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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 Ме – aluminum, titanium, chrome, copper, 
nickel. This makes it possible to consider these systems as simulants for potential technologies for the treatment of oxide 
powders (Al2O3, TiO2, Cr2O3) 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 CuOx, 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.  
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и металлических порошковых материалов как с использованием углеводородных газов в качестве теплоносителей, 
так и с внесением в высокотемпературную струю органических добавок (в частности, полимерных) для регулирова-
ния пористости напыляемых металлических покрытий. В статье рассмотрена возможность модификации процессов 
данной группы за счет ввода твердотопливных добавок полимерного типа в рабочую среду аппарата для газотерми-
ческой (плазменной или другой) обработки, обеспечивающей плавление металлических или оксидных порошков.  
Для этого с помощью термодинамического анализа проведена оценка процессов при температурах (300–3000) К  
для набора реагирующих пятикомпонентных систем типа C–H–O–N–Me (при давлении 0,101 МПа) с пятью варианта- 
ми Ме – алюминий, титан, хром, медь, никель. Это позволяет рассматривать данные системы как имитаторы для по-
тенциальных технологий обработки как оксидных (Al2O3, TiO2, Cr2O3), так и металлических (Cu, Ni и их сплавы) по-
рошков. С целью получения высокого экзотермического вклада в нагрев порошков в качестве смесевого теплоноси-
теля для базового варианта моделируемого процесса выбрано сочетание «воздух + полимерная добавка (полиэтилен 
марки LDPE)». В ходе анализа равновесий в рассмотренных многокомпонентных системах (17 вариантов) для харак-
теристики энергоемкости целевого процесса нагрева порошков использовали набор параметров: фактор эквивалент-
ности реакционной смеси и ее адиабатическую температуру, энергетический КПД нагрева материала с учетом и без 
учета вклада топливной добавки, удельные энергозатраты на плавление порошка, степень автотермичности процесса 
при комбинированном нагреве (электротермическое нагревание через дугу плазмотрона и тепловыделение от смеси 
«воздух + твердотопливная добавка») тугоплавких порошков. В результате проведенной оценки найдены предпочти-
тельные (с термодинамических позиций) режимы рассмотренных процессов и показана возможность реализации 
энергоэффективного нагрева данных оксидных и металлических материалов (без окисления последних до CuOx, NiO) 
с пониженной долей электрического канала энергопереноса за счет существенного вклада топливного механизма 
нагрева в C–H–O–N–Me-системах. 
  

Ключевые слова: многокомпонентные системы C–H–O–N–Me, газотермическое напыление, сфероидизация, кера-
мические и металлические порошковые материалы, оксиды алюминия и хрома, диоксид титана, медь, никель, топ-
ливные добавки, полимеры, полиэтилен, термодинамические равновесия, адиабатическая температура, энергетиче-
ский КПД, удельные энергозатраты, степень автотермичности нагрева 
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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 (Al2O3, WC, 
ZrO2) and metal (copper and its alloys for antibacte-
rial coatings, nickel-based superalloy Inconel 625) 
powder materials, both using hydrocarbon-based 
gases (including (CH4 + CO2)-mixtures), and with 
feeding of solid or liquid organic additions to high-
temperature jet [1–8]. Some polymeric materials can 

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. 1а.  

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.  

 

                                              a                                                                                                            b 

 

 

 

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 – Al2O3, TiO2, Cr2O3 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:  
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where T ‒ temperature, K; S ‒ total entropy of  
the mixture, J⋅kg–1⋅K–1; U ‒ complete internal  
energy, J⋅kg–1; A ‒ pressure-volume work of the 
system, J⋅kg–1; p ‒ pressure, Pa; v ‒ specific vo- 
lume, m3⋅kg–1; ( )ip

iS ‒ 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; ni ‒ concentra- 
tion of the ith component of the mixture, mol⋅kg–1;  
Si ‒ entropy of the ith component of the mix- 
ture, J⋅mol–1⋅K–1; 0

iS  ‒ standard entropy of gas phase 
component at temperature T and p = 0.101 MPa;  
R0 ‒ the universal gas constant, J⋅mol–1⋅K–1; Cvi ‒ 
specific heat capacity of the ith component of mix-
ture at v = const, J⋅mol–1⋅K–1; 0

iH ‒ standard en- 
thalpy of the ith component of mixture, J⋅mol–1; bj ‒ 
mole content of the jth chemical element at the  
system, mol⋅kg–1; aji ‒ 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 Tad; 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 ADT and in a variant  
on enthalpy ADH) 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 

(2) 
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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 Tad 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]: 

 

( ) ( )0 ;pr ad inI T I T=                     (8) 
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where Ipr(Tad) – sum of the standard enthalpies of 
formation of obtained products ∆fHi

0 (with taking 
into account theirs fractions Mi in the product 
mixture) and the enthalpies of theirs heating from 
initial temperature T0 = 298.15 K to adiabatic Tad; 
Iin(T0) – sum of the standard enthalpies of for- 
mation for the initial components ∆fHj

0 (with ta- 
king into account theirs molar fractions Mj in the 
initial mixture); Срi – 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 H2)  
as the main product 

 

,SG

F

LHVEnE =
LHV + Electricity

            (11) 

 

where LHVSG, LHVF – 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 0 0

2 _( )Т Т ad prН Н−  
was used (it was assumed to be equal to the 
required power of the torch Ppl) between total 

enthalpy of the main product at desired operating 
temperature T2 and the enthalpy of the product at Tad.  

For the currently considered case of heating  
of metal or ceramic powders in (11) was modi- 
fied by introducing into the numerator (instead  
of LHVSG) the quantity of difference of the 
enthalpies ΔHMe = 0 0

2 298 Me( ) ,ТН Н−  which is re- 
quired to heat the metal or oxide from the 
temperature of its standard state T0 to the desired 
specified temperature Т2, which exceeds the 
powder melting temperature Т1 by the variable 
(that characterizes the degree of overheating of the 
reacting system beyond Т1, 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:  
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where GMe, GFA – mass flow rates of the metal 
(ceramic) powder and fuel addition; LHVFА – lower 
heating value of the fuel addition; Ppl – electric 
power on an arc of plasma torch; Naeq – power  
of the auxiliary electrical equipment (in this case, 
an air compressor); ηpl – 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]); ηel – 
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, ∆HMe) were determined 
using the NIST’s thermodynamic database [24].  

The calculated values for the case of the energy 
efficiency EnE3 (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 
EnE3 efficiency magnitude in the considered 
regime of combined heating.  
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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] 

 

/
,ox f

st

G G
ER =

R
                      (13) 

 

where Gox/Gf – 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 N2 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 ∆fH 

0,  
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) 
 

Material or compound  
(commercial grade) 

Formula;  
mass fraction  

of non-carbon part 
HHV, MJ/kg LHV, MJ/kg ∆fH0, MJ/kg 

Polystyrene (PS, PS-waste) (C8H8)n; 0.077 40.00–43.65 [27–28] 38.30–41.96 [27–29] (†) –1.18 (at HHV = 40.0 [27]), 
and the close value on [30] 

Low density polyethylene (LDPE, 
LDPE-waste) 

(C2H4)n; 0.144 46.00–47.74 [27–29] 42.8–44.6 [27–29] (†) –2.073 [31] 

Polyamide oxygen-containing  
polymer (polycaprolactam  
grade, PA6) 

(C6H11NO)n; 0.363 30.0–30.9 [28, 32] 28.8 [28, 32] –2.911 (on the data [24])* 

Cellulose (C6H10O5)n; 0.556 17.5 [33–34] 16.0 [35–36] (†) –5.95 [37] 

Graphite C; 0 32.8 [24] 32.8 [24] 0 

Methane CH4; 0.251 55.5 [24] 50.0 [24] –4.67 [24] 
* Data for monomer. 
Symbol: † – calculated on the equation: LHV = HHV – 0.21978H [38] (Н – 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  

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 
 

Number of calculated  
reacting mixture and heated  

ceramic/metal powder 
1 

– 
C

r 2
O

3 

2 
– 

C
r 2

O
3 

3 
(b

as
) –

 C
r 2

O
3 

4 
– 

A
l 2O

3 

5 
(b

as
) –

 A
l 2O

3 

6 
– 

Ti
O

2 

7 
(b

as
) –

 T
iO

2 

8 
– 

C
u 

9 
(b

as
) –

 C
u 

10
 –

 N
i 

11
 –

 N
i 

12
 –

 N
i 

13
 (b

as
) –

 N
i 

Initial parameters 
Operating gas / use of fuel 
addition in the mixture Air / + Air / + N2 / – Air / + N2 / – Air / + N2 / – Air / + N2 / – Air / + Air / + Air / + N2 / – 
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 0 
Melting point of (MeOx/Me)-
powder Т1, К 2708 2708 2708 2328 2328 2130 2130 1359 1359 1729 1729 1729 1729 
Desired specified temperature 
of the powder Т2, К 2850 2850 2850 2500 2500 2300 2300 1500 1500 1900 1900 1900 1900 
Difference of enthalpies  

0
2ТН − 0

298 ,Н  MJ/kg of powder 2.326 2.326 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 0.997 0 0.971 0.894 0.271 0 

Output parameters 

Adiabatic temperature Tad  
for reacting mixture, K 1458 1651 300 1467 298 1616 348 1495 298 1895 1895 994 298 
Condensed products in  
the reacting mixture at Т2 Cr2O3(c) Cr2O3(c) Cr2O3(c) Al2O3(c) Al2O3(c) TiO2(c) TiO2(c) Cu(c) Cu(c) Ni(c) Ni(c) 

Ni(c), 
C(c) Ni(c) 

Degree of overheating (DOH) 
of the reacting system  
beyond Т1, J/J 1.214 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 EnE1, 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 EnE2  
(ignoring the contribution  
of CPP’ energy efficiency), J/J 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 EnE3  
(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 
EC1, 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 EC2 (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 ADT, К/К 0.454 0.530 0 0.531 0 0.659 0 0.996 0 0.997 0.997 0.435 0 
Degree of autothermicity  
on enthalpy ADH, J/J 0.272 0.313 0 0.418 0 0.531 0 0.999 0 0.997 0.997 0.556 0 

Footnote. DOH = (Ipr(T2) − Ipr(T0)) / (Ipr(T1) − Ipr(T0)); EC1 = ((Ppl / (ηelηpl)) + (Naeq/ηel) / GMe; EC2 = (Ppl / ηpl + Naeq) / GMe. 
 
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 CO2, H2O and N2 gases with 
small admixture of CO and H2), the parameters  

of energy efficiency of the process, such as EnE1  
and EnE3, are obviously higher, than for standard 
(endothermic) modes of their processing in N2  
(as, for example, on industrial plasma spraying mo- 
dules of the UPU-3D type [11]).  
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а 

 

b 

 
 

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 К (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 
 

a 

 

b 

 
 

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 К (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 
 

 
 

Fig. 4. Calculated dependence for the chemical  
composition of equilibrium C–H–O–N–Cr-system  

at the range of 300–3000 К (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 N2-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   (EnE1, EnE3,  

energy consumptions EC1 and EC2) do not differ 
so much from the “basic regimes” in N2-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 Cr2O3 and above 
0.48 for the regimes with Al2O3 and TiO2 powders. 
Here, the achieved degree of autothermicity of  
the system (in a variant on enthalpy) during the 
heating ADH 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, 
Cu2O, 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 N2 medium). 
For the case of oxide processing regimes, in terms 
of the calculated output characteristics of the pro-
cess (EnE1, EnE3, energy consumption), they differ 
less substantially from the standard heating  
regimes (in N2), but also surpass them in the effi-
ciency (the value of energy consumption EC2 does 
not exceed 2.0 kW⋅h per kg of oxide), despite the 
moderate level of the found degree of autothermi- 
city ADH for the process – 0.27–0.53 (in a contrast 
to the ADH, 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 СО2 and Н2О products).  

 
REFERENCES  
 

1. Yugeswaran S., Amarnath P., Ananthapadmanabhan P. V., 
Pershin L., Mostaghimi J., Chandra S., Coyle T. W. 
(2021) Thermal Conductivity and Oxidation Behavior of 
Porous Inconel 625 Coating Interface Prepared by Dual-
Injection Plasma Spraying. Surface and Coating Techno- 
logy, 411, 126990. https://doi.org/10.1016/j.surfcoat.2021. 
126990.  

2. Pershin L., Mitrasinovic A., Mostaghimi J. (2013) Treat-
ment of Refractory Powders by a Novel, High En- 
thalpy DC Plasma. Journal of Physics D: Applied Physics, 
46 (22), 224019. https://doi.org/ 10.1088/0022-3727/46/ 
22/224019.  

3. Salimijazi H. R., Ghasemi R., Mostaghimi J., Pershin L. 
(2016) Characterization of YSZ Coatings Deposited by 
Conventional DC and CO2/CH4 Torches. International 

Thermal Spray Conference (ITSC 2016) Proceedings, 2,  
613–616.  

4. Mostaghimi J., Pershin L., Salimijazi H., Nejad M., Rin-
guette M. (2021) Thermal Spray Copper Alloy Coatings  
as Potent Biocidal and Virucidal Surfaces. Journal of 
Thermal Spray Technology, 30 (1–2), 1–15. https://doi.  
org/10.1007/s11666-021-01161-7. 

5. Sharifahmadian O., Salimijazi H. R., Fathi M. H., Mo-
staghimi J., Pershin L. (2013) Relationship between Sur-
face Properties and Antibacterial Behavior of Wire Arc Spray 
Copper Coatings. Surface and Coating Technology, 233,  
74–79. https://doi.org/10.1016/j.surfcoat.2013.01.060. 

6. Wrona A., Bilewska K., Lis M., Kamińska M., Olszew- 
ski T., Pajzderski P., Więcław G., Jaśkiewicz M., Kamysz 
W. (2017) Antimicrobial Properties of Protective Coatings 
Produced by Plasma. Surface and Coating Technology,  
318, 332–340. https://doi.org/10.1016/j.surfcoat.2017.01.101.    

7. Mitrasinovic A., Pershin L., Wen J. Z., Mostaghimi J. 
(2011) Recovery of Cu and Valuable Metals from E-Waste 
Using Thermal Plasma Treatment. JOM: the Journal of  
the Minerals, Metals & Materials Society, 63 (8), 24–28. 
https://doi.org/10.1007/s11837-011-0132-0.  

8. Borrell A., Carpio P., Salvador M. D., Mataix D. B., Car-
nicer V., Orts M. J. (2021) Modification of the Properties 
of Al2O3/TZ-3YS Thermal Barrier Coating by the Addi-
tion of Silicon Carbide Particles and Fructose. Coatings,  
11 (4), 387. https://doi.org/10.3390/coatings11040387.  

9. Kornienko E. E., Mul’ D. O., Rubtsova O. A., Vaschen- 
ko S. P., Kuzmin V. I., Gulyaev I. P., Sergachev D. V. (2016) 
Effect of Plasma Spraying Regimes on Structure and 
Properties of Ni3Al Coatings. Thermophysics and Aerome-
chanics, 23 (6), 919–928. https://doi.org/10.1134/S0869  
864316060147.  

10. Kuzmin V., Gulyaev I., Sergachev D., Vaschenko S., 
Kornienko E., Tokarev A. (2017) Equipment and Tech-
nologies of Air-Plasma Spraying of Functional Coatings.  
MATEC Web of Conferences, 129, 01052. https://doi.  
org/10.1051/matecconf/201712901052.  

11. Bielyi A. V., Kalinitchenko A. S., Kukareko V. A., De-
voino O. G. (2017) Surface Engineering of Structural Ma-
terials with Using of Plasma and Beam Technologies. 
Minsk, Belorusskaya Nauka Publ. 457 (in Russian). 

12. Lee H., Ramachandran C. S., Pala Z., Sampath S. (2018) 
Optimizing Thermoelectric Properties of in Situ Plasma-
Spray-Synthesized Sub-Stoichiometric TiO2-x Deposits. 
Journal of Thermal Spray Technology, 27 (6), 968–982. 
https://doi.org/10.1007/s11666-018-0731-1.  

13. Gorokhovski M., Karpenko E. I., Lockwood F. C., Mes-
serle V. E., Trusov B. G., Ustimenko A. B. (2005) Plasma 
Technologies for Solid Fuels: Experiment and Theory. 
Journal of the Energy Institute, 78 (4), 157–171. https://doi. 
org/10.1179/174602205x68261.  

14. Barbin N. M., Terentiev D. I., Alexeev S. G., Barbina T. M. 
(2015) Thermodynamic Analysis of Radionuclides Beha- 
viour in Products of Vapour Phase Hydrothermal Oxida-
tion of Radioactive Graphite. Journal of Radioanalytical 
and Nuclear Chemistry, 307 (2), 1459–1470. https://doi.  
org/10.1007/s10967-015-4587-2.  

15. Marquesi A. R., Filho G. P., Gorbunov A. V., Halinou- 
ski A. A., Essiptchouk A. M., Sismanoglu B. N. (2015) 
Theoretical Assessment of Plasma Gasification Process  

https://doi.org/10.1016/j.surfcoat
https://doi.org/10.1016/j.surfcoat
https://doi.org/10.1016/j
https://doi.org/10
https://doi.org/10.3390/
https://doi.org/10.1134/S08


Машиностроение и машиноведение 
 

 

 398 Наука 
техника. Т. 20, № 5 (2021)  

и 
   Science and Technique. V. 20, No 5 (2021) 

of Low Grade Coal and Biomass Feedstock. Advances in 
Chemistry Research. Vol. 26, Chapter: 4. Nova Science Pub-
lishers, 57–76. https://doi.org/10.13140/RG.2.1.2567.4481. 

16. Carpinlioglu M. O., Sanlisoy A. (2018) Performance  
Assessment of Plasma Gasification for Waste to Energy 
Conversion: a Methodology for Thermodynamic Ana- 
lysis. International Journal of Hydrogen Energy, 43 (25), 
11493–11504. https://doi.org/10.1016/j.ijhydene.2017.08.147. 

17. Mourao R., Marquesi A. R., Gorbunov A. V., Filho G. P., 
Halinouski A. A., Otani C. (2015) Thermochemical As-
sessment of Gasification Process Efficiency of Biofuels 
Industry Waste with Different Plasma Oxidants. IEEE 
Transactions on Plasma Science, 43 (10), 3760–3767. 
https://doi.org/10.1109/TPS.2015.2416129.  

18. Mountouris A., Voutsas E., Tassios D. (2006) Solid Waste 
Plasma Gasification: Equilibrium Model Development  
and Exergy Analysis. Energy Conversion and Ma- 
nagement, 47 (13–14), 1723–1737. https://doi.org/10.1016/j.  
enconman.2005.10.015.  

19. Bublievsky A. F., Sagas J. C., Gorbunov A. V., Maciel H. S., 
Bublievsky D. A., Filho G. P., Lacava P. T., Halinouski A. A., 
Testoni G. E. (2015) Similarity Relations of Power-Voltage 
Characteristics for Tornado Gliding Arc in Plasma-
Assisted Combustion Processes. IEEE Transactions on 
Plasma Science, 43 (5), 1742–1746. https://doi.org/10.  
1109/TPS.2015.2419822.  

20. Matveev I. B., Messerle V. E., Ustimenko A. B. (2009) 
Plasma Gasification of Coal in Different Oxidants. IEEE 
Transactions on Plasma Science, 36 (6), 2947–2954. 
https://doi.org/10.1109/TPS.2008.2007643.  

21. Engel’sht V. S., Balan R. K. (2011) Chemical Thermody-
namics of the Vapor-Oxygen Gasification of Graphite. 
High Temperature, 49 (5), 736–743. https://doi.org/10.  
1134/S0018151X11050063.  

22. Zhukov M. F., Zasypkin I. M. (2007) Thermal Plasma 
Torches: Design, Characteristics and Applications. UK, 
Cambridge: Cambridge International Science Publi- 
shing. 596.  

23. Oh S. Y., Yun S., Kim J. K. (2018) Process Integration 
and Design for Maximizing Energy Efficiency of a Coal 
Fired Power Plant Integrated with Amine-Based CO2 Cap-
ture Process. Applied Energy, 216, 311–322. https://doi.  
org/10.1016/j.apenergy.2018.02.100.  

24. NIST Chemistry WebBook. Available at: https://web  
book.nist.gov/cgi/cbook.cgi?ID=C74828&Units=SI&Mask=
1#Thermo-Gas).  

25. Zhou T., Francois B. (2009) Modeling and Control Design 
of Hydrogen Production Process for an Active Hydro-
gen/Wind Hybrid Power System.  International Journal of 
Hydrogen Energy, 34 (1), 21–30. https://doi.org/10.1016/j.  
ijhydene.2008.10.030.  

26. Wastes of Manufacturing of Polyethylene Products. Avai- 
lable at: https://www.wastecation.ru/code/33521000000 
(in Russian). 

27. Tsiamis D. A., Castaldi M. J. (2016) The Effects of Non-
Recycled Plastics (NRP) on Gasification: a Quantitative 

Assessment. Technical Report. Earth Engineering Center, 
City College, City University of New York, NY. 42. 

28. Walters R. N., Hackett S. M., Lyon R. E. (2000) Heats of 
Combustion of High Temperature Polymers. Fire and Ma-
terials, 24 (5), 245–252. https://doi.org/10.1002/1099-
1018(200009/10)24:5<245::aid-fam744>3.0.co;2-7. 

29. Ng S. C., Chee K. K. (1993) Correlation Between Heat of 
Combustion and Chemical Structure of Polymers. Poly-
mer, 34 (18), 3870–3872. https://doi.org/10.1016/0032-
3861 (93)90513-A. 

30. Grikina O. Ye., Stepanov N. F., Tatevskii V. M., Yaro- 
voi S.S. (1971) Calculation of the Enthalpy and Entropy of 
Polymerization and Copolymerization Constants by the 
Structural-Element Contribution Method. Polymer Science 
U.S.S.R, 13 (3), 653–677. https://doi.org/10.1016/0032- 
3950(71)90031-1. 

31. Splitsto P. L., Johnson W. H. (1974) The Enthalpies  
of Combustion and Formation of Linear Polyethylene.  
Journal of Research of the National Bureau of Standards 
Section A. Physics and Chemistry, 78A (5), 611–616.  
https://doi. org/10.6028/jres.078A.038.  

32. Kashiwagi T., Harris R. H., Zhang X., Briber R. M., Cipri-
ano B. H., Raghavan S. R., Awad W. H., Shields J. R. 
(2004) Flame Retardant Mechanism of Polyamide 6–Clay 
Nanocomposites. Polymer, 45 (3), 881–891. https://doi.  
org/10.1016/j.polymer.2003.11.036.  

33. Ur’yash V. F., Larina V. N., Kokurina N. Yu., Novoselo- 
va N. V. (2010) The Thermochemical Characteristics of 
Cellulose and its Mixtures with Water. Russian Journal of 
Physical Chemistry, 84 (6), 915–921. https://doi.org/10.  
1134/S0036024410060051. 

34. Blokhin A. V., Voitkevich O. V., Kabo G. J., Paulechka U. U., 
Shishonok M. V., Kabo A. G., Simirsky V. V. (2011) 
Thermodynamic Properties of Plant Biomass Components. 
Heat Capacity, Combustion Energy, and Gasification 
Equilibria of Cellulose. Journal of Chemical Engineering 
Data, 56, 3523–3531. https://doi.org/10.1021/je200270t.  

35. Demirbaş A. (2005) Estimating of Structural Composition 
of Wood and Non-Wood Biomass Samples. Energy 
Sources, 27 (8), 761–767. https://doi.org/10.1080/009083  
10490450971. 

36. Ioelovich M. (2018) Energy Potential of Natural, Synthetic 
Polymers and Waste Materials – а Review. Academic 
Journal of Polymer Science, 1 (1), 1–15. https://doi.org/10.  
19080/AJOP.2018.01.555553.  

37. Jessup R. S., Prosen E. (1950) Heats of Combustion and 
Formation of Cellulose and Nitrocellulose (Cellulose Ni-
trate). Journal of Research of the National Bureau of 
Standards, 44 (4), 387–393. https://doi.org/10.6028/jres.  
044.034.  

38. Zhang Y., Li B., Li H., Liu H. (2011) Thermodynamic 
Evaluation of Biomass Gasification with Air in Autother-
mal Gasifiers. Thermochimica Acta, 519 (1–2), 65–71. 
https://doi. org/10.1016/j.tca.2011.03.005.  
 

Received: 23.04.2021 
Accepted: 24.06.2021 

Published online: 30.09.2021 
 

 

https://doi.org/10
https://doi.org/10.1016/j.ijhydene.2017
https://doi.org/10.1016/j.%20%0benconman
https://doi.org/10.1016/j.%20%0benconman
https://doi.org/10
https://doi.org/10.%20%0b1134/
https://doi.org/10.%20%0b1134/
https://doi/
https://web/
https://doi.org/10.1016/j
https://www.wastecation/
https://doi.org/10.1016/
https://doi/
https://doi.org/
https://doi.org/10.1080/009083
https://doi.org/
https://doi.org/10.6028/jres
https://doi/

