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STUDYING THE POSSIBILITY OF USING
COHERENT TYPE NOZZLES FOR BOF BLOWING
AT THE GAS DYNAMIC SIMULATION STAND

Introduction. The BOF technology is the leading one in the production of structural steel due to its undeniable
advantages.

Problem Statement. In the conditions of most Ukrainian converter shops, when the blowing parameters chan-
ge significantly during the campaign (temperature of the lining, dimensions of the workspace, quality of scrap
metal, temperature and composition of iron), and the bath is blown at a constant flow rate with conventional
Laval nozzles, sometimes it is impossible to ensure a stable purging process with high rate of post-combustion of
CO up to CO,. Therefore, one of the main problems of oxygen conversion is the improvement of the designs of
blowing devices, in particular, the nozzles.

Purpose. The purpose of this research is to study the possibility of using nozzles of the coherent type for the
top oxygen blowing of the converter.

Material and Methods. In the research, we have used samples of coherent-design laboratory nozzles having
different central part-to-periphery ratio under fixed equal general conditions of jet output (percentage of the
annular gap to the total area of the nozzle, %: 75, 65, 50, 45, 35, 25). They have been studied by calculating the
Jjet momentum, through weighing and taking shadow shots when the gas flow velocity reaches 2 M. The results
have been compared with those for the cylindrical nozzle.

Results. When the gas is supplied at 2 M, the coherent-type nozzles with a fraction of the outer part of 65—
75% contribute to the formation of 1.5—1.6 times wider jets as compared with the cylindrical nozzle, with a mul-
tinode structure. It helps to increase the jet momentum by 45—55%.

Conclusions. The design of a coherent type nozzle with an outer part share of 75% can be recommended to be
used as the second tier or the second level nozzles of the top oxygen lance for post-combustion in an oxygen converter
due to an increase in the surface area of the jet contact. The efficiency of post-combustion of CO from waste
converter gases is expected to increase due to the increasing reaction surface area of additional oxygen jets.

Keywords: top blowing lance for converter, coherent nozzle, outer annular part of the nozzle, jet weight, geometric
parameters of the jet.
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BOF steel production is the most commonly used
process for manufacturing structural steel throug-
hout the world. It remains the leading technology
due to its undoubted advantages in productivity
and liquid steel composition control. According
to the experts’ forecast, it has all the prerequisites
to remain the leading method even with the tran-
sition to hydrogen metallurgy [1—5]. According
to the statistical report of the World Steel Or-
ganization, in 2021, the total production of con-
verter steel was 73.2% of the total [1].

The most urgent task of BOF is to reduce green-
house gas emissions, in particular CO, emissions
per ton of finished products. In industrialized re-
gions, steel production is often the largest source of
CO, emissions [6]. According many authors, the
simplest way to solve this problem is to reduce the
share of liquid iron, i.e. to increase the share of scrap
in the charge [7—10]. For this purpose, one of the
solutions is the use of special lance for post-com-
bustion, providing the necessary conditions for a
higher degree of oxidation of CO to CO, and in-
creasing the heat content of the bath [7, 11, and 15].
At the same time, designing new variants of tips
and nozzles for lances, which increase the efficiency
of their thermal operation, is a relevant problem.
Post-combustion nozzles shall provide jets of suffi-
cient width and length to ensure post-combustion
conditions, without reaching the lining of the coni-
cal part of the converter. It is known that the noz-
zles of the second tier of the post-combustion lance
are located along the contour of the tip of the blo-
wing lance. The task of the jets flowing from these
nozzles is to provide post-combustion in the area
under the lance and in the slag. Therefore, the
length of the post-combustion jets should be at the
level of the working position of the lance (40—60 ca-
libers) [11—14]. When the nozzles for post-com-
bustion are located on the second tier of the blo-
wing lance at a certain height (3—4 m from the first
tier), the length of the post-combustion jets is lim-
ited by possible burnout of the converter lining in
the conical part (20—30 calibers, depending on the
capacity of the converter). In particular, the paper
presents the results of studying the possibility of
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using the coherent-type nozzles for the conditions
of the top oxygen converter.

The nozzles that create coherent jets have been
developed for the EAF process and represent the
central nozzle of the main oxygen flow, surround-
ed by a burning annular layer of the auxiliary gas
flow from the circularly arranged nozzles. The au-
thors of [16—17] have found that due to the flame
shell, the degree of interaction of the main oxygen
flow with the surrounding jet decreases, which
reduces the loss of its speed and helps to maintain
a greater potential length of the core (the length
to which the axial velocity of the jet is equal to
the velocity at the exit from the nozzle) of the su-
personic jet at a greater distance, unlike an ordi-
nary jet. Coherent jets have been studied by vari-
ous authors for the conditions of supply of burning
fuel of various kinds as a protective layer [16—
22]. Blast furnace gas, natural gas, and coke gas
have been studied as fuels. The results have shown
that the low molecular weight or density of the
fuel containment gas increases the potential core
length of the main oxygen jet. In [23], the results
of a study on the use of compressed air as a pro-
tective shell have been presented. Most of the
studies have been carried out at subsonic speeds
of the auxiliary protective flow. At the same time,
the studies for the conditions when supersonic
speeds are reached with heated air or oxygen as a
protective gas have been conducted as well [24—
26]. The flow fields of a coherent jet with the pro-
tective structure of a Laval nozzle have been mo-
deled and the influence of the containment Mach
number and ambient temperature on the charac-
teristics of a coherent jet with a supersonic pro-
tective gas has been studied. Also, many studies
have been carried out on numerical simulation of
the coherent jets with the use of advanced mathe-
matical tools [24—28].

This study has dealt with the nozzles that cre-
ate coherent type jets with the main and auxiliary
air flows in order to assess the possibility of their
use for top blowing in BOE.

In oxygen steelmaking, oxygen flow is suppli-
ed at an inlet pressure of approximately 800 to
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10 000 kPa through blowing lance nozzles that
convert the high inlet pressure energy into the
kinetic energy. The blowing nozzle is a specially
shaped channel that serves to accelerate the gas
to a certain speed and gives the flow a certain di-
rection [29—31]. Using the simplest model, to
analyze the gas flow in the nozzle, we have made
several assumptions, in which the gas is consi-
dered ideal, and the flow is one-dimensional, sta-
tionary, and adiabatic. The behavior of the gas jet
flowing out of the nozzle can be described by an
equation relating the gas flow rate to the cross-
sectional area of the outlet channel. Since the
mass flow rate of gas is constant in the system,
from the law of mass conservation (continuity
equation) it follows that [29—31]:

Q,=pVs, (D

where p, kg/m?® is the gas density; V, m/s is the
velocity of the gas flow; S, m? is the surface of out-
let area of the nozzle.

Having differentiated both parts of this equation
with respect to the spatial coordinate x (m), which
is the axis of symmetry of the nozzle, we obtain

ldp 1dv 1dS_
Pdc Vdx Sdx
Whence the Euler equation follows for the case
of a stationary one-dimensional flow
av_ 1 ;
dx P dx’ )
where P, Pa is the gas pressure.

Taking the sound speed from the adiabatic
compressibility of matter

dP
24
c o 4)

0. (2)

Vv

where ¢, m/sis the sound speed, we get
dv. 1dPdp ¢ dp

P T T
Denoting the ratio of the local velocity V to
the sound speed ¢ as the Mach number

M- ()
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(5) can be rewritten as:

1dp_ _,p1dv

P dx Vidy

Having eliminated dp from formulas (2) and
(7), we obtain the final relation:

s _dv
=M1, 8)

-M (7

This equation describes the pattern of change in
the velocity depending on the cross-sectional area.

The degree of acceleration of the gas flow at
the outlet of the nozzle due to the resulting pres-
sure gradient depends on the ratio of the gas pres-
sure at the inlet to the nozzle (P, Pa) and the am-
bient pressure (P,, Pa). There is a certain critical
value of this ratio, at which the gas flow reaches
the sound speed in the minimum cross section of
the nozzle c= V(1 =M) [29—31]:

5,0 DT g,

B2 €)
where v is the adiabatic exponent; for a diatomic
gas, such as oxygen and air, it is equal to 7/5.

Meeting this condition leads to the fact that
the flow becomes supersonic (1 > M) and as the
distance from the nozzle increases, so does the
Mach number M. In this case, shock waves are
formed along the jet [26—28, 29, and 30]. The
condition of constant pressure along the bound-
ary of the expanding supersonic jet leads to the
curvature of this boundary and the formation of
compression waves propagating inside the gas
mix jet. At the intersection of compression waves,
barrel-shaped shock diamonds are formed. In the
region of the shock diamonds, there is a sharp de-
crease in the gas velocity and a corresponding in-
crease in the pressure, temperature, density, and
entropy [29—31].

The reflection of this shock occurs with the
formation of shock diamonds, the so-called Mach
disk, and a reflected shock. The Mach disk is per-
pendicular to the flow and is the boundary defin-
ing the transition from supersonic gas flow ve-
locities back to subsonic. The experimental co-
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Fig. 1. Schematic representation of an experimental coherent
nozzle: a — main section; b — a top view
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Fig. 2. The device for measuring the weight of the jet: 7 —
blowing lance; 2 — experimental tip with the nozzle; 3 — gas
jet; 4 — electronic scale; 5 — compressor; 6 — manometer

Table 1. Experimental Coherent Type Nozzle Parameters

herent type nozzles are made as cylindrical coaxial
structures, the general scheme is shown in Fig. 1.
There has been made a series of nozzles differing
in the ratio of the central part for main gas flow
and the peripheral part for the additional gas flow,
under the same general conditions: the outer dia-
meter of the surrounding additional part of the
nozzle, the total area of the output section of the
nozzles and the same equivalent diameter of the
entire coherent type nozzle. Nozzles with a diffe-
rent part of the slotted surrounding part (ring-
shaped) in relation to the total output area of the
nozzle (75, 65, 50, 45, 35, and 25%) have been
studied. The parameters of the nozzles are given
in Table 1.

The results of blowing for the coherent-type
nozzle prototypes have been compared with those
for corresponding cylindrical nozzles with the
diameter equal to that of the coherent-type cent-
ral nozzle.

At the first stage, the weight of the gas jet from
experimental nozzles, as an indicator of the mo-
mentum, is measured with the electronic scales.
Figure 2 shows a photo of the experimental de-
vice for studying the weight of the jet at different
distances between the nozzle and the weighing
plate. For every experiment the nozzle is installed
at a fixed distance of 10 to 80 calibers of the dia-
meter of the central main nozzle (or the cylindrical
nozzle diameter) with a step of 10 calibers and
the jet weight is measured at a different fixed

Central nozzle Inner diameter di EXtefr nﬁl | % of a.nnullar' Equivalent
diameter (d,) of outer annular nozzle lameter of the outer slot partin relation nozzle diameter,
10°m " ’ (). x10°3 annular nozzle part (d,), to the total 103 ’
x m part (d,), x m %1072 m area of the nozzle x m
1.6 2.0 3.5 75 3.2
1.9 2.4 3.5 65 3.2
2.2 2.6 3.5 50 3.2
2.4 2.7 3.5 45 3.2
2.6 29 35 35 3.2
2.8 3.1 35 25 3.2
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Fig. 3. The device for shadow shooting of the gas jet flowing out of the experimental nozzle to study
the geometric parameters of the jet: 7 — blowing nozzle; 2 — experimental tip with a nozzle; 3 — gas-
jet; 4 — jetprint; 5 — light source; 6 — whitescreen; 7 — compressor; § — manometer; 9 — camera
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Fig. 4. Deviation of the jet weight of the coherent nozzle from that of the comparative cylindrical nozzle (the data represent
a share of the annular slotted part of the coherent-type nozzle in the total area of the nozzle)

pressure of the air flowing through the nozzle
(50—500 kPa). At the next stage, the experimen-
tal coherent nozzles are studied in comparison
with the comparative ones by evaluating the
shape and geometric parameters of the flowing jet
at a blowing gas pressure that provides condi-
tions similar to the industrial ones (2 Mach).The
study is made with the use of adevice for shadow
shooting of jets. The shadow shooting device is
shown in Fig. 3.

The photographs of the blowing jets flowing
from experimental coherent-type nozzles and cy-
lindrical nozzles are obtained at various blowing

ISSN 2409-9066. Sci. innov. 2023. 19 (4)

gas pressure (50—500 kPa). The photographs are
taken in total darkness and in the presence of a
single point source of light located on one side of
the blowing jet. On the other side, there is a white
screen, on which, under certain conditions, an
image of the jet appears. The nozzle shots are ta-
ken at the same position of both the light source
and the camera. The comparisons are made in
equal conditions for each pair of experimental-
comparative nozzles.

The results of weighing the jets of the experi-
mental nozzles have been summarized and com-
pared with the results of weighing the jets of the
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Fig. 5. Deviation of the coherent-type nozzle jet weight from the weight of the jet from the equivalent nozzle (data marked
as a share of the annular slotted part of the coherent-type nozzle in relation to the total area of the nozzle)

comparative cylindrical nozzles. Figure 4 shows
the deviation of the weight of the jets flowing
from the coherent-type nozzles from the weight
of the jets flowing from the cylindrical nozzles of
the corresponding diameter at each specific posi-
tion of the lance and the air pressure.

For clarity, the lance positions are chosen cor-
responding to the common operating modes of the
lance position in industrial units of 20—60 nozzle
calibers with exposure for the longest period of
time at a position of 40 caliber nozzles relative to
the level of a still bath. It has been noted that as
the pressure applied to the nozzles increases, so
does the difference in the weight of the jets, up to
a pressure of about 400 kPa (that is about 2 Mach).
Then, with increasing pressure, the deviation re-
mains about at the same level. Such behavior is
explained by the act that the jets reach superson-
ic speed (at blowing conditions from 2 to 5 Mach
[29—33]). It has been also noted that with an in-
crease in the share of the outer annular slotted
part of the nozzle relative to the total area of the
coherent-type nozzle, the weight of the coherent
jet increases as compared with the case of the
comparative nozzles. Moreover, the jets flowing
from the nozzles with a share of the outer annular
part more than 45% have a positive deviation of
the jet weight. It means that the coherent-type
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jet becomes heavier and stronger, with its mo-
mentum increasing as compared with the com-
parative cylindrical jet at the same pressure of the
gas supplied to the blowing and the lance posi-
tions. At the same time, the best indicators cor-
respond to the option with a share of the slotted
annular part of 65—75% with an increase in the
weight of the jet at a gas pressure of 400—500 kPa
by 45—55%, while maintaining a similar trend
within the working position of the lance. With a
share of the outer annular part of 45—50%, the
weight gain at 400—500 kPa is 15 and 25%, on
average, respectively. At the same time, with a
share of the outer annular part of the nozzle of
50%, the increase in the weight of the jet is less
than in the case of 45%.

With an area fraction of the outer annular noz-
zle of 25—35%, on the contrary, the weight of the
coherent-type jet decreases in comparison with
the comparative nozzles. Moreover, a smaller part
of the annular slotted part corresponds to a grea-
ter reduction in the weight of the coherent-type
jet as compared with the comparative one.

Additionally, the weight of the coherent-type
jet corresponding to the equivalent nozzle (dia-
meter 3.2 mm) has been studied. The purpose is to
study the effect of transforming a part of the jet
into an annular jet under equal blowing gas flow

ISSN 2409-9066. Sci. innov. 2023. 19 (4)
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rates. The main results in the form of a deviation
of the weight of the coherent-type jet from the
weight of the equivalent jet at the working lance
height are shown in Fig. 5.

It has been established that if we consider a
coherent-type nozzle as a whole nozzle, the trans-
formation of a part of the nozzle into a slot leads
to aloss in the weight of the jet. It is probably due
to a significant increase in the friction force of the
blowing gas and the corresponding energy losses
of the jet when passing through a more complex
nozzle design. The force of viscous friction de-
pends on the relative speed of the displacement of
individual layers of gas. At the same time, the
speed of the gas layers decreases towards the pipe
walls. In accordance with Newton’s equation, the
force of friction is equal to [29—31]:

—
Ax

(10)
where n is the coefficient of viscosity, [Pa - s], S
is the area of interaction between the layers of
the medium located at a distance of Ax from
each other:

Ax=(d,~d))2. (11)

Thus, the closer the nozzle walls are to each
other (the smaller Ax) and, accordingly, the long-
er the edge of the nozzles, which corresponds to
the region of reduced flow speed, the greater the
frictional force that slows down the overall gas
flow along these walls.

The calculation of the edges of the coherent-type
nozzles of different studied design and the cylin-
drical equivalent nozzle have shown (Table 2) that
as the share of the outer annular part decreases, the
edge length increases and the distance between
the parts of the nozzle decreases.

If for the outer annular part of 75%, the length
of the nozzle edge becomes 2.2 times longer, then
for 25% part of the nozzle the edge length is 2.9
times longer. It has been noted that this effect is
observed at a sufficiently high pressure of the
blowing gas (more than 50 kPa). At a low pres-
sure of 50 kPa, on the contrary, the weight of the
coherent-type jet is greater than the weight of
the jet from the equivalent nozzle with the largest
deviation at an annular outer part of 35 and 45%
(on average by 23 and 38%, respectively). The con-
ditions with a large share of the annular slotted
part (65 and 75%), at low pressure of the blowing
gas, correspond to a decrease in the weight of the
coherent-type jet, as compared with the equiva-
lent. Real industrial oxygen converter blowing is
characterized by pressure significantly exceeding
50 kPa and corresponds to 1.5—2.0 Mach. At such
blowing gas pressure, converting a part of the
nozzle into an additional annular part leads to a
reduction in the coherent-type jet weight, as
compared with a jet of an equivalent diameter. It
has been also noted that a less than 45% decrease
in the share of the outer annular part of the nozzle
does not lead to any noticeable changes in the
weight of the jet.

Table 2. The Length of the Edge of the Annular Outlet Part of the Experimental Nozzles

No Nozzle configuration option of th:lézgg?i’ﬁ%* o Ax,x10° m

1 | Equivalent cylindrical nozzle, diameter 3.2 x 10 m 10.05 —

2 | Coherent-type nozzle with a share of the outer annular part of 75% 22.29 0.75
3 | Coherent-type nozzle with a share of the outer annular part of 65% 24.49 0.55
4 | Coherent-type nozzle with a share of the outer annular part of 50% 26.06 0.45
5 | Coherent-type nozzle with a share of the outer annular part of 45% 27.00 0.4
6 | Coherent-type nozzle with a share of the outer annular part of 35% 28.26 0.3
7 | Coherent-type nozzle with a share of the outer annular part of 25% 29.52 0.2

ISSN 2409-9066. Sci. innov. 2023. 19 (4)
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Fig. 6. Photo of a jet flowing from a coherent-type nozzle
with an inner diameter of the main nozzle of 1.6 x 10-* m and
a slotted annular part of 75% (@) and a jet flowing out of a
cylindrical nozzle with a diameter of 1.6 x 107 m ()

Fig. 7. Photo of a jet flowing out of a coherent-type nozzle
with an internal diameter of the main nozzle of 1.9 x 10* m
and a slotted annular part of 65% (@) and a jet flowing out of
a cylindrical nozzle with a diameter of 1.9 x 10~% m (b)

Fig. 8. Photo of a jet flowing out of a coherent-type nozzle
with an internal diameter of the main nozzle of 2.2 x 107> m
and a slotted annular part of 50% (@) and a jet flowing out of
a cylindrical nozzle with a diameter of 2.2 x 10-% m (b)

Study of geometric jet parameters. The pho-
tographs of coherent type jets at a certain pres-
sure, which are obtained at the next stage of the
study, have been compared with the photographs
of blowing through the comparative cylindrical
nozzles with a diameter corresponding to that of
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the central nozzle. At the exit from the nozzle, the
pressure in the jet exceeds atmospheric pressure,
and at some distance from the nozzle, the pres-
sure of the supersonic jet decreases to “equalize”
with atmospheric pressure. As the distance from
the nozzle outlet increases, the gas velocity and
the cross section of the supersonic jet increase. In
this case, the jet is over expanded and in its wi-
dest section the pressure is set below atmospheric
pressure. After that, the jet begins to narrow in
order to “increase” the pressure and to “equalize”
it with atmospheric pressure. The narrowing of
the jet leads to deceleration and to the appear-
ance of a “compaction” in some part of the jet
cross section, where the velocity slows down to
the subsonic one, and the pressure becomes high-
er than atmospheric, and the whole process is re-
peated again [29—30]. Figures 6—11 show the
comparisons of photo of jets flowing from the co-
herent-type nozzles and the comparative nozzles
of the corresponding diameter obtained under
the same blowing conditions (2 Mach). First of
all, it has been noted that visual compactions in
the jet (characterizing the conditions for the ap-
pearance of Mach disks) appear for experimental
nozzles at various pressures. In the photo, the
compactions are visible as light spots due to the
reflection of light rays from them.

So, for the comparative cylindrical nozzles with
a diameter of 1.6—2.8 10~* m, the pressure of the
appearance of Mach disks is about 170—180 kPa,
which corresponds to the previously indicated
dependencies [29—30]. For the studied coherent-
type nozzles, the pressure at which the first com-
pacted areas appear corresponds to large values
and depends on the share of the outer annular
part of the nozzle Figure12 shows the dependence
of the Mach disk appearance pressure on the share
of the outer annular part of the nozzle.

It has been noted that the dependence has a
maximum at a slotted fraction of about 50—65%.
At these parameters to reach the conditions At
these parameters, to achieve the conditions simi-
lar to the industrial ones (for the appearance of
Mach disks), a gas supply with a significantly
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higher pressure is required, namely, about 1.44
times higher as compared with the corresponding
comparative nozzles. For other studied parame-
ters of coherent-type nozzles, it is necessary to
exceed the pressure 1.05—1.17 times as compared
with the corresponding cylindrical nozzles. These
values are conditioned by the fact that for the
coherent-type nozzles, the total nozzle area is
larger than the area of the comparative nozzles,
and, accordingly, to achieve a supersonic jet, it is
necessary to supply a higher blowing gas pressure
to compensate for losses during blowing through
coherent nozzles [29—30].

In addition, the obtained extreme nature of the
dependence can be explained based on the results
of additional studies of the rarefaction created by
the outer annular jet. For such experiments, co-
herent-type nozzles are fabricated with indepen-
dent gas supplies to each of the parts (the central —
the main and outer annular part — the additional
flow). The external part of the nozzle is connec-
ted to a compressor with a receiver, and the inter-
nal part is connected to a pressure gauge capable
of measuring vacuum. The device for additional
experiments is shown in Fig. 13.

It has established that the jet that flows from
the outer annular part of the coherent-type noz-
zle creates a vacuum in the inner part of the noz-
zle. The value of this vacuum depends on the
share of the outer annular part and has an extreme
function with a maximum value of 21 kPa when
the share of the outer annular part accounts for
45—50% of the total area of the nozzle (Fig. 14).

The lowest vacuum pressure (5.3 and 10.0 kPa)
has been recorded at small shares of the outer an-
nular part of the nozzle (25 and 35% of the total
nozzle area, respectively). If the share of the out-
er annular part is 65 and 75%, the vacuum pres-
sure is slightly lower than at 45—50% and equal
to 18 and 16 kPa. Moreover, as the share of the
outer annular part increases, the vacuum pres-
sure decreases. The results obtained are in good
agreement with the results of measurements of
the Mach disk formation pressure for the experi-
mental nozzles.

ISSN 2409-9066. Sci. innov. 2023. 19 (4)

Fig. 9. Photo of a jet flowing out of a coherent-type nozzle
with an inner diameter of the main nozzle of 2.4 x 10-* m and
a slotted annular part of 45% () and a jet flowing out of a
cylindrical nozzle with a diameter of 2.4 x 1073 m ()

Fig. 10. Photo of a jet flowing out of a coherent nozzle with
an inner diameter of the main nozzle of 2.6 x 10* m and a
slotted annular part of 35% (a) and a jet flowing out of a
cylindrical nozzle with a diameter of 2.6 x 103 m ()

Fig. 11. Photo of a jet flowing out of a coherent nozzle with
an internal diameter of the main nozzle of 2.8 x 10 m and a
slotted annular part of 25% (a) and a jet flowing out of a
cylindrical nozzle with a diameter of 2.8 x 107 m (b)

Based on the obtained photos, we have noted
the visual differences of the jet from the coherent-
type nozzle. The jet flowing out of the cylindrical
nozzle is characterized by the braid-like struc-
ture: the light areas of jet compaction in the form
of rectangular light spots on the photo alternate
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Fig. 12. Dependence of the Mach disk appearance pressure
from the share of the slotted annular part in the coherent-
type nozzle

LSS TS

Fig. 13. The device for measuring the vacuum pressure in a jet
flow from the coherent-type nozzle: 7 — blowing lance; 2 —
experimental tip with nozzle; 3 — gas jet; 4 — manometer
measuring the vacuum pressure; 5 — compressor; 6 — mano-
meter indicating the gas pressure applied to the outer part of
the nozzle

with the barrel-shaped formations. They appear
due to the compressive effect of the environment
on the flowing jet. For the coherent jet, a more
complex structure is observed, due to the mutual
influence of the central and the external annular
flows. For the nozzle options with a larger share
of the annular slotted part (more than 45% of the
total area of the entire nozzle), along the jet, there
have been reported the formations alternating in
a checkerboard pattern (smaller compaction are-
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as and shorter areas of reduced pressure between
them). This nature of the jet causes the above-
mentioned increase in the jet pressure as com-
pared with only the cylindrical jet due to a great-
er number of compactions with smaller gaps be-
tween.

At the same time, for a share of annular part of
the nozzle of 50%, the least sharp picture has been
observed. Probably, in this case, the formed com-
pactions of the central and external flows mutu-
ally suppress each other. It manifests itself in the
greatest necessary pressure to achieve the condi-
tions for the appearance of Mach disks in this
case. At a slotted annular part of 25 and 35%, the
overall structure of the jet looks like a pattern of
the comparative one. However, in the areas where
the cylindrical jet has rectangular (disc-shaped)
compactions, for the coherent jet, there are se-
veral smaller formations in the form of compac-
tions arranged in a thombic pattern. This type of
jet formation is apparently responsible for the de-
creasing total weight and consequently, the de-
creasing jet momentum, as observed during the
weighing. The jet compaction section — shock
diamond — has a maximum pressure that is the
initiator of the further development of the jet ad-
vance, i.e. gives it an impulse, and the fragmented
section accordingly corresponds to a smaller sup-
ply of pressure, which contributes to advance-
ment. The resulting structure is probably caused
by the mutual influence of the main and protec-
tive external flows with the formation in each of
them of compactions due to the mutual superpo-
sition of these structures of the main and auxi-
liary flows instead of isolated Mach disks.

The geometric parameters of the fixed jets have
been measured and the results are shown in Table
3 for the blowing gas pressure corresponding to 2
Mach (typical conditions for blowing in indus-
trial units) in the given units i.e. nozzle calibers.
It has been found that the jet flowing out of the
coherent-type nozzles is wider than the jet flo-
wing out of the comparative cylindrical nozzle by
25.5—68.6% relative to the comparative nozzles
of the same diameter (for the cylindrical nozzles,
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the jet width is an approximate constant and
equal to an average of 1.4 nozzle calibers).

What is remarkable: at the same outer diame-
ter of all the studied coherent-type nozzles, the
larger the share of the outer annular part of the
nozzle, the wider the jet flowing from it by an
amount approximately corresponding to the
share of the additional part.

The exception is the nozzle with the outer an-
nular part of 50%. For this option, the width in-
creases as little as by 27.9%, as compared with the
width of the cylindrical jet. This behavior of the
jet is explained by a greater throughput and flow
rate passing through the additional component of
the nozzle. As a consequence, more air from the
medium is drawn into the flow.

As for the length of the jets flowing from the ex-
perimental nozzles: it has been noted that for the
cylindrical nozzles, the smaller the diameter of the
nozzles, the shorter the jet. For the coherent-type
nozzles, a decrease in the diameter of the central
part does not affect the length of the jet, which is
equal to 9.5 calibers, on average. The exception is
the nozzle with the outer annular part of 50%, for
which the shortest jet length is 6.27 calibers.

Also, it has been noted that that the distance
between the Mach disks in the coherent-type jets
decreases by 10—21% as compared with the jets

25
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y = —0.016x"+ 1.35x — 31.45
0 R*=0.901
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Area of the outer annular part
of the nozzle, %

Fig. 14. Vacuum pressure inside the coherent-type nozzle with
a different share of the outer annular part of the coherent-
type nozzle

flowing from the cylindrical nozzles when the
outer part of the nozzle is greater or less than 45—
50%. At about 45—50%, the deviation is maxi-
mum and accounts for about 30.0—33.3% of the
value corresponding to the cylindrical nozzles.
Summarizing the obtained results, the above-
established feature of the changing weight of co-
herent gas jets can be explained by considering in

Table 3. Results of Measuring the Geometric Parameters of the Jets Flowing
from the Experimental Nozzles(deviation from the comparative nozzles, %)

Diameter Coherent-type nozzles Cylindrical nozzles
of the central part
of the coherent-type -
No or the whole The length The jet ¢ average The length . The average
cyhgdrlcal nozzle, of the visible outlet glitayncs of the visible T}:je.,J;t (::uElet distance
x10° m / the share part of the jet, diameter, M ¢ }? g.e K part of the jet, ]dl'g er between Mach
of the outer part caliber caliber a? | Q1SS caliber catiber disks, caliber
for coherent nozzle caliber
1 1.6/75% 9.25(-32.5) 2.31(+68.6) 1.80(-10.0) 13.70 1.37 2.00
2 1.9/65 % 10.32(-12.2) | 2.16(+54.3) 1.23(-18.0) 11.76 1.40 1.50
3 2.2/50 % 6.27(-39.1) 1.88(+27.9) 1.05(-30.0) 10.30 1.47 1.50
4 2.4/45% 9.97(+6.3) 1.92(+37.1) 1.00(-33.3) 9.38 1.40 1.50
5 2.6/35% 9.22(+6.3) 1.81(+26.6) 1.53(-12.6) 8.67 1.43 1.75
6 2.8/25% 9.25(+24.5) 1.77(+25.5) 1.18(-21.9) 7.43 1.41 1.51
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detail what happens when the jet exits the cohe-
rent nozzle, in the shadow photos. It is known
that the gas jet «<breaks» when exiting the nozzle
due to a significant pressure difference inside and
outside the nozzle [29-30]. That is, the geomet-
ric dimensions of the jet at the initial stage exceed
1.5—2 times the diameter of the nozzle itself. This
process is necessary, because it creates the neces-
sary impulse for the further formation and spread
of the jet (cyclic pressure change in the middle of
the jet, which, under the conditions of supersonic
blowing, leads to the formation of diamonds —
Machdiscs). In the case of outflow from the co-
herent-type nozzles, the central jet shall have
conditions for the expansion in the initial section.
However, it has been established (see Table 3)
that when the central part of the coherent nozzle
increases, the diameter of the jet outlet decreases.
That is, the jet does not have the opportunity to
fully “open”, which, in addition to the increased
friction, has an additional negative effect on the
jet performance.
Thus, based on the results, it can be conclu-
ded that:
o the coherent-type jets are characterized by a
structure that is quite stable along the length;
o with a smaller share of the outer part of the
coherent-type nozzle (25—35% of the total area),
there is observed a visually longer jet as com-
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JOCUIIKEHHA HA TASOAMHAMIUHNX MOJEJIAX MOKJINBOCTI
BUKOPNCTAHHA COIIEJI KOTEPEHTHOTI'O TUILY AJIA ITPOAYBKHN
B YMOBAX KNCHEBOI'O KOHBEPTEPA

Beryn. TexHosorist KuCHEBOTO KOHBEPTYBAHHS € TTPOBITHOIO /IJIST OTPUMAaHHS KOHCTPYKIIITHOI CTasli 3aBIKU CBOIM He3arle-
PEYHMM IIepeBaraM.

IIpoGaemaTuka. B ymMoBax, XapakTepHUX JJIst OLIbIIOCTI KOHBEPTEPHUX 1eXiB YKpalHU, KOJIM BUXIHI [TapaMeTpu IIpo-
JTyBKH CYTTEBO 3MIHIOIOTHCS B XO/Ii KaMIIaHii, a IIPO/yBKa BAaHHU ITPOBOAUTHCS 3 TOCTIHHOIO BUTPATOIO KUCHIO Yepe3 3BIJali-
Hy (hypMy, OCHAIIlEHY HAKOHEYHUKOM 3 coIiaMu JlaBasist, He 3aBIK/U BAAETHCsT 3a0e31eunTy cTablIbHUIL IPOLIEC TPOLYBKY 3
BUCOKUMU II0Ka3HUKaMu onanosanna Buxignux rasis CO go CO,. Tomy akTyalbHUM y PO3BUTKY KHUCHEBOIO KOHBEPTYBaH-
Hs € BJIOCKOHAJIEHHS KOHCTPYKIIH MPOyBHUX IIPUCTPOIB (HAKOHEUHWKA 1 corred).

Mera. /locrikenis MOKINBOCTI BUKOPUCTAHHS COTIEJ KOTEPEHTHOTO TUITY /LIS YMOB BEPXHbOI KUCHEBOI POAYBKU Y
KOHBepTepi.

Marepiamu Ta MeToau. 3pas3ku JabOPATOPHUX COTIEJ KOTEPEHTHOTO THILY, sIKi BiAPISHSAIOTHCS CIIBBIIHOIIEHHSIM 1IE€HT-
pasibHOI Ta nepudepiiiHoi yacTuHu npu 36epeKeHHI PIBHOCTI 3aTa/IbHUX YMOB BUXO/Y CTPyMeHs1 (BiICOTOK KiJIbIIEBOTO 3a-
30y 210 3arajIbHoi o coa, % : 75, 65, 50, 45, 35, 25). Ix po6oTy pociimKyBanm MIIAXOM OLIHKH IMITY/ILCY 3BayKyBaHAM
Ha Barax ta TiHboBoro dotorpadyBaHHs IPU JOCATHEHHI MTBUIKOCTI FA30BOT0 TIOTOKY Ha BUXOJI 3 corra Ha piBHi 2 M. Pe-
3yJIBTaTH TIOPiBHIOBAJIM 3 TapaMeTpaMi IIMJIIHPUYHUX COTIE] BiJIIIOBIZIHOTO JliaMeTpa.

Peayapratu. [Ipn mogaui mpoxyBHOTO Ta3y Ha piBHI 2 Maxa KOTepeHTHUI THI COTIeJ 3 YaCTKOIO 30BHINIHBOI YaCTHHU
65—75 % crpusie yTBOPEHHO Gl IIMPOKUX cTPyMeHiB (B 1,5—1,6 pasu OPIBHSHO 3 IUJITHAPUYHUM COILIOM ), 3 XapaKTep-
HOIO 6araTo BY3JIOBOIO CTPYKTYPOIO 3 KOPOTKUMM IIPOMIKKaMK Mik HUMU. Bit cripusie 361/IbIIeHHIO IMITYJIbCY CTPYMEHST Ha
45—55 %.

BucnoBku. BuznaueHy KOHCTPYKILIIO COTJIa KOTEPEHTHOTO THILY PEKOMEH/[0BAHO JIJIs1 BUKOPUCTAHHS 5K JIPYTOTO KOHTYPY
HAKOHEYHKKa ab0 COTIesT JIPYTOTO SPYCY BEPXHBOT KHCHEBOT (DypPMH, MPU3HAYCHUX IS OMATIOBAHHS BiJIXIIHIX Ta3iB B KUC-
HeBOMY KoHBepTopi. [Ipn oMy mpornosoBaHo migBuIieHHs edekTuBHOCTI AonamoBanHsd CO BiIXiTHUX KOHBEPTEPHUX
rasis uepes 30LIbLICHHS IOl PEaKI[iiHOT IOBEPXHI I0aTKOBUX KUCHEBUX CTPYMEHIB.

Kniouosi crosa: Bepxus npojyBHa Gypma i KOHBEPTEPA, KOT€PEHTHE COIJIO, 30BHINIHA KijIblleBa YAaCTHHA COILIA, Maca
CTPYMEHS, FeOMETPUYHI TTapaMeTPU CTPYMEHsI.
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