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Abstract: Hydro-gas regularities of liquid combined blowing by gas were studied using cold modeling method at Archimedes criterion
for lateral Ar; = 12+120 and bottom blowing Ar, = 5+60 simulating Pobeda bubbling unit. The blowing was performed simultaneously
by bottom lance vertically fixed in centre of reactor and by the lateral lance which was attached at an angle 5° to the horizontal axis. The
quantitative estimation of instantaneous and average circulation velocities (V,,) of liquid flow elements in different bath areas, depending
on the location of blowing zone and Archimedes criterion, was performed. The liquid motion trajectory was determined. A vortex zone
was revealed near the liquid surface and the reactor shell, where instantaneous velocity of the liquid flow elements changes from 69.9 to
181.1 mm/s and V,, = 123.8 mm/s. The circulation flows fade in the bulk of liquid and V,, decreases from 123.8 to 47.0 and 54.1 mm/s. It
was shown that, in general, circulation velocity depends on the blowing intensity and appears to be higher for the zone of overlapping of
lateral and bottom streams. The dynamic blowing conditions, which ensure the direct contact of lateral and bottom jets leading to their
interflow and increased spatter formation, were identified. The characteristics of 3 types of surface oscillations for interface phases “pure
liquid — gas-liquid layer”, as well as the estimation of the lateral and bottom blowing impact on the type of oscillation were provided. It
has been noted that the introduction of the bottom blowing (Ar, = 5) causes the wave-like motion of liquid (the 2nd type) along with the
transverse oscillations of the Ist type, and at higher values of Ar, = 25 the angular oscillations of the 3rd type develop. It has been shown
that the presence of a lateral jet at the combined blowing decreases angles of bath swinging to 8—12° to horizontal axis. For the estimation
of oscillation intensity, Aty = (/) nax — (1) min Value, which means the difference between maximum (/) ,,,, and minimum (4;) ,;,, height of
liquid for the full-wave oscillations (t), was introduced. The height of liquid (/) was plotted as a function of t, Ar, Ary, Ah; was determined
on the basis of obtained graph values, which varied upon modeling over the range of 7.7—69.5 mm. The relation between the liquid circu-
lation velocity and the oscillation value (A#;) was established for different bath zones and dynamic conditions of the blowing. The impact
of all oscillations types on potential erosive lining wear of Pobeda bubbling unit and the completeness of adoption of charging material
nearby the bath surface was investigated.
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AHHOTanusA: MeToI0M X0JIOJHOTO MOJIEIMPOBAH NS B MHTEpBaiaX BeJIMUMH KpUTepus Apxumena 175 6okoBoro (Arg = 12+120) 1 10HHOTO
(Ar, = 5+60) 1yThsl NPMMEHUTENLHO K YCIOBMAM paboThl 6ap60TakHOTO MiaBuabHOro arperata «[lodena» (ITATI) uccienopansl ruapora-
30MHAMUYECKHE 3aKOHOMEPHOCTU KOMOMHUPOBAHHOM POy BKU XKMAKOCTH Ta3oM. [1poyBKYy OCyIIeCTBIISIIM OTHOBPEMEHHO TOHHOMU
dbypmoii, ycTaHOBIEHHO! BEpTUKAJIBHO 110 LIEHTPY PeakTopa, U 00KOBOI, pacmooKeHHOM MO YTJIOM 5° K TOpPU30HTa bHOM ocu. [IpoBe-
JieHa KOJMYeCTBeHHAs OLEHKA MTHOBEHHOM 1 cpeiHeit (V) cKopocTei LMPKYJISILMK 3IEMEHTOB MOTOKA XKMAKOCTH Ha Pa3HbIX y4acT-
Kax BAHHBI B 3aBUCMOCTH OT MECTOHAXOXICHU I 30HBI TPOAYBKY 1 KpuTepres Apxumena. OmpesesieHa TPAeKTOPHU ST IBUXKEH M KU IKO-
ctu. B6M3m moBepXHOCTH XUIKOCTH 1 KOPITyca peakTopa oOHapykKeHa BUXpeBasi 30Ha, I7Ie MTHOBEHHAas! CKOPOCTb ABUKEHU ST 3JIEMEHTA
MOTOKA XUAKOCTHU u3MeHsieTcs1 ot 69,9 1o 183,1 mm/c u Vep=123,8 Mm/c. B oObeMe KMAKOCTH LMPK YIS LIMOHHBIE TOTOKHU 3aTyXatoT, U V;,
yMeHbiaeTcs ot 123,8 10 47,0 u 54,1 mm/c. [TokazaHo, 4TO B 00LIEM CiIydyae CKOPOCTb LIMPKYJISILIMY 3aBUCUT OT MHTEHCUBHOCTH MPOLY B-
KM Ha (pypMax U CTAaHOBUTCS BBIILE JJISI 00JIACTH HAJTOXEHMsT OOKOBOI 1 OHHOI cTpyil. OnipenesieHbl AMHAMUYeCK1e YCIOBUSI TPOAYB-
KM, 0b6ecTiednBalollie HEIOCPEICTBEHHBIII KOHTaKT OOKOBOTO M IOHHOTO (haKeJIoB, TPUBOASIINI K CIMSTHUIO TOTOKOB U MTOBBILLIEHHOMY
O6pbI3roobpazoBaHuio. [IpuBeneHa xapakTepucTuka 3 BUIOB KOJeOaHU I MOBEPXHOCTH pa3aena a3 «uucTast XUIKOCTb — Ta30XKUIKOCT-
HBIi1 CJI0II» 1 JaHa OLleHKA BIUSIHU I 0KOBOTO U JOHHOTO 1y Thsl HA Pa3HOBUAHOCTb BOZHUKAIOUIMX KosiebaHuii. OTMeUeHO, UTO BBOJ JOH-
HOTO 1yThsl (Ar, = 5) IPUBOJAMUT, HAPSILY C ONEPEYHBIMU KOJIeOaHUAMM 1-T0 TUIA, K 051 BJIEH U0 BOJTHOOOPA3HOIO JABUKEHU A XU IKOCTU
(2-it Tun), a ipu GoJiee BHICOKMX 3HAYEHUAX ATy = 25 — K YIJIOBBIM KosiebaHusM (3-if tum). [lokazaHo, 4TO npu KOMOMHUPOBAHHON
MPOAYBKe HaIuuure 00KOBOTro (akesa yMEHbIIAET YIJIbl paCKauMBaHUS BAaHHBI K TOPU3OHTY 10 8—12°. I7s1 OlleHKM MHTEHCUBHOCTHU
KosebaHuit BBeaeHa BeanunHa Al = (hy)max — My min, T-€. PA3HOCTb MEXAY MAKCUMANIBHOM (/) 10y 1 MUHUMATBHOM (/1) i, BPICOTOIA
XKUIKOCTH 3a TOJHBIH LMK KoJiebaHuit (). [TocTpoeHbl 3aBUCMMOCTH BBICOTBI XUIKOCTHU (fy) OT T, ATg U AT, HA OCHOBAaHUU KOTOPBIX
OIpeJesIeHbl BeIMYUHBI AZl,, BApbUPYEMbIe TPU MOACIUPOBAHUY B UHTepBase 7,7—69,5 MM. JIJ1s1 pa3inyHbIX 061aCTeil BAHHBI M JUHA-
MMYECKHUX yCIOBUI MPOAYBKHM YCTAHOBJIEHA B3aMMOCBSI3b MEX/Y CKOPOCTBHIO IUPKYISINN XKUAKOCTH U BEIMUYMHOM KonebaHmit (Ahy).
PaccMmoTpeHO BiaMsiHUE BCEX BUIOB KOJeOaHUMIA HA BOBMOXHBIM 9p03uBHBII M3HOC DyTepoBKU [TATl M MOJHOTY YCBOSHU S IIMXTOBBIX
MaTepHrasioB BOJIM3M TTOBEPXHOCTU BAHHBI.

KoueBbie clioBa: KOMOMHUpPOBAaHHAsI TPOAYBKa, 60KoBast pypma, ToHHas ¢ypMa, KpUTEpUil ApXxuMena, MIaBUabHbII arperat «[1oGe-
Na», IAPKYJISIKS KUIKOCTU, MTHOBEHHAsI CKOPOCTDb LIMPKYJISILIUU, CPEIHSISI CKOPOCTh IUPKYJISIIMU, 00J1aCTh MIPOAYBKY, KOOPAUHATHI,
KoJiebaHU s TpaHUIIBI pa3aeia a3

Jna uutupoBanusa: bynaros K.B., 2Kykos B.I1., bparsirun E.B., Tomunos H.A., MenbiinkoB B.A. McciaenoBanue Gusmdeckux sBie-
HUIi1 B 6ap60TaXkHO! 30He MJaBUIbHOrO arperata «[lo6exa» MeTonoM xonoaHoro mMoaenunpoBaHusi. Coobuenue 3. [uaporazonuHamMu-
Ka KOMOMHMPOBAHHOM MPONYBKHU KUAKOCTU ra30M € MOMOLIbIO TOHHOU 1 60KOBOI hypM. Hzsecmus 8y306. Lleemnas memannypeus. 2023;
29 (1): 26—38. (In Russ.). https://doi.org/10.17073/0021-3438-2023-1-26-38

Introduction

Previously, the hydrodynamic patterns of sepa- combined outflow of gas into the liquid through the
rate (lateral and bottom) liquid blowing using a sin- lateral and bottom nozzles. Due to being split, the
gle lance in a gas envelope were studied [1—3]. This combined blowing allows to integrally impact the
paper is aimed at estimating the physics upon the melt with several jets and to influence the physico-
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chemical regularities of metallurgical reactions, re-
spectively.

Currently, the majority of publications are devoted
to autogenous processes, addressing the operation of
units with a submersible vertical lance, as well as va-
rious combinations of bottom or lateral blowing with
top blowing in relation to steelmaking technology
[4—21]. At the same time, each combination of blow-
ing devices is characterized by optimal geometric and
gas-dynamic parameters. In addition, it is known that
the melting productivity of copper sulfide concentrate
in Pobeda melting unit (PMU) depends on the ratio
of bottom and lateral blowing costs [5S]. The geome-
try of the mutual arrangement of the lances and the
direction of the streams in the melt have different ef-
fects on the intensity of the bath mixing. The mathe-
matical description of hydro-gas-dynamics as applied
to bubbling conditions and the solution of a complete
system of differential equations for calculating the true
velocity of currents in two and three directions are of
significant difficulty. Therefore, the melt circulation
velocity was determined experimentally using the cold
modeling method.

Experimental methods

The experiments were carried out using lateral and
bottom lances installed in the reactor of the laboratory
plant as used in previous papers [1—3]. The location of

B Ty

[ RN o

al. .

Fig. 1. The position of lance in relation to the axes
of the cross-section of the reactor with a conditional
coordinate grid

Puc. 1. [TonoxeHue (ypM OTHOCUTEIBHO OCeit
MOMEPEYHOr0 CEYEH U I peaKTopa
C YCJIOBHOUW KOOPJAMHATHOU CETKOM
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the lances in relation to the axes of the nozzles and the
reactor is shown in Fig. 1. The bottom lance / was ver-
tically fixed in the center of the reactor, and the lateral
lance 2 was attached at an angle of oo = 5° to the hori-
zontal axis. The lances were placed in the same plane of
the cross section of the plant at a distance of # =42 mm
between the centers of the tips of the lateral and bottom
lances. During the modeling, the change in the coordi-
nates of the location of individual particles-indicators 3
in current blowing time t; was monitored, the stream-
lines were drawn, and the liquid circulation velocity was
calculated.

The object of research was the hydrodynamics
between the lateral and bottom streams in the con-
ditional area A and beyond the bottom stream in ar-
ea B. During the data processing, the film fragments
allowing to visualize the sequential movement of a
specific indicator within the field of the investigated
areas of the bath were used. The total distance (S) of
the curved path of the indicator was assumed to be the
sum of the absolute values of the lengths of the seg-
ments (5;) by which its center moves at each ith point
of n images:

)

n
S=Y1S]
i=1

In the Cartesian coordinate system, the distance be-
tween points is as follows:

S, =y = x)7 + i =) %)

where i stands for the number of the image in the series;
X;, y; are the indicator coordinates in the ith image; x;,{,
Vit are the coordinates in the next image within the fol-
lowing time: AT = T4 — 7.

Instantaneous (¥;) and average (V,,) values of indica-
tor movement velocity were calculated by the following
equations:

V= S;/A, 3

@)

where At stands for the time interval between the shots,
which is equal to 0.143 s according to the conditions of
the experiment.

The example shown in Fig. 2 illustrates the metho-
dology for determining the trajectory and calculating
the values of V;, V,, for the movement of the indica-
tor mark in the liquid between the lateral and bottom
streams when analyzing 6 fragments of the film record
depicted in Fig. 3. In the coordinate system (Fig. 2),
the horizontal axis X is directed along the bottom noz-
zle section, while the vertical axis Y passes through its

Vav = S/ (nAT)9
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Fig. 2. The current coordinates and the trajectory of the
indicator movement in At = 0.143 s

In brackets the numerator is the length of the segment (5, mm),

the denominator is the instantaneous velocity (¥;, mm/s)

Puc. 2. Texymue KopaMHATHI U TPAEKTOPUS TIEPEMEILICHUST
nHaukKaTopa uepe3 At = 0,143 ¢

B ckobxax uncanrenb — IIMHA oTpe3Ka (S, MM), 3HaMeHaTeIb —
MTHOBEHHasi CKopocTsb (V}, MM/c)

center. A two-dimensional section of the bath with a
symmetry plane in the middle of the section is con-
sidered, assuming that the mixing conditions in other
sections do not affect this velocity field. The current lo-
cation of the particles was also determined using Paint.
net software [1]. When comparing the coordinates in
the image measurement system with real coordinates,
the position of the axes and the scale of the image were
taken into account.

The motion of liquid in the blowing area occurs due
to the translational energy of the gas stream, which is
determined by the magnitude of its momentum. When
using a shell lance, the total momentum of motion (7,
translated to the liquid by annular (iy,) and circular (i)
streams is equal to the sum of these values as per the
principle of conservation of moment [6]:

I = igy + .. o)

According to the experimental conditions [1], the
cross-sectional areas of the annular (fy,) and circular

(fo) nozzles are equal, therefore, the equivalent size of
the annular nozzle is as follows: d. = (4f;, /m)"/?, and
d. = dg, = d.. As the momentum of the stream is gener-
ally determined by the following equation:

i = py0lfy, (6)

where p, stands for gas density, kg/m3, o, stands for
the velocity of gas outflow from the nozzle, m/s, and f;
stands for the cross-sectional area of the nozzle, m?, and
the Archimedes criterion is determined under the fol-
lowing equation:

2
Ar= P @ ’
p,gdy,

™

where d, stands for the nozzle diameter, m, we obtain
the following expression, taking into account expression

):
Ar, = Arg, + Ar, &)

where Ar; stands for total Archimedes criterion; Arg,,
Ar, stand for its values of gas outflow from the shell and
the central nozzle, respectively.

The additive nature of equations (5), (8) indicates
the possibility of modeling of physics in the investigated
areas of the bath using only one cylindrical nozzle for
blowing with gas supply at a value of Ar, equivalent to the
values of Arg,, Ar.

The liquid was treated by the lateral and bottom
streams at a blowing flow rate through a circular nozzle
corresponding to Ar; = 12+120 and Ary, = 5+60 Archi-
medes criteria for the lateral and bottom gas injection.
The latter are in the range of Ar; values of equation (8)
and correspond to the dynamic conditions of the pre-
viously performed cold molding with separate gas sup-
ply to the annulus and the central cavity of the lance
[1-3].

Modeling results and discussion

Fig. 4 represents a diagram of motion of the liquid in
the laboratory reactor with an inner radius R = 135 mm,

Fig. 3. The film record of the indicator successive movement (marked by the arrow) in the bubbling area (A)

with the interval of At=10.143 s

Puc. 3. Kunorpamma mocjieioBatebHOTO ABMKEHU ST MHINKATopa (YKa3aH cTpesiKoit) B obaactu 6apboTaxa (A)

cmarom At = 0,143 ¢
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Fig. 4. The scheme of liquid motion and velocity field depending on the blowing conditions and the coordinates

of the bubbling areca

For combined lateral and bottom blowing — curves 1, 4, 6—8& (Ar; = Ar, =

2, 5— only bottom blowing (Ar, = 25)

25) and 3 (Ar = 25, Ary, = 5); 3a — separate lateral blowing (Ar; = 25);

Puc. 4. Cxema JABUXKEHUA KNIKOCTHU U ITOJIE CKOpOCTeﬁ B 3aBUCUMOCTHU OT YC.TIOBI/Iﬁ OpoayBKHU

U KoopAauHAaT obysiacTu 6apboTaxa

J1i1t COBMECTHOTO GOKOBOTO M IOHHOTO J1yThsl — KpuBble 1, 4, 6—8 (Arg =

Ary = 25) u 3 (Arg = 25, Ar; = 5);

3a — otnenbHas 60koBas ponyBKa (Arg = 25); 2, 5 — TONbKO IOHHas NpoayBKa (Ar, = 25)

and shows V;, V,, values for each velocity vector at the
corresponding coordinate point.

As it follows from the data in Fig. 4, the geometry
of the streamlines and the value of the liquid circu-
lation velocity depend on the blowing conditions and
the coordinates of the flow points in the bath. A vortex
zone 22.0 mm wide and 37.9 mm high, being limited by
the extreme values of x (79.9—101.9 mm) and y (80.6—
118.5 mm) and remote from the inner surface of the re-
actor shell at a distance of 27 mm (curve 5) is formed
near the liquid surface and the shell. At this point, the
instantaneous velocity of the liquid flow element var-
ies from 69.9 to 183.1 mm/s with an average velocity
of 123.8 mm/s. The circulation flows fade in the bulk
of liquid, resulting in V,, decreasing from 123.8 (cur-
ve 5) to 47.0 and 54.1 mm/s (curves 6 and 7, respective-
ly). The difference in velocities can be explained by the
wave nature of the oscillations of the gas-liquid system
on the surface due to the factors of hydrodynamic in-
stability of the bulk of liquid due to the pulsating mode
of gas outflow [1, 2]. Approaching the reaction zone to
the blowing jet results in increasing V; values from 70.2
to 81.9 mmy/s (curves 4, &) and, on the contrary, de-
creasing them from 76.4 to 30.2 as well as from 46.3
to 26.2 mm/s (curves 7 and 6). A further increase in
velocity to 42.6 and 83.4 mm/s occurs due to the dis-
placement of the flow towards the surface of the reac-

30

tor shell, which also constitutes the reason for motion
trajectory changes (curves 5—7).

Blowing area A, where the lateral and bottom jets
produce a combined impact on the liquid, is of par-
ticular interest. The comparison of V; values for com-
parable coordinates in A and B areas reveals a higher
circulation velocity under the combined impact of the
jets on the liquid, for instance, 86.0 mm/s (curve /) and
81.9 mm/s (curve §). Curve / is shown more precisely in
Fig. 2, from which it can be seen that upon approaching
the zone of impact of the lateral stream, the direction
of the flow changes at the point with (—42.0; 55.7 mm)
coordinates (the dashed line indicates a hypothetically
possible continuation of the motion trajectory), the in-
stantaneous velocity increases from 9.5 to 15.9 mm/s
(see Fig. 4). Note that even at a lower blowing intensi-
ty (curve 3), V; and V,, values are 105.8 and 92.9 mm/s,
which is significantly higher than similar values in most
areas of the considered velocity field. In the liquid cir-
culation zone created only by the lateral jet (curve 3a),
value V,, = 77.4 mm/s appears to be higher than the cor-
responding value of 54.1 mmy/s (curve 7) in the bottom
stream area. Upon that, the instantaneous velocity de-
veloped by the liquid at the same distance from the re-
actor shell is 91.4 mm/s at the lateral blowing and it is
30.2 mm/s near the bottom jet. This can be explained
by additional swirling of the liquid flow in the near-wall
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area due to the introduction of the blowing at an angle of
swinging to horizontal axis (Fig. 1).

The scheme of liquid flows at higher values of Ar-
chimedes criterion is shown in Fig. 5, from which it fol-
lows that the previously revealed regularities of liquid
motion are generally retained. Upon that, the circula-
tion velocity in the considered areas of the bath (4, B)
increases, for instance, according to the data shown in
Fig. 4, V,, value is 52.9 and 92.9 mm/s in area 4, 47.0 and
54.1 mm/s in area B, whereas at high Ar values (Fig. 5)
V,, increases up to 121.3 and 112.0 mm/s, respectively.
Upon comparing the trajectories of motion of liquid el-
ements (curves 2 and 3 in Fig. 5), it can be seen that at

comparable coordinates of points (—43.3; 72.3 and 42.2;
78.5) V; value is higher for the area of the combined im-
pact of the streams (153.4 mm/s) than in the vicinity of
the bottom jet (90.9 mm/s).

The intensity of circulation motions in the liquid is
related to the energy impact of the streams on the cor-
responding areas of the liquid and is determined by Ar-
chimedes dynamic criterion at the nozzle outlet [12].
Therefore, the circulation velocity increases upon an
increase in Ar value, which is particularly noticeable
in the overlapping area of lateral and bottom streams
(area A). The geometric dimensions of this zone depend
on the range of the lateral jet and the width of the bottom

Y, mm

120
105

90
(153.4)
(V,,=121.3)

757 (433;72.3)@

60 - (89.2)
2

45 1
(159.0)

30

154

0 -7

(90.9)

(42.2; 78A5)A\4/A 3

(63.6)

(V,,= 112.0)
e

(138.0)
(160.3)

1
—-120

Fig. 5. Streamlines and the field of liquid motion velocities depending on Ar criterion

1,4,5 — Ar; = Ar, = 60; 2, 3 — Ar; = 120; Ar, = 60

Puc. 5. JIuHuu TOKa 1 MoJie CKOPOCTEi NBUXKECHM S XKMIKOCTH B 3aBUCUMOCTH OT KPUTEPUs AT

1,4,5— Arg = Ar; = 60; 2, 3 — Arg = 120; Ar, = 60

Fig. 6. The film fragments of the reaction zone depending on the size of the jet and Archimedes criterion upon reaching

the extreme limits of the lateral stream range
a,b — Ar = Ar, = 60; ¢, d — Ar; = 120; Ar, = 60
a, ¢ — minimum lateral stream range; b, d — the maximum one

Puc. 6. KunodparMeHThI peaKIIMOHHOW 30HBI B 3aBUCUMOCTH

OT pa3MepoB (akena u KpuTepus Apxumena

MPU JOCTUKEHU U 9KCTPEMAaTbHBIX TPAHULL 1aIbHOOOIHOCTY GOKOBOM CTPY U

a,b— Arg = Ar, = 60; ¢, d — Arg = 120; Ar, = 60

a, ¢ — MUHUMaJIbHas JaTbHOOOMHOCTh OOKOBOII CTpyH; b, d — MaKcUMaTbHasI
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jet, which are constantly changing due to the pulsation
of the streams.

Fig. 6 shows the fragments of the reaction zone be-
tween the lateral and bottom jets at the moment of
reaching the minimum (a, ¢) and the maximum (b, d)
range of the lateral stream. It can be seen from the im-
age in Fig. 6 (d) that with the relative constancy of the
geometrical dimensions of the bottom stream due to
Ar, = const, the lateral jet under the conditions of
Ar = 120 is in contact with the bottom stream. Upon
less intensive blowing, a liquid area, being free from the
interaction of streams, is observed (Fig. 6, b) between
the lateral and bottom streams. The comparison of film
fragments (Fig. 6, b and d) also exhibits that the direct
contact of the blowing jets and the merging of their gas
volumes are simultaneously accompanied by increased
spatter formation. Furthermore, a high value of the Ar,
criterion and, accordingly, the length of the bottom
stream can cause the formation of a “breakdown” of
the bath [2], which results in a decrease in the degree of
blowing oxygen uptake and an increase in the removal
of the melt with spatter. According to the blowing mac-
ropattern (Fig. 6, d), such a mode is possible at Ar, =
= 60, Ar; = 120, therefore, it is of interest to estimate
the velocity of circulation flows for variable values of Ar,
and Arj.

The table presents the data on liquid motion ve-
locities in different parts of the bath, linked to the co-
ordinate system (Fig. 4, 5), depending on the values
of Ar,, Arj upon Ary, # Arj.

As a result of the analysis of the data specified in the
table, the closest coordinates of the points were identi-
fied and the corresponding values Ary, Ary, V;, V,, were
determined. Data classification was performed using
“k means” algorithm [22] and “Scikit-learn” standard
cluster library [23]. The lines that characterize the tra-
jectory of the movement of a particular indicator are
marked with a horizontal line in the table. This allows
to estimate the average circulation velocity along the
entire length of the streamline S. The minimum dis-
crepancy between the coordinates of the points was
found in lines 1, 21; 11, 24; 13, 26; 16, 28; 4, 24; &, 26,
where the velocity value is least dependent on the lo-
cation of the flow and is determined by other factors.
The comparison of the table data (lines 11, 24; 13, 26;
16, 28) reveals that an increase in the bottom blowing
intensity at Ar; = const reduces the liquid circulation
velocity. An increase in Arj at Ar, = const causes an
increase in the instantaneous and average velocities
(lines 7, 21). The explanation of the specified regulari-
ties is as follows: In the general case, the mixing of the
bath is performed due to the force impact of circulation
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Liquid circulation velocity upon blowing through
the lateral and bottom nozzles depending
on the location of the flow and Archimedes criteria

CKOpOCTh IUPKYJISIIUY KUIKOCTH ITPU TTPOTYBKE
yepe3 OOKOBOE U IOHHOE COTIa B 3aBUCUMOCTH
OT MECTOITOJIOXEHHUSI TTIOTOKA U KpUTepUeB Apxumena

Archimedes Coordinates, Velocity,
criterion mm mm/s L
A, | Ar X Y Vi Vav
1 2 3 4 5 6 7
—16.5 71.2 80.0 - 1
-21.8 85.4 105.8 92.9 2
-29.5 64.4 135.7 — 3
—254 | 538 79.6 — 4
5 25 =251 25.8 195.6 | 137.0 5
12.4 90.3 58.9 — 6
15.2 83.9 48.3 — 7
18.8 64.3 139.1 — 8
17.4 34.2 210.2 | 114.1 9
-37.8 43.5 82.0 — 10
-30.9 37.0 66.1 - 11
-22.1 37.0 63.0 70.4 12
26.2 34.4 101.2 — 13
95 60 38.6 42.1 102.1 — 14
45.0 46.5 55.1 86.1 15
101.0 | 102.8 50.6 - 16
93.8 80.6 163.0 — 17
95.5 70.0 76.7 — 18
107.9 78.2 104.2 98.6 19
-21.3 61.1 88.1 — 20
—14.4 54.9 64.8 76.4 21
-59.9 359 4.31 - 22
—45.5 29.0 111.2 — 23
—28.7 29.5 117.6 77.7 24
5 60 29.3 59.8 60.3 - 25
18.8 34.8 189.1 — 26
29.5 31.7 78.1 109.2 27
102.4 95.6 143.2 — 28
88.0 99.6 104.0 — 29
96.3 121.0 | 160.1 | 135.8 30

flows and turbulent pulsations on the liquid [6]. Thus,
the observed liquid velocity (V}, V,,) represents the sum
of the circulation (V;) and pulsation (V;) components
of the velocity. Therefore, the different impact of the
lateral and bottom blowing can be caused by the oc-
currence of turbulent pulsations in the gas-liquid two-
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phase flow, the appearance of which causes oscillations
of the bath.

The visualization results (Fig. 7, 8) attest to the fact
that depending on Ar,, Arjand the current blowing
time, 3 main types of oscillations of the phase inter-
face, i.e. gas-liquid and liquid layers of the bath, arise.
The first one includes the vertical displacement of the
horizontal plane of the main bulk of liquid by A, value
(Fig. 7 a, b). The oscillations of the 2nd type form a
wave-like motion of the liquid near the surface of the
bath (Fig. 7, ¢). In this case, Ak is defined as the dif-
ference between the average horizontal lines between
the levels of the main bulks of pure liquid. The oscil-
lations of the 3rd type (Fig. 8, a—c) are characterized

)in

by opposite angles of swinging of the phase interface
to the horizontal axis (for instance, 5°, 8°). This type
of oscillation causes boundary vertical displacements
of the liquid of various sizes Ak, on the inner surface of
the reactor. All these 3 types of oscillation can be seen
on a single film record.

To estimate the impact of each type of blowing on
the overall macropattern of oscillations, the state of
the liquid bath was considered under similar dynamic
conditions of separate blowing for the lateral and bot-
tom streams. Fig. 9 (c) shows the fragments of film re-
cord of liquid bubbling by single nozzles. As per Fig. 9
(a), it can be seen that wave-like oscillations of the 2nd
type, being close to the sinus one with amplitude A, is

(hl)lnax lh]

Fig. 7. Film fragments of transverse (a, b) and wave-like (c) oscillations of the liquid at Ar; = 60, Ary, = 5

Ahy — average change in the liquid level

Puc. 7. KunodparmMeHTbl BUIOB ONEPEYHOrO (a, b) 1 BOJHOOOPA3HOro (¢) KoneOGaHU il XXUAKOCTHU MpH Arg = 60, Ar, = 5

Ahy — cpeliHee U3MEHEHUE YPOBHSI KMIKOCTH

(h])lmx 8°

hy ()i 10°

Fig. 8. The film fragments of successive changes in the averaged line of the interface between the gas-liquid and liquid layers
of the bath depending on the current blowing time (t;) at Ar; = 60, Ar,, = 25

T, s:a—0.143; b — 0.286; ¢ — 0.429

Puc. 8. KunodbparMeHTbI OCI€I0BATEILHOIO U3MEHEHM ST YCPEIHEHHOM IMHUY IPAHUIIBI pa3/eia ra30KuIKOCTHOTO
M KMJIKOTO CJIOEB BAHHBI B 3aBUCMMOCTH OT TEKYIIEr0 BPEMEHU MTPOAYBKH (T;) mpu Arg = 60, Ar; = 25

T, cta—0,143; 5 —0,286; ¢ — 0,429
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hl (hl)mnx

12

Fig. 9. The types of oscillations depending on the type of separate blowing at different values of Archimedes criterion

a — the lateral blowing, Ar; = 60; b, ¢ — the bottom blowing, Ar, = 25; the dashed line indicates the middle line of the phase boundary

Puc. 9. PazHoBuaHOCTY KOJIeOaHU I B 3aBUCUMOCTHU OT BUJla OTAEIbHOM IpoOaAyBKHU

TPY Pa3TUYHBIX 3HAYEHU X KpUTEepU st ApXxruMeaa

a — GokoBas 1poyBKa, Arg = 60; b, ¢ — NoHHas, Ar; = 25; IITPUXOM NOKA3aHa CPEIHs JIMHUS TPAHULIbI paszena ha3

more clearly revealed when the lateral blowing is used.
Stronger bath oscillation with the angles of 12° and 10°
under the 3rd type occurs in the case of bottom blowing
(Fig. 9, b, ¢). Therefore, upon combined blowing, the
partial contribution of each type of blowing impacts the
overall intensity and the type of oscillations of the li-
quid bath in a different way. The moderate introduction
of the bottom blowing (Ar, = 5) causes the wave-like
motion of the liquid (Fig. 7, ¢) along with the oscilla-
tions of the 1st type (see Fig. 7, a, b), and at higher va-
lues Ar, = 25, it causes angular oscillations (Fig. 8).
Upon that, Ak value gradually decreases as the bub-
bling area approaches the geometric center of the re-
actor. In practice, this circumstance means that the
mixing of the bath according to the 3rd type covers the
volume of the melt near the center of the PMU to a les-
ser extent, and is mainly concentrated on the periphery
near the lining of the unit. This can cause additional
erosive wear of the lining in the area of lances. The wavy
oscillations of the 2nd type are characterized by less os-
cillation amplitude and A#, value, therefore, in the near-
wall zone they can exhibit a lesser impact on the lining.
The mixing of the melt in the surface layer due to any os-
cillations contributes to the dissolution and adoption of
charging material by the liquid bath of the unit. A further
increase of the blowing intensity only by a bottom lance
increases the liquid swing angles up to 18—15° (Fig. 10).
The combined blowing reduces the intensity and chang-
es the pattern of angular oscillations of the liquid due
to the lateral jet, reducing the angles of swinging from
18—15° down to 8—10° (Fig. 9, b, c; Fig. 10; Fig. 8, a,
¢). In industrial conditions, this type of oscillations can
cause additional erosion of the PM U lining.
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The impact of phase interface oscillations on the li-
quid circulation velocity at various points of the reaction
zone and under various blowing conditions was studied.
The value of oscillations was estimated as difference
between maximum and minimum height of the liquid:
Al = (M) max — (A)min for full-wave oscillations ().
The place of control of extreme values of the height of
pure liquid (/) at the current time t; was determined
visually, based on the minimum gas injections. In the
presence of oscillations of the Ist type, A was taken as
the value corresponding to the horizontal line of the liq-
uid (Fig. 7, a, b; Fig. 8, b), in the presence of oscillations
of the 2nd type — at the wave amplitude point (Fig. 7, ¢;
Fig. 9, a), and in the presence of oscillations of the 3rd
type — near the reactor wall, at the point of extremum
(Fig. 8, a, c; Fig. 9, b, ¢).

Fig. 11 presents the results of estimation of 4, values
at the boundary with the gas-liquid layer depending on

18°

15°

Fig. 10. The film fragments when the liquid is blown
by the bottom lance at Ar, = 60

Puc. 10. ®parMeHTH KWHOTPaMMBI
P IIPOYBKE KUIKOCTU JOHHO# (hypmoit mpu Aty = 60
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h,, mm 4 (0.994; 137.0)
(0.436; 129.5) '
| (0.286; 122.1)
110
80
50 T T 1 T T
0 0.2 0.4 0.6 0.8 1.0

Fig. 11. The height of the liquid layer depending on the current time of the combined blowing and Archimedes criterion
1—Ar =60, Ar, = 5; 2 — Ar = Ar, = 25; 3 — Ar; = 120, Ar, = 60; 4 — Ar; = 25, Ar, = 5; 5 — Ar; = 60, Ary, = 25; 6 — Ar; = Ar, = 60

Puc. 11. BricoTa ¢J10s1 XXUAKOCTHU B 3aBUCUMOCTH OT TEKYILIEr0 BpeMeHU KOMOMHMPOBAHHOM ITPOAYBKU U KpUTEPUs Apxumeaa
1—Arg =60, Ar, = 5; 2 — Arg = Ar; = 25; 3 — Arg = 120, Ar, = 60; 4 — Arg = 25, Ar; = 5; 5 — Arg = 60, Ar; = 25; 6 — Arg = Ar, = 60

the Archimedes criteria and the current blowing time 7.
The coordinates of the extremum points of curves /, 3
are determined based on the approximation functions.
The type of curves in Fig. 11 demonstrates that the sur-
face oscillations are complex in nature with different
extreme values of /; and the values of the time to reach
them.

The results of mathematical processing of the da-
ta from Fig. 11 (curves 3, 4) attest to the fact that the
change in the surface level of the liquid bath (Ah)
makes up 7.7—69.5 mm and depends on Archimedes
criteria of the lateral and bottom blowing. Increasing
the overall intensity of the combined blowing at Ar; =
= Ary results in the increase of As; from 21.3 to 29.0
mm (Fig. 11, curve 2, 6). For these conditions, as pre-
viously noted, the value of the average liquid circula-
tion velocity increases. The change of Ak from 21.3 to
29.5 mm (Fig. 11, curves Sand /) for Ar, =25 and 5 in-
creases V; value from 66.1 to 117.6 mm/s (see the table,
lines /7 and 24) and V, value from 70.4 to 77.7 mm/s
(see the table, lines /2 and 24) in area A. In area B, V;
value also increases from 50.6 to 143.2 mm/s (see the
table, lines 16 and 2§), and V,, increases from 98.6 to
135.8 mm/s (see the table, lines /9 and 30) under these
conditions. The change of Arfrom 25 to 60 (Ar, =5=
= const) increases Ak value from 7.7 to 29.5 mm
(Fig. 11, curves 4 and 7). Upon that, V; for area 4 in-
creases from 79.6 to 88.1 mm/s (see the table, lines 4
and 20). In the zone of interaction of the bottom
stream only (B), V, value also increases from 104.2 to
114.1 mm/s (see the table, lines /9 and 9). Thus, the
liquid circulation velocity is interconnected with the
pulsating component of the flow motion and increases

with an increase in the amplitude of oscillations at the
phase boundary.

Conclusion

Over the range of Ar; = 12+120, Ar, = 5+60 values,
cold modeling of the hydrodynamics of the bubbling
PMU bath was performed with the combined blowing
of the liquid by the lateral and bottom lances. A quan-
titative estimation of the velocity of liquid bath circu-
lation, depending on the Archimedes criteria and the
location of the flow, was performed. Three types of
oscillations (pulsations) of the phase boundary “pure
liquid — gas-liquid layer” were revealed. The analysis of
the occurrence of each type of pulsation under various
blowing conditions was performed. It is shown that the
liquid circulation velocity depends on the intensity of
oscillations, defined as the difference (Ah;) between the
maximum and minimum height of the pure liquid for
full-wave oscillations. With regard to the stability of the
PMU lining, the intensity of mixing of the near-surface
layer and the adoption of charging material by the bath,
the impact of each type of oscillations on the liquid cir-
culation velocity was considered.
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