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The mathematical modelling of the process of making fireproof protective coatings
reduces to the consideration of a problem of the interaction of a two-phase turbulent
jet with a plane wall. The second phase represents a fine-fraction mixture of the coke
and magnesite particles, and when impinging on the wall they can both stick to it and
reflect from it. The reflected particles near the wall interact with the carrier gas and
with the impinging particles thus forming a narrow layer of particles with the increased
particles concentration, which is usually called as a screening layer. The computation
of such a flow in a jet was performed within the framework of a continual model. For
the description of gas flow the averaged Navier—Stokes equation system and k − ε

model of turbulence have been used.
Keywords: numerical modelling, two-phase flows, fireproof protective coatings, com-

bustion of coal particles, steel-melting converters.

Introduction

Two-phase jets are used for making a protective additional coating on the refractory walls of
different industrial devices (called as the process of guniting). The guniting of the walls of
steel-melting converters is used in Russia [1]. It allows to increase the number of melting’s in
several times without the replacement of converter’s base fire-proof walling and this method
give a large commercial profit.

A problem of numerical modelling of this process within the framework of technological
scheme with coaxial jets is considered. This technological scheme of the jet guniting is shown
in Fig. 1.

Two-phase mixture of burning (coke) and non-burning (magnesite) particles and nitrogen
(carrier gas) is fed into the central jet and the peripheral (annular) jet of the oxygen is used
for combustion of the coke. The heat releasing from the burning of coke particles results in
the increasing of the magnesite particles temperature.

Solid particles have sufficiently small dimensions (of the order 80–100 µm), and when
impinging on the wall they can both stick to it and reflect from it. The reflected particles
near the wall interact with the carrier gas and with the impinging particles thus forming a
narrow layer of particles with the increased particles concentration, which is usually called
as a screening layer.
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Fig. 1. Technological scheme of the jet guniting

Mathematical model

The sketch computational region of flow is shown in Fig. 2. The peripheral oxygen jet
is a high-speed jet, and the central two-phase jet. The jet outflowing from this device
has a sufficiently large extension (100–200 calibres), therefore the overall flow region was
subdivided into three regions: flow region was subdivided into three regions: the non-isobaric
flow region in and near the nozzle device (I), the region of isobaric jet (II), and the region
of the interaction of the jet with the converter wall (III), the computation of the flow in
which was carried out sequentially. Here the values of flow parameters obtained at the right
boundary of each region were the initial data for the computation in the next region.

The simulation of the turbulent two-phase flow was performed within the framework of
“k − ε” model taking into account the influence of turbulent pulsations on the motion of
particles. The averaged Navier—Stokes model was used for description of motion of carrier
gas.

In addition, the following simplifying assumptions were used:

— the flow is stationary and axisymmetric;

— the carrying medium consists of the oxidizer (O2), reaction products (CO2) and the
inert gas (N2). The gaseous phase density is determined as ρ = ρ1 + ρ2 + ρ3 (here and in
what follows the indices of the flow parameters will be denoted by figures from 1 to 5 for O2,

Fig. 2. Diagram of computational region
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CO2, N2, coke particles and magnesite particles, respectively; the parameters without the
indices will refer to the gaseous phase on the whole). The ambient space is filled by a hot
air;

— the second phase consists of spherical particles of two kinds — the combustible particles
(coke) and non-combustible particles (magnesite). The dimensions of magnesite particles are
constant, those of coke are variable at the expense of coke combustion. The reaction between
the coke particles and oxygen is one-stage and is described by equation C + O2 = CO2;

— the reaction takes place only on the surface of a coke particle, and the heat produced
thereby is expended for the heating of the particle itself, and then this heat is transferred to
the carrying gas and through the gas to the magnesite particles in the result of an interphase
heat exchange. The temperature throughout the volume of any particle is the same; in the
process of combustion the particle preserves its spherical shape.

The system of equations governing the two-phase stationary flow has the following form
(into regions I and II).
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is the tensor of Reynolds stresses, ρ is the calculated density,
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U is the velocity vector, h is

the specific enthalpy, T is the temperature, µ is the dynamic viscosity, µT is the turbulent
dynamic viscosity, CR is the coefficient of the aerodynamic drag of a particle, Cα is the
coefficient of the heat transfer from the particle to the gas, PrT is the turbulent Prandtl
number, k is the kinetic energy of turbulence, ε is the rate of its dissipation, J1, J2 are the
mass rate of expending O2 and forming CO2, gm are the molecular weights of the components,
Q is the heat of the coke combustion, n is calculated number of particles per the unit
volume. The correlations of the pulsation parameters of particles are determined in terms
of the averaged parameters of the carrying gas. The expressions form them, as well as the
expressions for CR, Cα and for the terms εs, taking into account the additional dissipation
k on particles with regard for their combustion are taken from [2, 3] and are not presented
here because of their bulky form. The change of the coke particles radius rk was determined
by the computed values ρ4 and n4 with the aid of the formula r4 = 3ρ4/(4πρcn4), where ρc
is the true coke density. For the description of a complex process of the coke combustion
the expression for its mass rate J4 was used from [4], which works sufficiently well in the
domains of both kinetic and diffusive regimes of combustion.

As the boundary conditions in the inlet section of the nozzle device, for the gas we have
specified the values of the mass flux (ρu), the enthalpy and the direction of the velocity
vector. For the particles we have specified here the values of all the parameters under the
assumption on the absence of their lag in velocity and temperature. On the device wall the
sticking conditions were specified for the gas, and the slip conditions were specified for the
particles. The conditions typical for the ambient space were specified in the upper boundary
and the nonreflecting condition was specified in the outlet boundary.

In the region (I) the system (1)–(11) was replaced by a no stationary system and was
solved by the pseudo-unsteady method with the aid of Patankar’s method SIMPLE [5],
and for the solution of the equations for particles motion the implicit A-stable second-order
scheme was used [6]. In the region (I) in the nozzle device the well-known method of near-wall
functions was used to determine the values of k and ε near the walls [7].

In the region (II) the pressure was assumed to be constant, and the parabolized system
(1)–(11) was considered here, which was solved by a marching method.

Then it was assumed that in the region (III) there are only the magnesite particles and
there are not any chemical reactions (in system (1)–(7): J = J1 = J2 = 0, ρ1, ρ2 are
constants). The particles reflected from the wall are considered as a new fraction, and they
are described by the corresponding equation system. Therefore instead of system (8)–(11)
we used following equation system:
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whereKmj — the constant of particles coagulation, rm — radius and mass of particles, Gm —
solids stress modulus [8]. The subscript 1 refers to the parameters of incident particles, and
the subscript 2 refers to the reflected particles.

The boundary conditions on the wall were specified for the reflected particles as follows.
It was assumed that the mass, the tangent component of the velocity vector and the particles
temperature do not change in the process of their reflection from a wall, and the value of the
normal component of the velocity vector was determined from the relationship u2 = −βu1,
where β is the accommodation coefficient, which takes into account the inelasticity of the
particles collisions with a wall (we have assumed β = 0.2 in the computations). The ratio
of the number of the reflected particles to the number of the incident particles was assumed
to be equal to unity, that is a complete reflection of particles was assumed. This has been
made with the purpose of determining the maximal protective properties of the screening
layer (no less than 80% of the incident particles are usually reflected).

Some numerical results

The turbulent two-phase flows were calculated with following values of main parameters.
All linear dimensions are referred to the radius of the exit section of the annular nozzle
(r∗ = 0.015 m), the velocities of gas and particles are referred to the critical sound speed in
the oxygen (a∗ = 298 m/s), their temperatures are referred to the stagnation temperature,
the densities are referred to the stagnation density (ρ0 = 1.28 kg/m). The diameters of the
coke and magnesite particles in the inlet section were assumed to be the same (d3 = d4 =
100 µm), the relation of the mass flow rate of the second phase to the mass flow rate of
the carrier gas Ws/Wg = 10 (Ws = W1 +W2), and the weight fraction of coke q = W1/W2

was varied. The stagnation temperature T0 for both gases in the inlet section was equal to
300 K, the air temperature in the ambient space was 1700 K.

The computations have shown that under the same conditions the intensity of the two-
phase jet expansion is significantly less than in the case of a monophase jet, which is related
to the back influence of particles on the gas flow field. In Fig. 3 the flow parameters distri-
butions along the jet axis are shown (the curves 1 correspond to the parameters of the
pure gas, and the curves 2 correspond to the two-phase flow, the dashed lines refer to the
magnesite particles velocity).

It may be seen that the central jet is accelerated by the viscous interaction with the
high speed peripheral jet, and the presence of the second phase reduces the intensity of
acceleration. However, in the main region of the jet flow the particles velocity exceeds the
gas velocity, and the particles begin to carry the gas along, thus increasing the “range” of
the two-phase jet. The increasing of the gas temperature due to the particles combustion
occurs at a sufficiently large distance from the mouthpiece. This indicates to a considerable
lag of the coke particles ignition process. Filming of the industrial guniting process confirms
the obtained results.
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Fig. 3. Flow parameters along the jet axis

Fig. 4. Flow parameters at x = 250. 1 — q = 0; 2 — q = 0.5; 3 — q = 1.0; 4 — q = 1.5

In Fig. 4 we show in section x = 250 at different values of the parameter q the distribu-
tions of the density of magnesite particles (solid lines) and of coke particles (dashed lines),
and the gas temperature in the cross section of the jet. With the parameter q increasing,
the fraction of non-burnt coke particles also increases, which makes worse the quality of the
coating produced by guniting.

In Fig. 5 we depict the distribution of the magnesite particles density along the jet axis
for the different regimes of flow (solid lines and dashed lines) and q.

The solid lines and dashed lines denote high-speed and low-speed jet of oxygen, respec-
tively. A sharp increase of the particles density at the initial part of the high-speed jet is
related to the effect of the “lacing” of the particles jet, which is expressed by the reduction
of the cross dimension of their jet. This effect is conditioned by the influence of turbulent
pulsations of the carrier gas on the particles motion.
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Fig. 5. Density of magnesite particles and the coke particles diameters along the jet. 1 — q = 0.5;
2 — q = 1.0; 3 — q = 1.5

Fig. 6. Zones of the beginning and end of the coke combustion

In the case of low-speed jet the mixing of the jets occurs considerably faster with less
intensive generation of k. The consequence of this is the absence of the “lacing” effect. We
show in the same Figure the change of the coke particles diameter along the jet axis for three
values of the coefficient q, from which it follows that the “lacing” effect reduces the intensity
of the coke combustion process.

The dispositions of the zones of the beginning and ending of the coke combustion in the
jets are presented in Fig. 6. It may be seen that the increase of the relative fraction of coke
in the gunit mass leads to a substantial lag of the combustion process, the intensity of which
is limited by a turbulent diffusion of oxygen from the peripheral jet.

In Fig. 7 we show a qualitative picture of the distribution of particles density near the
wall surface in the incident jet for the particles with the diameter dp = 100 µm without
regard (Fig. 7, a) and with regard (Fig. 7, b) of the force interaction between the incident
and reflected particles. It may be seen that the consideration of such an interaction alters
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Fig. 7. Distribution of particles density near the wall surface

Fig. 8. Isolines of the Mach number

significantly the structure of the screening layer, which now “presses itself” to the wall on
the jet axis, where the impinging particles have the largest energy. The isolines of the Mach
numbers of the carrying gas are presented in Fig. 8.

One may well see a region of the formation of the boundary layer along the wall. The effect
of the particles with dp = 100 µm on the flow structure of the carrying gas is insignificant,
and it becomes appreciable in the case of particles of small sizes dp ≤ 100 µm.

We show in Fig. 9 the pressure distributions along the wall for the particles with dp = 100
µm and dp = 10 µm. It may be seen that the pressure at the spreading point in the case of
dp = 10 µm is higher. That is related with more intensive interaction between carrier gas
and particles of the small diameters.
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Fig. 9. Presse distribution along the wall. 1 — dp = 100 µm, 2 — dp = 10 µm

Fig. 10. Distribution of the velocities of incident particles on the wall. 1 — dp = 100 µm, 2 —
dp = 10 µm

The distributions of the velocities of incident particles on the wall are depicted in Fig. 10
for dp = 100 µm and for dp = 10 µm. The solid lines correspond here to the computations
taking into account the force interaction between the incident and reflected particles. The
dashed lines refer to the case when the above interaction is not taken into account.

Conclusion

The analysis of computational results shows that in the given scheme of guniting it is reason-
able to provide sufficiently high velocity of the central two-phase jet as well as to intensify
in some way the process of the turbulent transfer of the oxygen to the central part of a jet
in order to ensure a more complete combustion of coke particles.

It was showed that the consideration of the force interaction affects substantially the
distribution of the velocities of incident particles, and in the case of large particles this effect
(dp = 100 µm) proves to be even qualitative.
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ess of making �reproof... 13ÆÂÒ. 2012. Ò. 17, � 2. Ñ. 3�12.Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññà ñîçäàíèÿ ïðîòèâîïîæàðíîãî çà-ùèòíîãî ïîêðûòèÿ ñ ïîìîùüþ äâóõ�àçíûõ ñòðóéÕ. Ìèëîøåâè÷, Ä. Ïåòêîâè÷, Ò. Êîíòðå÷Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññà ñîçäàíèÿ ïðîòèâîïîæàðíîãî çàùèòíîãîïîêðûòèÿ ñâîäèòñÿ ê ðàññìîòðåíèþ ïðîáëåì âçàèìîäåéñòâèÿ äâóõ�àçíîé òóðáóëåíò-íîé ñòðóè ñ ïëîñêîé ñòåíîé. Âòîðàÿ �àçà ïðåäñòàâëÿåò ìåëêîäèñïåðñíóþ ñìåñü êîêñàè ìàãíåçèòîâûõ ÷àñòèö, è âî âðåìÿ ïîïàäàíèÿ íà ñòåíó îíè ìîãóò êàê ïðèëèïàòü êíåé, òàê è îòðàæàòüñÿ îò íåå. Îòðàæåííûå ÷àñòèöû îêîëî ñòåíû âçàèìîäåéñòâóþò ñíåñóùèì ãàçîì è íàáåãàþùèìè ÷àñòèöàìè, òàêèì îáðàçîì, ñîçäàâàÿ òîíêèé ñëîé ñ ïî-âûøåííîé êîíöåíòðàöèåé ÷àñòèö, êîòîðûé îáû÷íî íàçûâàåòñÿ ýêðàíèðóþùèì ñëîåì.Âû÷èñëåíèå òàêîãî òå÷åíèÿ â ñòðóå áûëî ïðîèçâåäåíî ðàìêàõ êîíòèíóàëüíîé ìîäåëè.Äëÿ îïèñàíèÿ òå÷åíèÿ ãàçà áûëè èñïîëüçîâàíû îñðåäíåííûå óðàâíåíèÿ Íàâüå�Ñòîêñàâìåñòå ñ k − ε ìîäåëüþ òóðáóëåíòíîñòè.Êëþ÷åâûå ñëîâà: ÷èñëåííîå ìîäåëèðîâàíèå, äâóõ�àçíûå ïîòîêè, ïðîòèâîïîæàðíîåçàùèòíîå ïîêðûòèå, ãîðåíèå óãîëüíûõ ÷àñòèö, ñòàëåïëàâèëüíûå êîíâåðòîðû.


