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Summary. The purpose of the work is determining the efficiency of injection equipment with the injection
of ferroalloys of different fractional composition, density and flow deep into the iron-carbon melt, taking into
account the parameters of injection equipment (length and diameter of the pipeline and pressure in the powder-
feeder). The analytical review of the literature is performed, which confirmed the advantage of powder injection
in a teeming ladle compared to traditional technologies of deoxidation and alloying. Based on known
mathematical models adapted to specific technological conditions, mathematical modeling is carried out, which
takes into account a number of important parameters for technology, including fractional composition, density
and consumption of powder ferroalloy, taking into account the parameters of injection equipment. The optimal
diameter of the pipeline is determined. Nomograms of the lowest level of carrier gas consumption are designed.
With the help of nomograms, it is possible to control the operation mode of injection equipment in obtaining
pulsationless transportation of gas-powder mixture depending on the ferroalloy fraction, its flow rate and density,
taking into account the diameter of the pipeline. Based on the results of mathematical modeling, the criterion for
assessment the efficiency of injection equipment has been deduced, that makes it possible to determine quickly the
pulsationless transport of gas-powder mixture depending on the fraction of powder reagent and pipeline diameter.
The consumption of carrier gas depending on the fraction of powder reagent and the diameter of the pipeline,
which can be used to control the operation mode of injection equipment in order to obtain pulsationless transport
of gas-powder mixture has been determined
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Statement of the problem. Application of injection technologies is one of the main
directions of progressive development of steel production. This is due to the fact that significant
acceleration of physical and chemical reactions occurs with the intensification of mixing of
metal, slag and gas, as well as with the increase in the specific surface of the reacting phases.
The greatest effect of intensification of metallurgical processes is achieved by simultaneous
acceleration of melt flows and increase of the phase’s reaction contact while grinding solid
reagents into powder, crushing liquid into drops, and gas into small bubbles. Therefore, metal
blowing in the steel melting unit or in the ladle with simultaneous injection of powders ensures
the maximum contact of blown solid particles with the liquid melt, high speed of their
interaction and the degree of use.

In this regard, the injection of powder materials and liquid iron-carbon fusion for various
purposes (desulfurization, dephosphorization, deoxidation, etc.) has found its application in
solving certain technological tasks.

Analysis of available investigation results. The authors of paper [1] note that metal
alloying by blowing powders makes it possible to obtain more stable content of alloying and
high degree of their assimilation: aluminum is 80-90%, boron — 85-93% (at consumption of
0.026-0.043 kg/t of ferrobor), selenium — 71-77% (0.28-0.44 kg/t of ferroselenium), carbon —
90-100% (0.4—1.0 kg/t of carbonizer). FeMn, FeSi, FeV, FeTi, FeNb are also blown.
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The interaction of the gas-powder jet with metal is preceded by the transportation of the
powder from the pneumatic compressor through pipelines to the lance, which is immersed or
not immersed into the metal [2]. The problem of pneumatic transport is good enough explained
in special literature, and the calculations of such systems are given in papers [3—5].

However, in order to ensure a uniform supply of the gas-powder mixture with a given
flow rate, it is necessary to carry out time-consuming calculations in the entire range of gas
flows, which should be applied to the fluidization of the powder, to maintain the necessary
pressure in the feeder and to transport the gas-powder mixture.

The objective of the paper. The objective of this paper is to investigate the effective
operation of injection equipment when introducing ferroalloys of different fractional
composition, density and consumption into the depth of iron-carbon fusion, taking into account
parameters of the injection equipment (length, diameter of the pipeline and pressure in the
feeder).

Statement of the problem. The basics of calculating the injection blowing complex
with chamber feeder are described in the paper [5].

As the theory of pneumatic transport shows, the size of solid particles is one of the most
important characteristics and is included as determining parameter in the calculation equations.
The theory of pneumatic transport makes it possible to estimate the critical flow rate at which
particles do not precipitate on the pipe walls:

_ 0,34 0,36 [Ppart 0,25
Uer = 5,60 * yare Doas W™, m/s, (1)

where:

dupe 18 pipeline diameter, m;

dpart 18 powder size, m;

w = % is the ratio of mass consumption of powder and gas, kg/s;

gas
Ppart is powder density, kg/m?;

Peas 1s gas density kg/m?,

Pulsationless uniform transportation of powder on horizontal sections of the pipeline is
possible provided that the speed u, of the gas-powder jet at the exit from the chamber feeder at
the beginning of the pipeline exceeds critical u.., at which the deposition of powder particles
on the walls of the pipeline begins, i.e. u, > u.,. At the exit from the chamber feeder at the
beginning of the pipeline, the velocity u, is:

_ MgasRTgas
Uy = T, M/C, (2)

where:

Mgas 18 consumption of gas (argon), kg/s;

R is the universal gas constant, 8.314 J/(mol K);

Tqus 1s carrier gas temperature, K;

S is cross-sectional area of the pipeline, m?;

P is the absolute pressure in the feeder. In general, the pressure in the feeder is: P = Ap; +
Ap, + Aps + Apy + Apy, Pa,

where:

Ap1 — losses for overcoming the force of gravity of metal column (ferrostatic pressure), Pa;
Ap>— frictional pressure losses during the movement of the gas-powder mixture in the transport
pipeline and nozzle channel), Pa;

Aps — pressure losses associated with dispersion of solid particles), Pa;
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Aps — pressure losses associated with the weighing of powder column with height A (H is the
difference in the levels of entry and exit of gas-powder mixture). The value Aps is positive if
the entry is lower than the exit, and negative when the entry is higher than the exit: po is
atmospheric pressure.

However, the inequality does not answer questions concerning the possibility of system
operation when using powdered ferroalloys with different physical parameters.

After transformation of the above given expressions, we get the following inequality:

1,25

d2,34 _d0,36 4mgys RTgas . | Pgas

tube part < 5 6m%25 p . (3)
OMpart £ Ppart

However, for more convenient application of the above given inequality, criterion for
evaluating the efficiency of the injection equipment when injecting powdered ferroalloys is

derived.
1,25
K _ 4Rmgs Tgas . [ Pgas (4)
e - 2,34 ;0,36 .
f1 5,6 Prdi e dpart Ppart

If the criterion is more than one, there will be no deposition of powder on the walls of
the pipeline, while the condition of pulsationless transport of the gas-powder mixture will be
fulfilled, and if the value is less than one, the powder will spread over the pipeline walls.

Analysis of numerical results. To assess the determination of reliable data acquisition
according to the above mentioned formula, calculations are carried out taking into account the
following initial parameters of powdery materials and injection equipment:

Table 1

Transportation process parameters

Parameters title Units of Minimum Maximum
measurement
Powder fraction, dpar mm 0.1 3.0
Diameter of the pipeline, dube mm 15 50
Gas consumption*, Mgas m’/h 60 120
Powder consumption, Mpart kg/min 10 110
Ferroalloy density, Ppart kg/m? 2.2 9.3
Feeder pressure, P atm. 3.0 12.0

*Argon with 1.78 kg/m?® density is used as a carrier gas. The density of ferroalloys: the minimum value is
2.2 kg/m? silicocalcium density (30-33% mass fraction of the alloying element); the maximum value is
9,3 kg/m? ferromolybdenum density (60—70% mass fraction of alloying element) [6].

Investigation results. Analysis of the calculation data showed that the maximum value,
at which the efficiency criterion was obtained less than one, is at the maximum powder fraction
(3.0 mm) and maximum pipeline diameter (50 mm). The exception was the version where the
minimum powder consumption (10 kg/m®) and its density (2.2 kg/m®) were noted, but at the
same time the maximum gas consumption (120 m*/h) was noted, which did not allow the
powdery reagent to spread over the pipeline walls. This circumstance indicates the fact that for
the effective operation of the injection equipment, it is necessary to determine the required flow
rate of the carrier gas depending on the fractional composition of the powdered reagent, its flow
rate and density, taking into account the use of pipelines with different diameters.
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The dependence of argon consumption on the fractional composition of powdered
ferroalloy and pipeline diameter (the lance nozzle) is shown on the nomograms (Fig. 1 and 2).
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Figure 1. Dependence of argon consumption on consumption of ferroalloy powder
of its fractional composition and density (2.2 kg/m?): a) powder consumption 10 kg/min., pressure in the
feeder 3 atm.; b) powder consumption 110 kg/min., pressure in the feeder 3 atm.;
¢) powder consumption 10 kg/min., pressure in the feeder 12 atm.;
d) powder consumption 110 kg/min., pressure in the feeder 12 atm

Analysis of the nomogram data shows that with the increase in the fractional
composition of ferroalloys, the consumption of carrier gas increases. Particularly noticeable
increase occurs with the increase of the pipeline diameter from 32 mm to 50 mm. This
circumstance indicates the fact that the optimal diameter of the pipeline used for the injection
of powdered ferroalloy of the investigated fraction (0.05-3.0 mm) is 15, 20, 25 and 32 mm. It
should also be noted that the increase in gas consumption contributes to the increase of the
density of ferroalloy and its consumption (Table 2).
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Figure 2. Dependence of argon consumption on consumption of ferroalloy powder of its fractional
composition and density (9.3 kg/m?): a) powder consumption 10 kg/min., pressure in the feeder 3 atm.;
b) powder consumption 110 kg/min., pressure in the feeder 3 atm.; ¢) powder consumption 10 kg/min.,

pressure in the feeder 12 atm.; d) powder consumption 110 kg/min., pressure in the feeder 12 atm

Table 2 shows that with the increase of powder consumption within the range from 10
to 110 kg/min. and density from 2.2 to 9.3 kg/m?, the consumption of argon increased by
1.63 times (from 0.19 to 0.31 m*/h) and by 1.58 times (from 0.34 to 0.54 m*/h), when blowing
powder with the fraction of 0.05 mm through the pipeline with 15 mm diameter. Such tendency
can be observed when ferroalloy with 3.0 mm fraction is introduced through the pipeline with
investigated diameters. It should be noted that in gas consumption table, the carrier must be
perceived as extremely low, that is, as a starting point for the beginning of blowing the metal
with gas-powder mixture with further possible increase. The increase in gas consumption is
possible if weak mixing is noted in the ladle during visual observation.

As the pressure in the feeder increases, gas consumption increases. However, this
parameter depends on the ratio of mass consumption of powder and gas. This indicates the
disadvantage of this method. The given parameter must be pre-calculated taking into account
frictional pressure losses during the movement of gas-powder mixture, overcoming the gravity
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force of metal, pressure losses associated with the acceleration of solid particles, pressure losses
associated with weighing the powder with A height, atmospheric pressure.

Table 2

Dependence of argon consumption on ferroalloy consumption of its fractional composition and density, taking

into account the pipeline diameter

Powder p . Argon consumption for pipelines with
. ressure in the Ferroalloy . . 3
consump‘uon, foeder. atm. fraction. mm different diameters, m’/h.
kg/min. ’ ’ 15120 | 25 | 32 ] 40 [ 50
with ferroalloy density 2.2 kg/m’
3.0 0.05 0.19 | 032 | 049 | 0.77 | 1.17 | 1.77
10 ) 3.0 0.61 | 1.04 | 1.57 | 249 | 3.77 | 5.70
12.0 0.05 0.57 | 098 | 1.48 | 2.34 | 3.55 | 537
) 3.0 1.85 | 3.15 | 477 | 7.55 | 11.43]17.29
3.0 0.05 031 | 052 | 0.79 | 1.25 | 1.89 | 2.86
110 3.0 0.99 | 1.68 | 2.54 | 4.02 | 6.09 | 9.22
12.0 0.05 093 | 1.58 | 239 | 3.79 | 5.73 | 8.67
) 3.0 299 | 5.09 | 7.71 [12.20]18.46 | 27.94
with ferroalloy density 9.3 kg/m’
3.0 0.05 034 | 0.57 | 0.87 | 1.38 | 2.08 | 3.15
10 ) 3.0 1.09 | 1.85 | 2.80 | 443 | 6.71 | 10.15
12.0 0.05 1.02 | 1.74 | 2.64 | 417 | 6.31 | 9.56
3.0 3.29 | 5.61 | 8.50 | 13.44|20.34|30.78
3.0 0.05 0.54 | 093 | 141 | 2.22 | 3.36 | 5.09
110 3.0 1.75 1 299 | 453 | 7.16 | 10.84 | 16.40
12.0 0.05 1.65 | 2.82 | 426 | 6.74 | 10.20 | 15.44
) 3.0 532 | 9.07 | 13.73 |21.71 | 32.86 | 49.73

Conclusions. The criterion for evaluating the efficiency of the injection equipment is

derived. This criterion makes it possible to determine quickly the possibility of pulsationless
transport of the gas-powder mixture fraction from 0.05 to 3.0 mm, depending on the pipeline
diameter (lance nozzle). The optimal pipeline diameter is 15, 20, 25 and 32 mm. Nomograms
of extremely low consumption of carrier gas are constructed. Due to the nomograms, it is
possible to control the mode of operation of the injection equipment in obtaining pulsatioless
transport of gas-powder mixture, depending on:

the ferroalloy fraction no more than 0.05 to 3.0 mm;

the consumption of ferroalloy powder within the range from 10 to 110 kg/min.;
the density of the ferroalloy from 2.2 to 9.3 kg/m*;

the pipeline diameter from 15 to 32 mm.

References

1.

W

Abratis H.,, Langhammer H.-J. Vduvaniye v metall poroshkoobraznykh legiruyushchikh materialov
[Translation from English]. Inzhektsionnaya metallurgiya 80. Lulea, Sweden, 1980. Moscow, Metallurgiya,
1982. 352 p. P. 266-276. [in Russian].

SidorenkoM. F. Teoriya i praktika produvki metalla poroshkami. Moscow: Metallurgiya, 1973, 304 p. [In
Russian].

Uspenskiy V. A. Pnevmaticheskiy transport. Sverdlovsk: Metallurgizdat, 1959. 231p. [In Russian].

Urban YA. Pnevmaticheskiy transport. Moscow: Mashinostroyeniye, 1967. 256 p. [In Russian].

. Grigor'yev V. P. et al. Konstruktsii i proyektirovaniye agregatov staleplavil'nogo proizvodstva [ Textbook].

Moscow: MISIS, 1995. 512 p. [In Russian].

ISSN 2522-4433. Bicnux THTY, Ne 3 (107), 2022 https://doi.org/10.33108/visnyk_tntu2022.03 ..........cccoocvvcincinnicrnennnns 65



Criterion assessment of the efficiency of injection equipment during the injection of powdered ferroalloys

6. Okhotskiy V. B. Modeli metallurgicheskikh system. Dnepropetrovsk: Sistemnyye tekhnologii, 2006. 287 p.
[In Russian].

Cnucok BUKOPHCTAHHX [Kepell
1. A6paruc X., Jlanrxammep X.-Jlx. BryBanue B MeTamw1 HOpOIIKOOOPa3HbIX JETHPYIOIUX MaTEPUAIIOB; LIEP.
¢ ann1. Mmxexunonnas merawtyprus 80. Jlynea, Isenus, 1980. M.: «Metamryprusy», 1982. C. 266-276.
Cunopenko M. @. Teopust ¥ IpakTHKa IPOAYBKH MeTajula nopolkamu. M.: «Metamnyprus», 1973. 304 c.
VYenenckuit B. A. ITneBmaruueckuii Tpancnopt. CBepanosck:Mertamryprusaar, 1959. 231 c.
Vpbau SI. [TneBmaTuueckuil Tpancnopt. M.: Mamuzoctpoenue, 1967. 256 c.
I'puropseB B. II. u np. KoHCTpyKIMU U IPOEKTUPOBAHUE arperaToB CTAJEILIABUILHOTO IPOM3BOACTBA!
yuebnuk. M.: MUCHC, 1995. C. 512.
6. Oxorckuit B. b. Monenu meramryprudeckux cucreM. JIHenponerposck: Cucremuble TexHonoruu, 2006.
287 c.

nbkhwb

VIIK 669.18

KPUTEPIAJIBHE OHIHIOBAHHSI EOEKTUBHOCTI POBOTH
IH’ KEKINIMHOI'O OBJIATHAHHSA 111 YAC BBE/IEHHSA
HOPOIIKOIMIOAIBHUX ®EPOCIIJIABIB

KoctanTun HizsieB; Baagum XoToH

Yxpaincokuii oeporcasnuii ynisepcumem nayku i mexronaoeziu, /[ninpo, Ykpaina

Pestome. Busnaueno eghexkmugHicmo indicekyitino2o o0O1aOHaHHA npu 66e0eHHi ¢hepocnnagie pizHoz2o
@pakyitinozo cknady, yCMuHU Ma GUMpaAmu 62U 3ani308y2neyeeo2o po3niagy 3 YPaxyeaHHM Napamempis
iHdICeKYitiHo20  00aaonanns  (Ooedicuna i Oiamemp mpybOnpoeody ma MUCK 6 OJHCUGUNbHUKY). Bukonarno
aHaniMUYHULL 02710 NiMepamypHux 0dxcepen, 3a pe3yibmamami K020 NiomeepodceHo nepeeazy iHiceKyii
NOPOUWIKOBUX peazeHmie y Kieul HOPIGHAHO 3 MPpAOUYIIHUMY MEXHONO2IAMU POSKUCTIEHHA U JNe2y6aHH.
Ipynmyiouuce Ha Gi0OMUX MAMEMAMUYHUX MOOENAX, A0ANMOSAHUX 00 KOHKPENHUX MEXHOAOZIUHUX YMOE,
BUKOHAHO MAMEMamuiHe MOOETI0BAHH, WO 6PAXOBYE HU3KY BAXCIUBUX O/l MEXHONO02Ii napamempis, 30kpema
qbpaKuiﬁHozo CKNady, 2yCmMuHu ma Gumpamu HOPOUIKO6020 Gepocnnagy 3 ypaxyeawwam napamempise
iHoICeKyitiHo20 00aao0HanHA. Busnaueno onmumanvhui oiamemp mpybonpogoody, saxui 3abesneuye cmadilbHO
BUCOKY n0O0ayy NOpOWwiKy 2azom y besnynvcayitinomy peosscumi. Tlob6yoosano nomoepamu apanuio HU3bKOT
sUMpamu 2azy HOCisl. 3a 00NOMO2010 HOMOSPAM MOIICHA KEPYBAMU PEAHCUMOM POOOMU THIHCEKYITIHO20 0ONAOHANHSL
6 OMPUMANHT Oe3NYIbCAYIHO20 MPAHCNOPMY 2a3-NOPOWKOGOI cyMiui 3anedxcHo 6i0 gpakyii pepocniasy, 1i02o
sumMpamu ma 2yCmuHu 3 YpaxyeammAm oiamempa mpybonpoeody. 3a pesyibmamamu MamemMamuiHo20
MOO€NIOBAHHS BUGECOCHO KPpUMEPI OYiHIOBAHHSA eheKMUBHOCII pOOOMU THIICEKYIIHO20 0ONAOHAHHS, 34 PAXYHOK
K020 MOJICTIUGE ONEPAMUEHe 8U3HAYEHHS 0e3nYTbCayitiHo20 MPAHCNOPMY 2a30NOPOWKOGOT CYMILUI 3ATIeICHO 6i0
@paxyii nopowkoeoeo peazenma i diamempa mpy6onpoeody. Busnaueno eumpamu 2a30HOCis 3a1€ACHO IO
@paxyii nopowikosozo peazenma i diamempa mpyoonposooy, AKi MOICHA GUKOPUCIOSY8AMU OJi Kepy8aHHs.
DEHCUMOM POOOMU THHCEKYIUHO20 OONAOHAHHA 3 Memol OMPUMAHHA 0e3nyIbCayiliHo20 MpPAHCNopmy 2dso-
NOPOWKOB0I cymiii.

Kniouogi cnosa: nosaniuna obpodka, cmans, iHJceKyis, po3KUCTIeHHS, e2YBaAHH.
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