite C;0 32.8[24] 32.8[24] 0
Methane CH,; 0.251 55.5 [24] 50.0 [24] -4.67 [24]

* Data for monomer.

Symbol: t — calculated on the equation: LHV = HHV — 0.21978H [38] (H - hydrogen fraction in the compound, wt. %).

Results of thermodynamic modeling

The obtained results for the energy consump-
tion parameters of the heating (with melting of
processed oxide and metal powders) for different
variants of the C-H-O-N-Me systems (Me = Al,
Ti, Cr, Cu, Ni; and the minor fraction of Ar was

394

also taken into account (as air component) for all
systems) are presented in the Tab. 2, and the
examples of calculated data on equilibrium chemi-
cal composition of products during heating of the
systems of this class (in a temperature range up
to 3000 K) are shown in Fig. 2-4 (condensed phases
are indicated by the symbol “c”).
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Table 2
Established energy consumption parameters for heating of different variants
of the C-H-O-N-Me-systems (Me = Al, Ti, Cr, Cu, Ni) at pressure p = 0.101 MPa
of Q o -
o = e} =] zZ
Number of calculated " o (@) - < [ O |
reacting mixture and heated Q Q B Q N o) ! S R = = = =
ceramic/metal powder ) @) 3 < 3 = 3 @) @ | | | S
I I =2 I = I = | L= o o ~ -
— N o < [Te] (] ~ [ee] » — — — —
Initial parameters
Operating gas / use of fuel
addition in the mixture Air/+ [ Air/+ | Na/— | Air/+ | No/—= | Air/+ | Npo/—= |Air/+| Na/—|Air /[ +|Air / +|Air/ +| No/ -
Mass fraction of (MeOx/Me)-
powder in the mixture 0.584 | 0.483 | 0.667 | 0.483 | 0.667 | 0.483 | 0.667 |0.631|0.800 |0.358| 0.317 | 0.323 | 0.800
Mass fraction of fuel addition
in the mixture 0.027 | 0.034 0 0.034 0 0.034 0 0.024| 0 |0.042|0.048 |0.136| O
Melting point of (MeOx/Me)-
powder 71, K 2708 | 2708 | 2708 | 2328 | 2328 | 2130 | 2130 | 1359 | 1359 | 1729 | 1729 | 1729 | 1729
Desired specified temperature
of the powder 73, K 2850 | 2850 | 2850 | 2500 | 2500 | 2300 | 2300 | 1500 | 1500 | 1900 | 1900 | 1900 | 1900
Difference of enthalpies
0 _ g0
Hi, = Haes, MIKG Of pOWder| 5 356 | 5306 | 2.326 | 3.374 | 3.374 | 2.120 | 2.120 | 0.560 | 0.560 | 0.915 | 0.915 | 0.915 | 0.915
Equivalence ratio for redox
reaction with fuel ER 0.961 | 0.961 0 0.961 0 0.961 0 0997 | 0 |0.971]0.894|0.271| O
Output parameters
Adiabatic temperature Tag
for reacting mixture, K 1458 | 1651 300 1467 298 1616 348 | 1495 | 298 | 1895 | 1895 | 994 | 298
Condensed products in Ni(c),
the reacting mixture at 7 Cr,05(c) | Cr,04(c) | Cr203(c) | Al,O3(c) | Al,Os(c) | TiO2(c) | TiOz(c) | Cu(c) | Cu(c) | Ni(c) | Ni(c) | C(c) | Ni(c)
Degree of overheating (DOH)
of the reacting system
beyond 73, J/J 1214 | 1.244 | 1.187 | 1.113 | 1.084 | 1.072 | 1.060 |1.123 |1.120|1.104|1.098 | 1.077 | 1.111
Energy efficiency for heating
process EnEy, J/J 0.114 | 0.091 | 0.121 | 0.187 | 0.188 | 0.143 | 0.125 |0.281|0.112 {0.147 | 0.115| 0.024 | 0.124
Energy efficiency EnE;
(ignoring the contribution
of CPP’ energy efficiency), JJ| 0.244 | 0.189 | 0.278 | 0.362 | 0.427 | 0.263 | 0.282 |0.283 |0.234|0.148 | 0.116 | 0.034 | 0.276
Energy efficiency EnEs
(ignoring the contribution
of SFA enthalpy), J/J 0.127 | 0.103 | 0.121 | 0.225 | 0.188 | 0.180 | 0.125 |1.401|0.112 |0.760 | 0.636 | 0.045 | 0.124
Electric energy consumption
EC,, kW-h/kg of powder 5.094 | 6.277 | 5.332 | 4.170 | 4.995 | 3.268 | 4.728 |0.111 |1.394 | 0.335 | 0.400 | 5.645 | 2.052
Electric energy consumpti-
on EC; (ignoring the contri-
bution of CPP’ efficiency),
kW-h/kg of powder 2.002 | 2.467 | 2.096 | 1.639 | 1.963 | 1.284 | 1.858 | 0.044 | 0.548 | 0.132 | 0.157 | 2.218 | 0.807
Degree of autothermicity
of the reacting system on
temperature ADy, K/K 0.454 | 0.530 0 0.531 0 0.659 0 0996 | 0 |0.997|0.997|0435| 0
Degree of autothermicity
on enthalpy ADy, J/J 0.272 | 0.313 0 0.418 0 0.531 0 0999 | 0 |0.997|0.997|0556| O

Footnote. DOH = (Ipr(T2) — 1pr(To)) / (Ior(T1) — 15e(T0)); EC1 = (Ppi/ (Memp1)) + (Naeg/Mer) / Gme; EC2 = (Ppi/ Mpi + Naeg) / Gwme.

According to the results of the analysis of seven-
teen system variants, it was found that for the regimes
simulating the melting of metals in air-fuel mixtures
(containing mainly CO,, H,O and N, gases with
small admixture of CO and H,), the parameters
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of energy efficiency of the process, such as EnE;
and EnEz, are obviously higher, than for standard
(endothermic) modes of their processing in N,
(as, for example, on industrial plasma spraying mo-
dules of the UPU-3D type [11]).
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Fig. 2. Calculated dependences for the chemical composition of equilibrium C-H-O-N-Al (a) and C-H-O-N-Ti (b)
systems at the range of 300-2500 K (at pressure p = 0.101 MPa) at the ratio of flow rates of initial components,
corresponding to the process regimes No 4 and No 6 in the Tab. 2
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Fig. 3. Calculated dependences for the chemical composition of equilibrium C-H-O-N-Cu (a) and C-H-O-N-Ni (b)
systems at the range of 300-2000 K (at pressure p = 0.101 MPa) at the ratio of flow rates of initial components,
corresponding to the process regimes No 8 and No 10 in the Tab. 2
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Fig. 4. Calculated dependence for the chemical
composition of equilibrium C-H-O-N-Cr-system
at the range of 300-3000 K (at pressure p = 0.101 MPa)
at the ratio of flow rates of initial components,
corresponding to the process regime No 1 in the Tab. 2

The specific energy consumption for the cases
of heated metals is correspondingly lower than
for these “basic regimes” in the N,-heat carrier
gas (at the mass fraction of Me-powder in reacting
mixture of 0.800).

For the case of the considered oxide processing
regimes, their output parameters (EnEj, EnEs,
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energy consumptions EC,; and EC,) do not differ
so much from the “basic regimes” in N»-gas media,
but still exceed them in efficiency, at least at the
mass fraction of powder in the reacting mixture
above 0.58 for heating regimes of Cr,O; and above
0.48 for the regimes with Al,O; and TiO, powders.
Here, the achieved degree of autothermicity of
the system (in a variant on enthalpy) during the
heating ADy does not fall outside the range
of 0.27-0.53 for these cases.

CONCLUSIONS

1. As a result of theoretical assessment, ful-
filled for a set of C-H-O-N-Me-systems, we
found preferable regimes, from the point of view
of chemical thermodynamics method, for the group
of thermal treatment processes (for the example
of high-melting oxides of aluminum, chromium
and titanium, and copper and nickel metals), which
are interesting for technologies of powder spraying
and spheroidizing. The processes include melting
of the ceramic and metallic materials in gaseous
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media formed by the products of air oxidation of
solid fuel polymeric addition.

2. The tentative opportunity to arrange an ener-
gy-efficient heating of the considered materials
(moreover, without oxidation of the condensed
phase of considered metals to their oxides CuO,
Cu,0, NiO) was detected at the minimized electric
channel of energy transfer (in a comparison with
industrially standard (“basic”) regimes of powder
melting in nitrogen plasma jet), due to the using
the efficient fuel-derived heating channel in
these C-H-O-N-Me-systems, which contain the
fuel addition.

3. It is shown, based on the results of the analy-
sis of the selected systems, that for the modeling
regimes of the melting of Cu and Ni powders in
the air-fuel mixtures, the process efficiency para-
meters, including energy efficiency and energy
consumption per unit of the metal are signifi-
cantly better than for standard (*“basic”) regimes of
their high-temperature processing (in N, medium).
For the case of oxide processing regimes, in terms
of the calculated output characteristics of the pro-
cess (EnE;, EnEs, energy consumption), they differ
less substantially from the standard heating
regimes (in N,), but also surpass them in the effi-
ciency (the value of energy consumption EC, does
not exceed 2.0 KW-h per kg of oxide), despite the
moderate level of the found degree of autothermi-
city ADy for the process — 0.27-0.53 (in a contrast
to the ADy, which is close to one for the Cu and Ni
melting regimes in the highly oxidized gas mix-
tures at the level of equivalence ratio of the mix-
tures ER > 0.97, in which the fuel is almost com-
pletely decomposed to CO, and H,O products).
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