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Abstract—Issues of the formation of dust particles in high-temperature technological reactors are considered
with an emphasis on the processes occurring in electrothermal ore-reduction furnaces of phosphorus produc-
tion, when dust serves as a source of sludge that contaminates the product. A model of dust formation is pro-
posed based on the hydrodynamic interaction of gas bubbles with liquid when they exit at the interface, when
the destruction of bubbles leads to the appearance of drops carried away by the gas flow. Consideration of the
stability positions for maximum perturbations in cylindrical liquid jets makes it possible to estimate the drop-
let sizes above the liquid surface and obtain qualitative and quantitative estimates for droplets carried away by
the gas flow. Analytical dependencies for dust formation in a phosphoric furnace make it possible to relate the
dust content to the operating parameters characterizing the operation of the furnaces (the temperature in the
reaction zone) and the properties of the melt and control parameters (the voltage on the electrodes and the
dosage of coke). Calculations based on the ratios show a satisfactory correlation with experimental data on
the formation of dust in phosphoric, open-hearth furnaces, as well as bubbling heat and mass transfer instal-
lations. A model of thermophysical processes in an electrothermal reduction reactor is presented in the
approximation of lumped-distributed parameters, which takes into account the interaction of zones of differ-
ent phase compositions, making it possible to analyze the operating modes of the reactor from the main con-
trol parameters—voltage on the electrodes and the proportion of reducing coke. The results can be used to
optimize the operating modes of the equipment within the limits of permissible dust emissions.

Keywords: process reactor, heterogeneous reaction, hydrodynamics of liquid jets, droplet formation, bubble
rupture, hydrodynamics of a gas-liquid system, hydrodynamics of droplet formation, model of dust formation
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INTRODUCTION

Processes of chemical electrothermy, such as the
production of silicon carbide, phosphorus, etc., are
reduction reactions, and a number of dissolution reac-
tions proceed with the release of products in the gas
phase. In electrothermal ore-reduction reactors for
the production of phosphorus, dust is a contaminant
ofthe product—phosphorus; in open-hearth furnaces,
in the production of calcium carbide, the formation of
dust is undesirable from an environmental point of
view/ In evaporative, bubbling, contact heat exchang-
ers, moisture carryover is a loss of a clean coolant.

One of the main reasons for the formation of dust
during the operation of industrial heterogeneous reac-
tors (phosphoric, open-hearth, carbide and other fur-
naces) is the entrainment of melt droplets by bubbling
gases and their solidification, along with chemical
reactions in the gas phase with the formation of solid
particles and the processes of evaporation and con-
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densation of fumes. More people support the hydro-
dynamic approach [1—3] with a hypothetical view of
the problem than support the evaporation mechanism
[4—6] or those who propose to take into account both
mechanisms [7—9]. It is clear that if there is a theory
that adequately describes the experimental research,
we can talk about the share of each component. The
main argument in favor of hydromechanics is the
absence of dust above the molten metal mirror, where
there are no gas flows, and, quite obviously, splashing
and droplet entrainment in bubbling heat exchangers,
where there are no fumes.

Furnace gases of the ore-reduction phosphoric fur-
nace contain up to 200 g/m? solid dust particles. This
unwanted component is a source of sludge formation
in the phosphorus condensers and reduces the quality
of the product. The most likely mechanism for the for-
mation of dust is the formation of melt droplets when
the gas leaves the reaction zone of the furnace. This
mechanism is supported by the results of the analysis
of the chemical composition of the dust, which is
characteristic of the melt in the melting zone, when
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Table 1. Dependence of the entrainment of melt droplets during blowing
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the reduction process has not yet proceeded. High K,O
content (up to 20%) in furnace dust samples can be
attributed to the processes of sublimation and subse-
quent coagulation on dust particles [6]. In addition,
the operating mode of the furnace, i.e., its capacity,
has a significant effect on dustiness Z [6]. An absurd
dependency was empirically obtained in which the
dependence of the electrical resistance on power
through temperature clearly follows, which is unac-
ceptable in the regression equations:

Z = 12594/ p!? — 62.5, (1)

where p,, is the specific electrical resistance of the
melt, @ is the constant characterizing the geometric
similarity of the conductors, and g, is the volumetric
capacity of the furnace.

The chemical composition of the charge also
affects the dust content by changing the electrical
resistivity and the coefficient of surface tension of the
melt, which additively depends on the content and
properties of individual components [6].

The mechanism of dust formation can be inter-
preted on the basis that gas bubbles, as a result of their
rupture, form the smallest droplets. Therefore, with an
increase in gas consumption, dust formation increases
sharply.

In experiments [1], it was found that the process of
bubble bursting is an integral part of the mechanism of
dust formation, and the formation of dust was always
preceded by the appearance of metal splashes. In cases
where no splashing was observed, there was no forma-
tion of smoke.

According to concepts, the transporting entrain-
ment of liquid is caused by the “jet” and “shell” mech-
anism of droplet formation, when gases leave the lig-
uid phase [10].

According to [1], the bulk of the splashes is formed
due to the rupture of a small part of the thin surface
film protruding above the melt. At the moment of its
rupture, the smallest splashes rush upward, and the
liquid surrounding the bubble tends to fill the void that
has arisen, at the same time causing an annular wave
on the surface of the melt. The so-called collapse of
the surface bubble occurs. Closing, it creates a cumu-
lative jet (Rayleigh jet), throwing up a column of
water, from the foot of which a wave propagates. The
ejection of the melt is also accompanied by the forma-
tion of splashes; large droplets return back to the bath
and small droplets are removed into the gas phase.

Accordingto [1], 60% of all dust that is generated is
small drops of a melt film that explode when a gas bub-
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ble floats up. Vapors and oxides account for about
27% of the dust mass [1].

HYDRODYNAMIC APPROACH
TO THE THEORY OF DUST FORMATION
AND DEVELOPMENT
OF A MATHEMATICAL MODEL

Let us consider the formation of drops above the
liquid surface, assuming that the gas carries the energy
concentrated in the bubbles due to the lifting forces of
the liquid. This energy is transformed into the energy
of the surface tension of droplets formed upon the
rupture of the liquid film [11].

The energy balance in this case can be written as

G
P Apgl = Z—anfc,

Pe

()

where dn is the rate of droplet formation; / is the char-

acteristig size of the system, G, is the mass flow rate of
gas, p, is gas density, p, is the density of the liquid, d,,
is the droplet diameter, © is the coefficient of the sur-
face tension of the liquid phase, g is the acceleration of
gravity, and Ap = p; — p,.

Let us transform this expression:

6G/
Ik .
dpy/

%A ol =@nd§p16
Pe dt 6d,p,
We obtain

_ G _ P Apgl’  pydip,
G 6p, I © 6p, ! I>

g

8, (3)

where g, is the mass of droplets per unit mass of gas
above the liquid, Gy is the mass of liquid droplets

2
formed per unit time, and Bo, = Apsl” is the Bond
number for the parameter /. N

Estimates according to (3) give the value of the
entrainment fraction of the order of 10, which practi-
cally coincides with experimental values g, ~ 4 for an
air—water system.

The experimental results on the entrainment of the
liquid phase in metallurgical systems with gas blowing
of the melt are given in Table 1, which shows a linear
dependence of the ablation at the surface on the ratio
of the liquid density to the gas density [12]. The same
proportion is characteristic of relation (3).
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Table 2. Dust particle-size distribution function on the top of a phosphoric furnace
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When dispersed, droplets are distributed in size.
The most characteristic is the dependence experimen-
tally found in the form of the Rosin—Rammler distri-
bution. The integral function of the particle-size dis-
tribution of dust particles for phosphoric furnaces has
the values [6] presented in Table 2.

The fraction of droplets with diameters less than
the characteristic one can be expressed by integrating
the distribution density function within the appropri-
ate limits. In addition, in this case, the simplified rela-
tion is valid after expansion into a series for small d:

d Y d Y
= l—exp|l—-——L] | = =<, 4
gt gto |: p[ ddis] :| gto (ddisj ( )

where d, and dg; are the diameter of the soaring and
the average diameter of the drops after dispersion.
Exponent n = 2/s, where s is the variance of the
log-normal distribution (s ~ 1).
The diameter of the soaring is determined from

the balance of resistance forces and the weight of the
bodies:

nd})  (md?), pgLa
Apg (?‘j = [T‘ji% = 31d,pyV,V,. Q)
Hence, for low gas velocities,
0.5
d; _ 18 SRR o ViPy
w2 2 0.5c0.5 |?
) o Apgd” )\c b
or
a’_8t _ \/EWCOAZSBO%)'SLPEOQS, 6)
0,028 Apgd’
where We = 22 js the Weber number, Bo = 2Pgo
o c
is the Bond number, and Lp; = (;6 is the equivalent
gpg

Laplace number.

If we assume that, as a result of the emergence of
bubbles on the surface, cylindrical hollow films are
formed which are flown around by accelerated gas
flows from the bubbles, then random perturbations of
the friction forces cause transverse and longitudinal
vibrations of the films. Due to the development of
these vibrations, the “jet” mechanism of dispersion is
carried out. Many works are devoted to the problems
of jet decay and dispersion [13—17]. The relationship
between the average diameter during droplet genera-
tion and the characteristic size of the system is
inversely proportional to the Weber number. This
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dependence can be approximately estimated from the
relation

2
PV 4 0 dus
2 ddis
where § is the characteristic size of the system; y is the
coefficient of proportionality.

For gas flow around a liquid jet, the following rela-
tion holds:

= 8y Wej; (7)

dgis |8 ~ Wes.

More reasonably, the droplet diameter is obtained
from considering the instability of a liquid jet experi-
encing radial perturbations; assuming that the jet
breaks up into droplets, the volume of each is equal to
the volume of rotation of the sinusoid of the wave
around the axis passing through its minimum [16]:

2 \3
dgis = [%ko) .

Relationship between the Weber number and wave
number £, in this case:

We, = 1.5k,8 = 10
Ao

where A, = \3;/[8 is the wavelength of the fastest grow-
€5
ing disturbance.
Then,
ais _ 276033 (8)
) 4 !

Thus, depending on the droplet-generation mode,
there is a range of exponents for the gas velocity.

Then, taking the process of splitting the jets on the
basis of strict stability provisions, we obtain

& = c&
Pe
The dimensionless form of the equation allows it to
be applied to systems with different properties.

Checking the adequacy of the model of dust and
droplet entrainment. Figure 1 shows a comparison of
the experimental data [18—24, 31, 32] and the values
for the entrainment of dust in phosphoric and open-
hearth furnaces, as well as the entrainment of water
droplets in contact heat exchangers. Coefficient c is
determined by selection. For the characteristic size in
gas-liquid systems, the Laplace constant is usually
assumed:

Bo,Wey*’Bo;'Lp;". C)
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Fig. 1. Dependence complex g1 from the Weber number:
(a) experiment [16—19] (phosphoric stoves), (b) experi-
ment [22] (contact heat exchanger), (c) experiment [20,
21] (open-hearth furnaces), and (d) theory.

| = |9
* VApg

where /; is the Laplace constant (capillary).

For a more visual graphical presentation of the
results, relation (9) is transformed to the form

(10)

g, O Lpg’5 =cwe™®,

0y

(1)

Coefficient ¢ = 100. We denote g,1 = gt&Lpg‘S,

01

and then g1 = cWe®,

The lower series of points is for dust entrainment in
open-hearth furnaces, the middle one is for phos-
phoric ones, and the upper one is for bubbling heat
exchangers.

Thus, there is a satisfactory agreement between the
experimental data and the theoretical curve in a wide
range of parameters in the generalized presentation for
different aggregates.

ANALYSIS OF THE INFLUENCE
OF OPERATING MODES OF A PROCESS
REACTOR ON DUST FORMATION

Let us consider the problem using the example of a
phosphoric furnace, the model of which, taking into
account the complete interrelation of all parameters char-
acterizing the modes of operation, is analyzed in [25].

The description of stationary states of a phospho-
rus electrothermal ore reduction furnace in the
approximation of lumped parameters for the reaction
zone in accordance with the phase composition and
the mechanism of physicochemical transformations is
based on the representation of the object in a zonal
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form, when the reactor bath for phosphorus reduction
is conventionally divided into the following zones:
charge, melting, carbonaceous, slag, and ferroalloy.

The processes of heat and mass transfer have a sig-
nificant effect on the quality of the product (the gas
temperature at the outlet of the furnace should not be
lower than the condensation temperature of phospho-
rus, the removal of solid particles by the gas should be
minimal to prevent the formation of sludge, etc.) and
on the reliability of the reactor (roof temperature, the
presence of a layer of the skull, etc.). Taking into
account the energy interaction of different zones of the
reactor makes it possible to reflect a feature like self-
regulation.

Indicators of efficiency, the reliability of operation
of furnace elements, and quality indicators are
obtained from the description of processes in conjunc-
tion for all zones.

The description uses the stoichiometry of the phos-
phorus reduction reaction:

P,0; + 5C — 5CO + P.. (12)

The analysis of stationary states of an electrother-
mal reactor for phosphorus reduction in the lumped-
parameter approximation is based on the equations of
conservation of mass and energy.

The general mass balance and component-wise

mass balances for phosphorus pentoxide and for coke
are as follows:

G, — Gg =G, (13)
GfopZoS/pf — g = Glclpzos/Pl ) (14)
Gc — &g = 0. (15)
Furnace energy balance:
GSCPSI; + &e})el = GlcpltR + chpgt: + OJRQR (16)

+ (G, -G,)Q0,.
Energy balance at the phase transition boundary:

28;A (tg = 1)/ By — Golpgly + Gicpls

gtpe's (17)
- (G, -G,)0, =0.
Electric power consumed by the reactor:
Rel = Uzl/(éelhcz)v (18)

where &, = p./Sp

The rate of the chemical reduction reaction in the
macro representation has the form

or = koS, (1+ M,)" CP*exp(—E/RTy),

205
where CF™°

19)

is the content of phosphorus pentoxide in
the ore; C"*°° is the concentration of phosphorus
pentoxide in the melt; G, G, G, are the consumption
of charge, slag, and gas; p;is the density of the charge
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Fig. 2. Dependence of the temperature of the reaction zone (K) on the voltage on electrodes (V) and the dosage of coke (mass

fraction).

material; p, is the density of the liquid melt; ¢, ¢, ¢,
are the heat capacity of charge, slag, and gas; #, and #y
are the melting and melting temperature; wg and Qg
are the speed and thermal effect of the reduction reac-
tion; P, and &, are the furnace power and its share used
for the reaction zone; U, is the voltage on the electrodes;
0, isthe heat of fusion; ts' is the temperature of the charge

at the entrance to the furnace; t: is the temperature of
furnace gases in the underroof space, Sris the surface area
of the phase transition, S, = M_,(6 (1 —¢,) /d.)/p. is the
surface area of coke particles; Eis activation energy; k,

is the preexponential factor; and ts" is the temperature
of the charge at the entrance to the reaction zone.

The energy balance in the charge zone and the
conditions at the phase transition boundary are pre-
sented in the distributed parameter approximation in a
one-dimensional formulation. From the system of
equations, which is significantly nonlinear, with lin-
earization of the Arenius dependence, it is possible to
obtain the basic relations for the analysis of the param-
eters of the reactor from the control parameters: the
dosage of coke and the voltage on the electrodes.

Gas consumption is determined by the conditions
of the phosphorus reduction reaction:
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G, = Yko[M.,(1 —£.)6/(p.d.] C** exp[-E/RTy ]

(20)
x (1—M)".
Specific power consumption
bel = Z;ePel/Gg = (Gs/Gg - 1)cpll‘R + ggQR (21)

+G, /G, (1 — £.) 00 + cply — (G, /G)plts

where g, is the mass fractions of charge components,
G, = g,G, is gas consumption, G; = gG, is phos-
phorite consumption, G, = g,G, is quartzite con-
sumption, and G, = g.G; is coke consumption.

An analysis of the dependence of the temperature
in the reaction zone on the voltage on the electrodes
and the dosage of coke (Fig. 2) makes it possible to
draw a conclusion about the concentration of the
reaction product at the outlet of the reactor, the spe-
cific consumption of electricity, and other technolog-
ical parameters. It is obvious that the operating mode
of the reactor can be controlled by influencing the
coke dosage and the voltage across the electrodes.

The state of the reduction zone determines the
operating mode of the reactor as a whole. The main
amount of heat is released there, and the formation of
reaction products occurs there during the reduction of
the initial substances.

No. 4 2021
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Fig. 3. Dependence of the height of the reducing agent layer (m) on the voltage on the electrodes (V) and the dosage of coke (mass

fraction).

The height of the coke bed is determined by the rate
at which it is fed into the reactor and the rate at which
it is consumed as a result of a chemical reaction. The
reaction rate, in turn, is determined by the tempera-
ture of the reaction zone, the surface area of the reac-
tion, and the concentration of the starting material.
The rate of coke consumption is determined by the
temperature in the reaction zone, which depends on
the thermal power; therefore, the height of the coke
zone decreases with an increase in the furnace power,
which is determined by the voltage on the electrodes
(Fig. 3). When the main contribution to the resistance
of the reaction zone is made by the coke layer, the
electrical resistance of the reactor is determined by the
height of the coke layer.

With an increase in the dosage of the reducing
agent, layer thickness /., increases; therefore, the
resistance of the reaction zone increases, which leads
to a decrease in the released power and, as a conse-
quence, a decrease in the temperature of the reaction
zone. The temperature of the gaseous reaction prod-
ucts also decreases in this case.

The considered model is evaluative. For more
complex multidimensional representations of pro-
cesses in this type of aggregates, a two-dimensional
model was used, implemented by the finite element
method [26—30]. Figure 4 shows the isolines of costs
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depending on the control variables. From relations
(20) and (9), it is possible to obtain the values of dust
content and the level of costs for cleaning out sludge.
Unfortunately, the costs of cleaning out sludge do not
have an extremum and one can be content only with
limiting values, similar to how the limits of tempera-
ture change are shown in Fig. 4.

The analysis of the ratios makes it possible to
almost completely describe the thermal operation of
the furnace. The specific energy consumption
depends on the control parameters—the voltage on
the electrodes and the dosage of coke—Dby influencing
intermediate technological parameters, such as the
temperature in the reaction zone, the height of the
coke zone, gas consumption, and charge consump-
tion. With an increase in the voltage on the electrodes,
the specific energy consumption decreases; the same
effect is exerted by a decrease in the dosage of coke.

Thus, there are alternative ways to influence con-
trols: an increase in voltage, leading to a decrease in
specific energy consumption; an increase in produc-
tivity; and an increase in the degree of useful use of raw
materials and an increase in undesirable indicators,
such as the temperature of furnace gases, dust content,
and an increase in the dosage of coke, which makes it
possible to reduce the temperature of gases under the
roof, dustiness, and the content of phosphorus pent-
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Fig. 4. Dependence of the cost of phosphorus production on the voltage on the electrodes and the dosage of coke.

oxide in the slag, while the productivity decreases and
the specific power consumption in the furnace
increases. All dependencies are essentially nonlinear.
Particular attention should be paid to the relationship
between voltage and power, which is determined by
the height of the coke zone and, therefore, depends on
the operating mode of the furnace. The size of the
coke zone characterizes the resistance of the reaction
zone and, therefore, a very complex mechanism for
the formation of the electric mode of the furnace
becomes clear. Describing the furnace operation
under stationary conditions makes it possible to obtain
an analytically complete relationship of control and
technological parameters. From the results of the
analysis of the main dependencies, areas of economi-
cal, reliable, and resource-saving modes of operation
of the furnace are determined. On the basis of a com-
prehensive description of transport processes in het-
erogeneous chemically reacting systems based on the
interaction of all phases, a theory of ore-reduction
aggregates has been developed which includes the
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entire spectrum of phenomena inherent in devices of
this type. An analysis of the dependences of the tem-
perature in the reaction zone on the voltage at the
electrodes and the dosage of coke makes it possible to
draw a conclusion about the concentration of phos-
phorus at the outlet from the furnace, the temperature
of gases in the underroof space, the specific consump-
tion of electricity, and other technological parameters.

In principle, the optimal conditions can be found
by minimizing the specific flow rate function and tak-
ing into account the restrictions on all indicators, for
example, by the method of penalty functions.

Particular attention should be paid to the relation-
ship between voltage and power, which is determined
by the height of the coke zone and, therefore, depends
on the operating mode of the furnace. The size of the
coke zone characterizes the resistance of the reaction
zone and, therefore, a very complex mechanism for
the formation of the electric mode of the furnace
becomes clear.
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CONCLUSIONS

The expression for the formation of dust general-
izes the dependence of the entrainment of droplets on
the Weber number as a mode parameter for various
types of technological reactors. From dependence (9)
it follows that the chemical reaction regime has a sig-
nificant effect on the transport of the liquid phase
from the reaction zone due to an increase in the gas
velocity. The composition of the liquid phase, deter-
mining the coefficient of surface tension, affects the
proportion of the transported liquid [11]. The amount
of the gas phase or the gas content depends on the
operating mode of the reaction zone; i.e., the released
power and temperature, and intensifies the process of
droplet formation.

Dust particles are condensation centers for fumes,
so the chemical composition of dust can change along
the gas path.

In addition, the geometry of the layer of coke par-
ticles in the reaction zone forms the conditions for the
growth of gas bubbles and, therefore, determines the
mode of entrainment of melt droplets. The amount of
the gas phase or the gas content depends on the oper-
ating mode of the reaction zone, i.e., the released
power and temperature, and intensifies the process of
droplet formation.

Using the obtained dependence, it is possible to
predict the formation of sludge in the condensers of
phosphoric furnaces and determine the operating
conditions of the furnace with the maximum product
quality.

From the above it is clear that the appearance of
sludge can be influenced by regime measures, and the
maps of regimes should include isolines of the depen-
dence of flows in order to take into account the
decrease in the quality of the product with the inten-
sive formation of dust.
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NOTATION
CfPZOS phosphorus pentoxide content in ore, kg/m>
CPOs concentration of phosphorus pentoxide in the
1
melt, kg/m>
E activation energy, J/mol
G, coke consumption, kg/s
Gy phosphorite consumption, kg/s
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gas consumption, kg/s

slag consumption, kg/s

charge consumption, kg/s

quartzite consumption, kg/s

mass of liquid droplets formed per unit time, kg/s
coke zone weight, kg

acidity modulus

furnace power, W

heat of fusion, kJ/kg

thermal effect of the reduction reaction, kJ/kg

gas constant, J/(mol K)
melt temperature, K

surface of coconut particles, m?

charge particle surface, m>

dust content, kg/m?>

specific power consumption, W/kg
heat capacity of gas, kJ/(kg K)

slag heat capacity, kJ/(kg K)

heat capacity of the charge, kJ/(kg K)

droplet formation rate, 1/s

diameter of coke particles, m

average droplet diameter after dispersion, m
soaring diameter, m

drop diameter, m

free fall acceleration, m/s?

mass fractions of charge components

mass of droplets per unit mass of gas

carried away mass of droplets per unit mass of gas
reducing agent layer height, m

preexponential factor, s7°"¢

Laplace constant (capillary)

characteristic size of the system, m

volumetric power of the furnace, W/m?>
variance of a lognormal distribution
temperature of furnace gases in the underroof
space, K

melting point, K

melt temperature, K

charge temperature at the entrance to the reac-
tion zone, K

temperature of the charge at the entrance to the
furnace, K

stoichiometric coefficient
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kinematic viscosity, m2/s
characteristic size of the system, m
share of power used in the reaction zone

wavelength of the fastest growing disturbance, m
specific electrical resistance of the melt, Ohm m
batch material density

gas density, kg/m>

fluid density, kg/m>

coefficient of surface tension of the liquid phase,
N/m

constant characterizing the geometric similarity
of the conductors

aspect ratio

reduction reaction rate, kg/s
voltage on electrodes, V

Bond number

Bond number for the parameter /
equivalent Laplace number

Weber number

SUBSCRIPTS AND SUPERSCRIPTS

elementary
melting

reaction

coke

coke zone
dispersing
electric
phosphorus

gas

number

drop

liquid

constant pressure
gas

charge

quarzite

hovering

initial moment of time
volume
characteristic size

surface tension
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