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This paper describes an interactive complex of programs designed for investigating the processes of accelera-
tion, heating, and melting of particles in the gas-dynamic channels of burners. To illustrate the efficiency of
this method, we have investigated the possibility of melting of tungsten particles in the process of their accel-
eration and heating by combustion products of hydrocarbon fuel in the gas-dynamic channel of the burner
with the discharge method of acting on the flow.

Technological devices of flame spraying, abrasive working of surfaces, and jet grinding of solid particles are
characterized by the following physical picture of the processes [1]. Particles together with hydrocarbon fuel combus-
tion products are fed into a gas-dynamic channel in which they are accelerated, heated, and, if necessary, melted. An
additional acceleration of particles takes place in a free supersonic jet. Carrier gas acceleration in the gas-dynamic
channel is realized under the geometric and (or) discharge action on the flow. Completing processes take place in the
shock layer formed by the collision of a two-phase jet with the surface being worked or the collision of jets. In in-
vestigating the processes of acceleration, heating, and melting of particles by a gas flow, these thermodynamic proc-
esses should be considered with regard for the heterogeneous interaction of phases, chemical transformations, phase
transitions, etc., proceeding at the high rate and high temperatures attained in combustion of hydrocarbon fuels in air
or pure oxygen.

Experimental development and the choice of parameters of technological devices entail problems connected
with the difficulties of creating heterogeneous flows and measurement of the parameters of fast high-temperature proc-
esses and require considerable material costs. An effective means for reducing working costs and optimizing techno-
logical devices and the choice of rational regimes of their operation is offered by the methods of mathematical, mainly
numerical, modeling [2–4]. The employment of these methods for modeling processes in technological devices requires
an interrelated solution of a large number of individual rather complicated problems, each of which, being a part of a
complex problem, can be of interest in itself. This necessitates a rational choice of the gas-dynamic and heat- and
mass-exchange processes to be taken into account and the choice of mathematical models describing these processes
with the required accuracy. At this stage, the task of the investigations is, on the one hand, the formulation of the
physical and mathematical models that allow one to describe the technological process as completely as required for
practice. On the other hand, it is necessary to develop effective algorithms and software based on them, which permit
calculations on available computers at practically reasonable expenditures of machine time.

Serial calculations and especially adjustment and use, in solving a specific problem, of the already developed
software-methodological means requires from the user certain skills and knowledge in the field of programming and
mathematical modeling. Users of such programs are, as a rule, specialists in the field of development and improvement
of technological processes, who know their specific features and deal mainly with their implementation. They perform
investigations of the processes on the basis of the analysis of the relationship between the input (control) and output
parameters. The complex of applied programs seems to them to be a kind of a tool of imitative modeling, which per-
mits forming the initial data with allowance for their influence on the proceeding of the technological process, its ef-
ficiency, the quality of products of the technological process, etc.
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In this connection, the user should be provided with the possibility of working with the complex of programs
in his usual regime, i.e., at the level of input and output data. With an adequate complex of applied programs, a tool
for providing this is an interface organized in a certain way enabling the user to work with the program complex with
the use of terms and definitions from the subject field of assignment of the complex. This interface together with the
auxiliary programs forming the service part of the program complex should make it possible to form and store the in-
itial data, perform current calculations, and process, store, and analyze the calculation data. Owing to the well-devel-
oped service part, practical work with the complex does not require from the user any special training in the field of
programming and learning of special instructions for working with the complex.

The user works with the complex in the interactive regime and his work is reduced to a certain sequence of
operations: problem choice; formation of initial data of the problem in accordance with the presented prototype of their
defaults; choice of the form of data presentation from the list of forms of problem-solution processing offered by the
complex; problem start for counting; representation of results of the chosen problem solution on the monitor screen in
the form of numerical or graphical information depending on the chosen forms of solution processing; organization of
storage of current calculation results in the bank of results; matching of obtained calculation results with the results of
solving other problems (if any) or with the previously obtained results of the chosen problem at other initial data.

"Two_Phase" Imitative Modeling Program Complex. As a specific example of the software satisfying these
requirements, consider the "Two_Phase" program complex [5, 6]. Structurally, the program complex consists of two
relatively independent parts. The first part includes applied programs for numerical realization of mathematical models
of the processes of acceleration, heating, and melting of particles when they are moving in the gas-dynamic channel
and in a supersonic jet leaking onto the substrate. These programs are included in the "Two_Phase" complex in the
form of executable EXE-files. The second part is a service shell developed in the Delphi medium as a supplement to
Windows.

The programs of the first part are written in the Fortran algorithmic language. The basic elements of the
mathematical models used and the algorithms of their numerical realization are given in [1–3]. The two-phase flow in
the gas-dynamic channel is described by quasi-one-dimensional equations of the gas dynamics, which take into account
the friction and the heat exchange of the two-phase flow with the channel walls, as well as the friction and the heat
exchange between the phases. For the flow in a free two-phase jet, two-dimensional equations of the turbulent bound-
ary layer for the gas phase and two-dimensional equations of the hyperbolic type for the dispersed phase are used. Nu-
merical integration of equations is carried out by the matching method along the jet axis. The calculation of the
two-phase flow parameters in the shock layer is performed in two stages. First the parameters of the gas phase are
calculated by the established method. Then control particles, whose parameters are calculated along their mechanical
trajectory, are placed in the gas flow field. In so doing, the influence of the particles on the gas flow parameters is
not taken into account.

The second (service) part is a set of visual components (window forms, text windows, command buttons,
keys, etc.) and ad hoc software. The window form conforms to the Window operating system. These windows, to-
gether with the visual components placed in them, are a tool for choosing problems, forming the initial data, carrying
out a comparative analysis of results, storing them and using in Windows applications (Microsoft Word, Excel, etc.).
Window forms appear on the screen sequentially as needed in the process of the user’s work with the program. On
the screen, there appears and is active only that form that enables one to carry out works with the active program nec-
essary for the current stage. Transition to the next form (upon completion of all necessary operations in the current
form) or return to the previous form (possibly for making corrections) is done upon pushing proper keys.

Functioning of the window forms and other visual components is provided by programs written in the Object
Pascal algorithmic language. Moreover, a constituent of the complex consists of programs realizing the algorithms of
preparation of initial data files for the applied program, using the information input by the user into the text windows,
and programs providing applied program start, visual representation of obtained results in the form of graphic depend-
ences, tables, etc. These programs maximally use objects of the integrated medium Delphi.

The complex is equipped with a ramified reference system providing the user with: information about its as-
signment and structure; a brief description of the physical and mathematical formulation of the problems to be solved;
description of the possibilities of initial data formation and storage, performing current calculations, and processing and
storage of calculation results. The service part of the complex enables the user to work in the interactive dialogue re-
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gime using terms and definitions from the object region of the complex assignment. As an illustration, Fig. 1 gives
one variant of the window form providing initial data specification.

The application of the "Two_Phase" program complex permits investigating the thermal-gas-dynamic processes
in the channels of gas-dynamic devices with the aim of providing a more effective use of the chemical energy of the
fuel for heating and accelerating particles and choosing rational geometric parameters of gas-dynamic channels and re-
gime parameters of technological devices. The "Two_Phase" complex makes it possible to:

a) estimate the discharge characteristics of the device and the gas-dynamic and thermophysical characteristics
of combustion products;

b) estimate the range of change in the dynamic and energy parameters of particles in the gas-dynamic chan-
nel, in the jet, and in the shock layer;

c) calculate the distribution of the gas and particle parameters in the gas-dynamic channel, as well as in the
flow field of the two-phase jet flowing from it;

d) choose the values of the geometric and regime parameters of the gas-dynamic channel for obtaining maxi-
mum values of the energy parameters of particles;

e) calculate the composition of combustion products and their thermodynamic and thermophysical properties;
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f) calculate the thermal state of the dispersed phase (temperature field, melt fraction) when it is moving in the
gas-dynamic channel, in the free jet, and in the shock layer.

The user can represent calculation results in the form of tables of parameters at the exit from the gas-dynamic
channel at various values of the input parameters of the problem; graphs of distributions of gas-dynamic parameters
along the gas-dynamic channel or the jet axis; graphs of parametric dependences of flow parameters at the exit from
the gas-dynamic channel on the values of one of the input parameters of the problem; fields of isolines of flow pa-
rameters in the gas-dynamic channel and (or) the jet.

Evaluation of the Possibility of Melting of Tungsten Particles in the Gas-Dynamic Channel. As an illus-
tration of using the "Two_Phase" program complex, below we give the results of exploring the possibility of melting
of tungsten particles upon their acceleration and heating in the gas-dynamic channel of a burner with the discharge
method of acting on the flow. These results can be used in developing a technology for spraying refractory coatings.
Melting of tungsten particles features commensurability of their melting temperature to the equilibrium stagnation tem-
perature of fuel combustion products. Therefore, melting of tungsten particles in the gas flow is only possible with a
certain selection of the fuel pair (combustible–oxidizer) and with an effective organization of the energy exchange be-
tween fuel combustion products and particles.

It is expedient to carry out preselection of the fuel pair using the concepts of stored heat and relative stored
heat of combustion products [4]. The stored heat is defined as the difference of values of the specific enthalpy of
combustion products calculated at their equilibrium temperature and the melting temperature of particles. The relative
stored heat is defined as the ratio of the stored heat to the heat that should be supplied to one kilogram of particles
in order to heat them to the melting temperature and melt. In principle, it is equal to the mass of particles that can
be heated and melted by one kilogram of combustion products at a completely stagnant flow. From the data on com-
parison of the parameters of the combustion products of hydrogen, methane, and acetylene in air oxygen given in [4]
it follows that for refractories whose melting temperature is above 3000 K, the highest stored heat is possessed by the
combustion products of acetylene in oxygen. Estimates of this heat were made proceeding from the following values
of the diagnostic variables: pressure in the combustion chamber P0 = 0.8 MPa; temperature and specific melting heat
of tungsten Tm = 3660 K and Qm = 191 kJ/kg [7–10]; the equilibrium temperature Te and specific heat capacity Cpe
at a constant pressure of combustion products of acetylene in oxygen were, respectively, 3696 K and 10.1 kJ/(kg⋅K).
To heat and completely melt 1 kg of tungsten particles having an initial temperature of 298 K, it is necessary to ex-
pend a quantity of heat equal to 812.4 kJ/kg. Proceeding from this, we obtain values of the stored heat of combustion
products Q∗  = 363.6 kJ/kg and of the relative stored heat m∗  = 0.447. Thus, 1 kg of combustion products can melt
0.447 kg of particles in the combustion chamber (at a completely stagnant flow).

In the case of a flow in the gas-dynamic channel of the burner, the flow of combustion products is acceler-
ated, cooling thereby. Therefore, the real relative mass of melted particles will be much smaller. Depending on the
mass fraction of particles, the fuel energy may turn out to be insufficient for complete melting of particles. As a pa-
rameter on the basis of which estimates of the possibility of particle melting in a high-temperature gas flow can be
made, it is expedient to use the concept of the degree of particle melting η. This parameter is defined as the differ-
ence of the current specific enthalpy of particles and the specific enthalpy of unmelted particles at the melting tem-
perature divided by the specific melting heat. Values of the parameter η ≤ 0 correspond to the solid aggregate state of
particles, 0 < η < 1 — to the transient state (partial melt of particles), η = 1 — to complete melting at a temperature
equal to the melting temperature, and η > 1 — to melting with superheating.

A detailed analysis of the possibility of melting of tungsten particles was performed upon their acceleration
and heating in the gas-dynamic channel of combustion products of fuel pairs acetylene + oxygen and hydrogen + oxy-
gen at various combustion chamber pressures and sizes and mass fractions of particles. The characteristics of the gas-
dynamic channel are given in [4]. Figure 2 shows the change in the melting ratio of particles of fraction Dp = 10 µm
along the gas-dynamic channel at pressures in the combustion chambers P0 = 0.8, 1.5, and 2.0 MPa for two variants
of fuel pairs of acetylene + oxygen and hydrogen + oxygen fuel pairs at a mass fraction of particles Kp = 0.1. From
Fig. 2 it is seen that for the acetylene + oxygen fuel pair with increasing combustion chamber pressure P0 the melting
ratio of particles markedly increases. For the hydrogen–oxygen fuel pair, an increase in the combustion chamber pres-
sure has a negligible effect on the melting ratio of particles. Moreover, as is seen from Fig. 2, the hydrogen + oxygen
fuel pair does not provide complete melt of particles even at an increased pressure in the combustion chamber. The

556



results presented corroborate the conclusions obtained on the basis of the estimates of the stored heat of combustion
products. Thus, to melt tungsten particles in the process of their acceleration and heating in the gas-dynamic channel
with the discharge method of acting on the flow, it is necessary to use the acetylene + oxygen fuel pair at an in-
creased pressure in the combustion chamber (as normal pressure, P0 = 0.8 MPa is taken).

The influence of particle sizes on the relative melting ratio at a mass fraction of particles Kp = 0.1 and a
combustion chamber pressure P0 = 2.0 MPa is shown in Fig. 3. The change in the melting ratio of particles of frac-
tion Dp = 10 µm along the gas-dynamic channel at a combustion chamber pressure P0 = 2.0 MPa for two values of
the coefficient of the mass fraction of particles Kp = 0.1 and 0.5 is illustrated in Fig. 4. A strong dependence of the
melting ratio of particles on their mass fraction is observed. It should be noted that with increasing Kp the temperature
and velocity of particles in the outlet cross section decrease, and the particle velocity thereby changes insignificantly.
The results presented in Fig. 4 show that the melting ratio of particles increases with increasing pressure P0 in the
combustion chamber. The complete melting ratio can be positive on the end of the heating section; however, on the
end of the section of supersonic acceleration (of length Ls.c = 120 µm) it becomes negative. Therefore, to provide
complete melting of particles (η > 0) at the exit from the gas-dynamic channel, it is necessary to increase the pressure
P0 in the combustion chamber and reduce the length of the section of supersonic acceleration Ls.c.

CONCLUSIONS

1. Analysis of the results presented permits the conclusion that to provide complete melting of tungsten parti-
cles at the exit from the gas-dynamic channel of a burner with the discharge method of acting on the flow, it is nec-
essary to use the acetylene–oxygen fuel pair at a combustion chamber pressure P0 C 2.0 MPa, having minimized the
length of the section of supersonic acceleration Ls.c. Under these conditions, it is possible to completely melt small-
fraction particles (Dp ≤ 15 µm) at their relative mass fraction Kp of no more than 0.1. The particles thereby practically

Fig. 3. Change in the melting ratio of particles along the gas-dynamic channel:
1) Dp = 10; 2) 15; 3) 20 µm. x, m.

Fig. 4. Change in the melting ratio melt of particles along the gas-dynamic
channel at a mass fraction of particles: 1, Kp = 0; 2, 0.5. x, m.

Fig. 2. Change in the melting ratio of particles along the gas-dynamic channel for
acetylene + oxygen (solid curves) and hydrogen + oxygen (dashed curves) fuel
pairs at combustion chamber pressures: 1) P0 = 0.8; 2) 1.5; 3) 2.0 MPa. x, m.
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do not influence the gas-dynamic field of the flow in the channel. An increase in the flow rate of particles leads to a
decrease in their melt at the exit from the gas-dynamic channel.

2. The results presented in the present paper and in [3, 4] confirm the efficiency of using the "Two_Phase"
program complex for imitative modeling of the processes of gas-dynamic acceleration, heating, and melting of parti-
cles. The complex comes in the form of a program product and can be disseminated among specialists engaged in the
development and use of appropriate technological devices.

NOTATION

Cpe, equilibrium specific heat capacity of combustion products at a constant pressure, kJ/(kg⋅deg); Dp, particle
diameter, µm; Kp, mass fraction of particles; Ls.c, length of the supersonic cylindrical section of the channel, m; m∗ ,
relative stored heat; P0, static pressure in the combustion chamber, MPa; Q∗ , stored heat of combustion products,
kJ/kg; Qm, specific melting heat of tungsten, kJ/kg; Te, equilibrium temperature of combustion products, K; Tm, melt-
ing temperature of tungsten, K; η, melting ratio of particles. Subscripts: e, equilibrium; m, melting; p, particle; s.c, su-
personic channel; 0, initial value.
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