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Purpose. To prove the correspondence of the mathematical description regarding the process of the furnace charge material
efflux out of the collecting bin of the bell-less top charging mechanism of a blast furnace as a result of the full-scale modeling of
the studied process.

Methodology. Full-scale modeling of mechanical systems based on the Newton number is employed in the research study.
Experimental investigation of the process of the burden efflux out of the collecting bin of the bell-less top charging mechanism of
a blast furnace is fulfilled at the scale of 1 : 10.6. The correspondence of theoretically-calculated volumetric burden flow rate is
tested and compared with the results of the full-scale modeling.

Findings. The volumetric flow rate of the burden is determined both experimentally and theoretically taking into account vari-
ous degrees of opening sliding charge gate. It is found that the change in the opening angle of the sliding charge gate of the charg-
ing feeder bin model from to 1 radian results in the raise of the volumetric burden flow rate from 0 to 0.0014 m3/s while maintain-
ing the free-dispersed nature of the flow. The integrated effect of granulometric furnace burden characteristics as well as geometric
parameters of the bin delivery part on the volumetric furnace burden flow rate out of the bin is outlined. Empirical dependencies
for model-sized sinter and coke consumption rates are developed. According to the results, the adequacy of the mathematical de-
scription regarding the process of the furnace charge material efflux out of the collecting bin of the bell-less top charging feeder in
terms of the blast furnace is proven as a result of the full-scale modeling of the studied process.

Originality. First-ever, complex dependencies of the furnace charge flow rate on the opening angle of the sliding gate, the con-
figuration of the delivery part of the bin, the size of the used furnace charge are established. Thus, the flow rate increases with the
rise in the opening angle of the sliding gate, the reduction in the equivalent diameter (average size) of the particles of the furnace
charge materials, the angle of the delivery part of the bin.

Practical value. The results can be used for determining the technological parameters of charging a modern blast furnace under
various raw materials conditions. This will enable to make the furnace feeding system more automated, which will result in more
efficient use of expensive furnace charge materials, reduction in power consumption and decrease in harmful impact on the envi-
ronment. Recommendations regarding the selection of sizes for both the blast furnace feeding system elements and furnace burden
for the corresponding modeling are provided. This makes any furnace feeding system unit modeling as well as various mechanical
system design possible.

Keywords: blast furnace, charging mechanism, collecting bin, structural-mechanical areas, sliding charge gate

Introduction. Blast-furnace smelting remains the dominant occurring with burden moving along channels of a blast fur-

aspect of the pig iron production technology in the world.
However, the conditions for its implementation are becoming
much more complicated today. This is due to the deterioration
in quality and rise in prices of raw materials used [1], higher
requirements for the quality of a produced product, as well as
more stringent environmental safety requirements [2]. Modern
studies of blast furnace charging processes are often performed
using the full-scale modeling. Modeling is a method for task
solution in which a system under study is replaced by a simpler
object, which, in its turn, represents real equipment and is
called a model. Both elements of a charging system and an en-
tire system in general are modeled [3]. Modeling makes it pos-
sible to obtain qualitative and quantitative values of processes
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nace bell-less charging top. Mathematical models of burden
flows should be tested experimentally to achieve the necessary
accuracy of any process description. The use of models ensures
a number of advantages: low cost, time and resources saving,
high repeatability, accuracy, visual clarity and versatility.

In the publication [4], experimental studies of dynamic
parameters of burden flow in bell-less charging channels were
performed. Qualitative regularities of material distribution in a
rotating chute and on a stock surface were established. How-
ever, modeling criteria (on the basis of which geometrical di-
mensions of a full-scale charging system model were selected)
were not indicated and sizes of experimental burden were not
justified.

To date, many researchers are analyzing the dynamics of
burden using various application packages based on the finite
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element method [5]. The simplest relations of a stressed con-
dition and hopper geometry are established. This approach is
noteworthy only when taking into account the minimal num-
ber of factors that influence the determination of material dis-
charge parameters. With the introduction of recording the in-
fluence of more than five factors, models become much more
complex and provide results with a rather low accuracy.

One of the main components of blast furnaces bell-less
charging tops with rotating chutes are burden hoppers. In a
blast furnace design, burden hoppers serve both as receiving
hoppers and components that well determine a velocity of
blast furnace charging, as well as a nature of the radial and cir-
cumferential distribution of burden on a throat.

To date, nevertheless, existing methods for determining
basic parameter values of bulk material discharge from hop-
pers are generalized, which does not allow optimizing the
charging process in each particular case and reduces blast fur-
naces efficiency by 1-3 %.

Literature review. A great number of works address the de-
termination of rational and optimal parameter values of bulk
material discharge from hoppers and describe methods for
calculating a flow rate and discharge rate for receiving hoppers
of bell-less charging tops.

The following relation is given in the publication [6] for
determining a mass flow rate from a hopper outlet

4
Q:;C'pb\/gDh‘A/w (D

where C is a dimensionless constant; p, is material density; D,
is an average hydraulic diameter; 4, is an outlet area.

The expression (1) does not take into account a number of
features of burden discharge from receiving hoppers of blast
furnaces bell-less charging tops. First of all, the geometry of a
hopper outlet section, discharge chute tilt angle and outlet
configuration influence a material flow rate from a hopper.
A gate of a bell-less charging top receiving hopper has a com-
plex geometry; therefore, it is not enough to take into account
the influence of its change on a flow rate only by a hydraulic
radius. In addition, dimensionless coefficient C varies within
quite a broad range and there are no recommendations for
choosing its rational value for a specific design of a receiving
hopper. The advantage of the expression (1) is its simplicity
and ease of calculation, howeyver, its application involves a sig-
nificant difference between theoretical and experimental re-
sults.

Quantitative analysis of burden discharge is described in
the publication [7]. Based on this analysis, it is possible to de-
termine flow rates from blast furnace charging device hoppers,
but no analytical expression was obtained in the publication.

In the publication [8], the influence of shape and size of
blast-furnace burden particles on the formation of blast fur-
nace burden ratio was studied. Main factors that influence a
throughput capacity of a charging system of a blast furnace
equipped with a bell-less charging top are also analyzed here.
It is noted that the narrowest place in terms of system through-
put capacity is a receiving hopper outlet.

Researchers [9] compared theoretical and experimental
results to determine the influence of hopper outlet shape on
burden flow dynamic parameters.

In the article [10], computer modeling of processes occur-
ring in a hopper during its discharge was performed. Depen-
dence diagrams of mass discharged from a hopper in time in
given. Also the formula to determine a material discharge rate
from a hopper of a defined shape is given

5
W =C-pyg(Dy—kd)2, @)

where C is a constant, determined by bulk properties, and its
value is empirically within the range of 0.55 < C < 0.65; p, is
bulk density; g is gravitation acceleration; D, is an outlet diam-

eter; k is a shape factor and is usually taken equal to 1.5 for a
spherical particle; d is a particle diameter. In this method (2),
particle shape is already taken into account; however, proper-
ties of material itself are not reflected in the expression.

Considering the above, the drawbacks of the above meth-
ods are the lack of a comprehensive consideration of the influ-
ence of physical and mechanical characteristics of the used
burden, its grain size composition, receiving hopper outlet
shape and configuration of a hopper section adjacent to an
outlet on parameters of burden flow along channels of a blast
furnace charging device.

Therefore, the creation of an experimentally confirmed
analytical method for forecasting the effect of the stated fac-
tors interaction on burden flow is an urgent unsolved scientific
and technical problem.

The purpose of the study is to assess the appropriateness of
the method for forecasting the effect of the stated factors inter-
action on burden flow based on the results of the full-scale
modeling of burden discharge from a blast furnace bell-less
charging top receiving hopper model.

Methods. A diagram of a hopper of a bell-less charging top
with a burden sliding gate is shown in Fig. 1.

Dashed lines show the trajectories of burden particles in a
hopper when it is emptied.

Before performing an experiment, it is necessary to choose
variable factors, i.e. establish main and secondary characteris-
tics that influence the process under study, analyze the design
diagrams of the process. A correct choice of the main and sec-
ondary factors is important for experiment effectiveness, since
it involves finding relations between these factors.

A hopper is conventionally divided into three areas. Area I
(Fig. 1) features the “piston” motion at low rates and the same
kinematic characteristics. In Area 11, bulk cargo also moves at
a low rate, being in a plastic state, and Coulomb’s law is true
for its internal stresses. Area 111 is divided into three structur-
al-mechanical zones, shown in Fig. 2. The flow rate from a
hopper model was adjusted by changing the position of a bur-
den gate. Experimental burden was fed through the throat /.
Due to the gravity effect, burden moved through the main and
discharge sections of the hopper.

Model dimensions were chosen taking into account gen-
eral points of the modeling theory. According to this theory, it
is necessary to maintain the equality of similarity criteria made
up of parameters of a blast furnace charging device and model
of its units.

Based on the fact that a bell-less charging top is a mechan-
ical system, hopper parameters were taken using the criterion
of mechanical similarity. That is, the Newton criterion shall be

Fig. 1. Diagram of a receiving hopper of a blast furnace bell-less
charging top with a sliding gate:
1 — charging throat; 2 — main section of a hopper; 3 — discharge
section of a hopper; 4 — sliding gate for burden
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met for the model being developed and existing blast furnace,
which is as follows
_F -2

Ne = R
M-I

3)

where F'is force; t is time; M is batch mass; / is movement by
the force.

Since gravity is the moving force, then the value F = Mg
can be inserted in (3). Then (3) can be represented as

2
Ne:gi.
I

Burden flow in a throat is proportional to the value
h +h

S (4
h.+h,
material dumping profile on models of a charging device in
central, middle and peripheral zones of a throat. The authors
proposed a geometric outline of a layer in a vertical section as
a decisive similarity criterion, which is as follows

P,+P,
Oy = ’
sh PC+PS

, wWhere hj, h, h, are the geometrical parameters of

where P,, P., P, are the parameters of a burden layer (layer
thickness, mass, etc.) in a peripheral, middle and central
chambers of a throat of a bell-less charging top model.

The following dimensionless values can be the modeling
criteria

2 4)
cp Dy
where D is a throat diameter, dcp is an average burden particle
size; M is feeding mass; y is a bulk mass of burden. The model-
ing criteria should be identical both for a model and real
charging device of a blast furnace.

To ensure compliance between a model and real charging
device, it is necessary to find an automodeling region, i.e. a
region where the change in a ratio of a throat diameter to an

. . D . - .
average burden particles size Jen influences the decisive cri-
cp

D
terion slightly. An automodeling region occurs at zz 430.

To determine the scale of model development, we trans-
form (4)
M M

n — m . 5
Dy, Dy, ©)

The “n” indices mean attribution to real parameters, and
the “m” indices mean attribution to model parameters. Since

D
the scale of a model can be calculated as a ratio C = D" , then
(5) can be transformed as follows "
M
C =y =alm, 6)
M,y,

Thus, according to (6), the scale in relation to the actual
sizes of the hopper of the blast furnace bell-less charging top
No. 9 of PJSC “ArcelorMittal Kryvyi Rih” is taken as 1 : 10.6.

The above approach for determining the necessary sizes of
a unit model as a mechanical system is suitable for any charge-
conveying component of a modern blast furnace. Using this
method, it is possible to model burden flow along tilted spouts,
chutes and pipes, as well as in a throat area. This makes it pos-
sible to study a wide range of technological parameters of bur-
den flows and recommend the adjustment range of control
impacts on a system as a whole based on the results obtained.

The experiment was performed using a mixture of sinter of
fractions of 0.5—1; 1.5—2; 3—5 mm with a ratio of 20 : 60 : 20

and coke with a size of 6.5—8 mm. The mass of a single batch
was 25 kg. These parameters fully comply with all the model-
ing criteria of burden flow along channels of a blast furnace
bell-less charging top (relations 4, 5, 6).

Let us consider burden discharge from a bell-less charging
top hopper model. Fig. 2 shows a diagram with the designation
of structural-mechanical state zones [11].

In the zone of the dynamic bridge C, bulk cargo particles
form movable bridges moving downward, sliding along walls of
a channel, the width of which is equal to the outlet width. A ve-
locity of bulk cargo particles increases significantly, and their
trajectories approach vertical lines due to the gravity effect.

In the collapse (mixing) zone D, due to velocity increase,
links between bulk cargo particles are disrupted, a free-dis-
persed motion begins, and the particles are in a continuous
chaotic motion, colliding with each other, and their velocity
increases due to the gravity effect. Zone D is of the greatest
interest for the research, since it is located at the end of the
hopper discharge section and kinematic parameters of mate-
rial discharge from the hopper are determined in it.

Zone Fis the area of immovable burden.

The volume flow rate of burden can be calculated by the
formula [11]

Q:nbalﬁ g, (7)

where n is a dimensionless coefficient of bulk cargo flow rate
from the hopper; b is the length of the hopper slotted opening;
gis gravitational acceleration; a is the height of the hopper dis-
charge section.

The coefficient 1 in equation (7) is determined by the for-
mula

dn,sina

n= . (®)
Jo?sin2a+ k2K, K,

In expression (8), the values 9, K; and n, are determined as
follows

8= ©)

Kﬁ%(ﬂm); (10)

1.5
Mo =¥Sin((pc +B)B\/A+x[1tgaJ , (D

+ K, tga
1
where x:f+7ﬂ/1+f2.

e

Fig. 2. Diagram for determining a flow rate from the hopper
model with an adjustable outlet
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In expressions (8—11), d is an average size of burden; fis
the coefficient of internal friction of burden as bulk cargo; f is
an inclination angle of an outlet section of bulk cargo from the
hopper with an adjustable gate; o, is an inclination angle aver-
age value of a velocity vector V' of cargo particles discharge
from the hopper to the horizontal, K, is the coefficient taking
into account outlet shape (for a rectangular outlet K, = 1, for a
circular outlet K, = 3).

In the equation (11), coefficients A4 and B are calculated by

the formulas
(K, +tgg, )y1+1tg’p

tgf+tgo,

4 lgo (K ~tgp).
tgB+tge,

The extent of sliding gate opening is determined by the
angle a. In this case, the angle f§ is determined by the formula

a/l —coso (

tgB = 0<0<0.57).

sino
The average value of the angle o, is

5~ M (O.STE—OL <@, < 0.57:).

In the real blast furnace charging system, the receiving
hopper has a sector burden sliding gate. It is designed in a way
that the maximal gate opening coincides with an opening an-
gle of 60°. In this regard, dependence diagrams below are de-
signed for gate opening angle within 0—60°.

Fractions of experimental bulk material for a hopper mod-
el are given in [10]. Material particle size was determined as an
arithmetic average of sizes of all fractions found in it. Such an
approach does not ensure a sufficiently accurate account of the
influence not only of the fraction size, but also of its content in
the entire volume of the experimental bulk material. There-
fore, in this work, the average burden particle size was calcu-
lated taking into account the following relation

d=3dv, (12)

where v is a portion of material with the appropriate size. Val-
ues of (12) were inserted in (8 and 9).

Experimental studies were performed as follows. Material
of a defined mass and grain size composition was fed into the
hopper model. The necessary gap was ensured using the slid-
ing gate 4 (Fig. 1) and the process of burden discharge was
started. After dumping completion, batch discharge time was
recorded. The flow rate was calculated as a ratio of charged
material volume to time of its discharge. The volume was de-
termined as a ratio of batch mass to its bulk mass. 20 tests were
performed for each extent of hopper model gate opening. The
authors chose ten gate positions.

Using the experimental data, a single-factor regression
analysis was performed. A regression relationship with a deter-
mination coefficient of 0.99 for sinter and 0.98 for coke was
obtained as a result of the analysis. The expression of the sinter
flow rate from the hopper is as follows

0=1.457-107 0% ~1.146-104, (13)

where o is an extent of sliding gate opening of the blast furnace
charging device receiving hopper model.
For the coke it was respectively

0=1.14-103 0! +7.3-10°C. (14)

Fig. 3 shows dependences of a burden flow rate on an ex-
tent of hopper model sliding gate opening.

Points 7 show the average values of the experimental flow
rates for one position of the sliding gate for model burden in
the form of sinter. The values 2 for coke are marked in the
same manner. Curves 3 and 4 represent theoretical depen-

nmi4
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0.001
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Fig. 3. Dependence of burden flow rate on an opening angle of
the blast furnace bell-less charging top hopper model sliding
gate

dences for the flow rate, obtained using the expression (7) for
iron ore materials and coke, respectively. In this case, the de-
termination coefficients for the experimental and theoretical
dependences were 0.95 and 0.97 for coke and sinter. Curves 5,
6 represent regression dependences for sinter and coke (ex-
pressions (13) and (14)). As we can see, the theoretical and
regression curves represent the process of burden discharge
from the blast furnace bell-less charging top hopper model
with quite a high precision (absolute deviations are less than
2%).

To assess the correctness of the regression curves, the au-
thors chose the least squares method as the most effective
method in the case under consideration. Using a simple math-
ematical technique, this method allows quickly assessing the
convergence of two dependences — experimental-regression
and theoretical ones — with a high accuracy. The sum of
squared deviations, calculated using this method, for iron ore
materials was 1.152 - 10~® and 1.661 - 10~® for the regression and
theoretical curves, respectively. Deviations for the coke flow
rate curves are 5.26 - 10~ and 1.482 - 1078, The obtained devia-
tion values are significantly less than 1 %; therefore, the de-
pendences can be successfully applied in practice. The calcu-
lations and visual analysis of the curves performed by the au-
thors prove good convergence of the experimental and theo-
retical results. Thus, types of mathematical dependences are
proposed, which can replace the formula (7) for burden with
specific grain size and physical and mechanical parameters.

The pattern of curves 3, 4 and 5, 6 is very similar to the
dependence diagrams in the publication [10]. However, the
formula (2) provides values which are comparable with the ex-
perimental ones only with the maximal opening of the hopper
model sliding gate. This may be due to the fact that, when the
burden gate is fully open, hopper outlet shape is close to the
correct one and the coefficient C selected in [10] corresponds
to actual flow rate values. Rise of the coefficient C results in
that, with small gate opening, the flow rate coincides with the
experimental flow rate, but when the gate opens by more than
60 % of the maximal opening, the values are significantly
higher. Similar results are obtained by analyzing methods de-
scribed in [6].

The correctness of a mathematical model of burden dis-
charge from the receiving hopper outlet rather strongly influ-
ences the determination of actual values of dynamic parame-
ters of burden flow along channels of a charging device of a
blast furnace equipped with a bell-less charging top. Taking
that burden flow rate in all the components of the charging
system at the blast furnace throat is a constant value for each
corresponding opening of a burden sliding gate, it becomes
possible to analytically determine the geometry and kinemat-
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ics of burden flow anywhere in the channel of the charging de-
vice. To ensure a burden ratio at the blast furnace throat, it is
important that an iron-containing materials layer is uniformly
covered with a coke layer. This is possible only in case of coin-
cidence of intersection points of iron ore portion and coke tra-
jectories with a burden stock surface on the throat. Since coke
and iron ore fractions have different grain size composition,
physical and mechanical properties, so, to ensure trajectory
coincidence during the charging, it is necessary to adjust a vol-
ume flow rate and, as a consequence, material discharge rate
from a hopper, which directly influences a rate of burden dis-
charge from a chute. Change of initial conditions of burden
flow in a blast furnace throat area by changing a flow rate from
a receiving hopper is an important factor for controlling the
operation of a blast furnace and ensuring its effective running.

Thus, using the method in [11] allows extending the range
of parameters taken into account, which have a significant in-
fluence on burden discharge from a hopper. Using this method
does not stipulate the use of numerical coefficients, value of
which is chosen empirically. It is important that a ratio of an
outlet slot width and bulk material portion size is taken into
account when calculating a volume flow rate. For certain sizes,
some zones of an outlet section do not operate, which should
be taken into account when calculating a flow rate. The meth-
od proposed by the authors takes into account the change in
sizes of structural-mechanical zones with the change in sliding
gate opening.

To use (7) in an automatic charging control system of a
modern blast furnace, it is possible to plot a variety of curves
for various equivalent diameters of iron ore portion of burden
and coke and subsequently approximate them using simpler
mathematical expressions. They can be of type (13, 14).

Conclusions. According to the full-scale modeling results,
it was established that the dependence of a volume flow rate of
burden from a charging device receiving hopper outlet on a
gate opening angle can be described as a power-law depen-
dence Q(a) = A - o+, where the values A, & and y depend on
a type, physical and mechanical properties of burden. The ob-
tained modeling criteria are valid for the entire system of
charging device components of a modern blast furnace. Grain
size composition and type of burden have the greatest influ-
ence on a volume flow rate. Rise of the parameter o within the
range of 0 to 1 radian increases a volume flow rate of burden by
0 to 0.0014 m’/s. The results of the full-scale modeling con-
firmed a high degree of conformity of the method described in
the publication [11] to real data, which provides reasons to rec-
ommend it for use in engineering calculations. The method
described in the publication [11] can be recommended for
high-accuracy calculations and forecast of possible process
situations for any configurations and capacities of receiving
hoppers, when using burden of different quality (type of mate-
rial) and with different physical and mechanical (grain size
composition, friction coefficients, and others) parameters,
and any burden charging systems of modern blast furnaces.
This method can be successfully applied in modernizing auto-
mated blast furnace charging control systems, which will in-
crease the efficiency of blast-furnace smelting and make it
easier for process personnel to make decisions.
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Merta. BctaHoBUTH aneKBaTHICTb MATEMATUYHOTO OITHCY
MpOoLIECY BUTIKAHHS IIIMXTOBUX MaTepialiB i3 HAKOITUYYBaJlb-
HOTo OyHKepa 6e3KOHYCHOT0 3aBaHTaXKyBaJIbHOTO MTPUCTPOIO
JIOMEHHOI Teyi pe3ybTaTaMi HaTypHOI'O MOJETIOBaHHS 10-
CJIIDKYBAHOTO TIPOLIECY.

MeTtoauka. ¥ po0OTi BAKOPHUCTAHO HATYpHE MOJIETIOBaH-
HS MEXaHIYHMX CHCTeM Ha OCHOBi KpUTepilo MomiOHOCTI
Helotona. IlpoBeneHi ekcnepuMeHTaIbHI TOCTIIXKEHHS
MPOLIECY BUTIKAHHS IIMXTOBUX MaTepiajiB Ha MOJeJIi HaKO-
MUYyBaJIbHOTO OyHKepa 0€3KOHYCHOIO 3aBaHTaXKyBaJlbHOTO
MPUCTPOIO TOMEHHOI Ieyi, BUKoHaHoi B Macmrtabi 1 : 10,6.
AJIEKBAaTHICTh TEOPETUYHO PO3PAXOBAHUX O0O’€MHUX BUTpAT
LIMXTU OLIHIOBAJIM iX 3iCTaBJIECHHSM 3 pe3yJibTaTaMu HaTyp-
HOTO MOJIEJTIOBAHHSI.

Pesynbratu. EXcriepyMeHTaIBbHO 1 TEOPETUYHO AJI5T Pi3HUX
CTYIIEHIB BiIKPUTTSI IIMXTOBOTO 3aTBOpa BU3HA4YeHa 00’€MHa
BUTpaTa IuXxTu. BcTaHoBIeHO, 1110 3MiHa KyTa BIIKPUTTS LIAX~
TOBOTO 3aTBOpPA Ha MOJIENi OYHKepa 3aBaHTaXyBaJIbHOTO MPH-
crpoto B Mexkax Bif 0 10 1 pamiaHa nMpy3BOIUTD 10 301IbILIEHHS
06’emHoi BuTpaty mmxty Bin 0 1o 0,0014 M*/c 3a 36epekeHHs
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BUIbHO-IIMCIIEPCHOTO XapakTepy pyxy. BusiBiIeHO KoMIuiek-
CHUI BIUTUB I'PAHYJIOMETPUYHUX XaPAKTEPUCTUK IIUXTOBOTO
Marepiasy i reOMETpUYHMX MapaMeTpiB BUITYCKHOI YaCTUHU
OyHKepa Ha 00’€MHY BUTpATy IIMXTOBUX MaTepialliB 3 OyHKepa.
Po3pobiieHi eMnipuyHi 3a1€3KHOCTi BUTpATH [UIs arioMepary i
KOKCY MOJEJIbHOTo po3Mipy. Ha ocHOBI oTpuMaHuX pe3y/ibTa-
TiB 3p00JIEHO BUCHOBOK IOJO aeKBATHOCTI MaTeMaTUYHOTO
OITUCY TTPOLIECY BUTIKAHHS ITMXTOBUX MaTEPialiB i3 HAKOIIUYY-
BaJIbHOTO OyHKepa OEe3KOHYCHOTO 3aBaHTaXXyBaJIbHOIO IpH-
CTPOIO JJOMEHHOI I1e4i pe3yibTataM HaTypHOIO MOJE/TIOBAHHS
JOCJTITIXKYBaHOT'O MPOLIECY.

HaykoBa HoBHM3HA. YTiepiile BCTAHOBJICHI KOMIUIEKCHI 3a-
JIEXKHOCTI BUTPATU LIMXTU Bifl KyTa BiIKPUTTS LIMOEPHOrO
3aTBOpa, (opMU BMITYCKHOI YaCTMHM OYHKepa, po3Mipy
LIKUXTH, BIIMOBIAHO 10 IKUX BUTPATa 3pOCTAE MPU 301IbIIEH-
Hi KyTa BiIKpUTTS 1I1Oepa, 3MeHILEeHHI eKBiBaJIECHTHOTO Jlia-
MeTpa (CepeqHix po3MipiB) YACTMHOK IIMXTOBUX MaTepiaiB,
KyTa HaXWJly BUITyCKHOI YaCTUHM OyHKepa.

IIpakTnyna 3HaymMicTb. OTpuUMaHi pe3yabTaTU MOXYTb
OyTH BUKOPUCTAHI JIJIs1 BU3HAYEHHS TEXHOJIOTTYHUX Mapame-
TPiB 3aBaHTaXXEHHS Cy4yacHOI IOMEHHOI Tevi B pi3HUX CUPO-
BUHHMX yMoBax. Lle 103BOJIMTD 30iIbIINTHU CTYMiHb aBTOMa-
TU3allii CUCTEMM ILIMXTOMOAAYM, IO TIPU3BENe 10 Oiabll
e(eKTUBHOrO BUKOPUCTAHHSI TOPOTUX LIMXTOBUX MaTepia-
JIiB, 3HIKEHHSI CIIOXUBAHHSI €HEepropecypciB i 3HUXKEHHS
LIKiJJIMBOTO BIUIMBY Ha HaBKOJUIIHE cepenoBuie. Chop-
MYJIbOBaHi pekoMeHpalil 1100 BUOOpPY po3MipiB Momeli
€JIEMEHTIB CUCTEM 3aBaHTaXXCHHSI TOMEHHOI Tevi Ta IUXTU
st MonemioBaHHs. Lle mo3Bossie MozmemoBaTu Oymb-sIKUIA
arperaTt CUCTEMH LUMXTOIMOAAYM TeYi SIK MEXaHIUHY CUCTEMY.

KmouoBi cioBa: domenna niu, 3aeanmanicyganvHuil npu-
cmpiil, OYHKep, CMpYKmYPHO-MeXaHIYHI 30HU, WUXMOGULl 3a-
meop
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MaTepuaioB U3 OYHKEepPOB 0€CKOHYCHbIX
3arpy304HbIX YCTPOMCTB JTOMEHHON meyn
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Menb. YcraHOBUTH aneKBaTHOCTb MaTeMaTUYECKOTO
OIMKMCAaHUS TIpollecca UCTECUCHUS IIMXTOBBIX MaTepUaIoB U3
HaAKOITUTEJIbHOIO OyHKepa OECKOHYCHOro 3arpy304HOro
YCTpOICTBa JOMEHHOM TIeUM pe3yIbTaTaMKi HaTypHOTO MOJIe-
JIMPOBaHUSI MCCIENyeMOro TMpoliecca.

Metoauka. B pabore MUCIOJIb30BAHO HATYPHOE MOJIEIN-
pOBaHME MEXaHUUYECKHX CUCTEM Ha OCHOBE KPpUTEPHSI MO0~

ous HproToHa. [1poBeneHbl 9KCepuMeHTaIbHbIE UCCIEI0-
BaHUs Tpollecca UCTEYSHUSI IIUXTOBBIX MaTepHaIoB Ha MO-
NIeJIM HAaKOTUTEJIbHOTO OyHKepa OeCKOHYCHOTO 3arpy304HO-
r'o YCTpPOMCTBa JOMEHHOM TeYH, BBIMOJHEHHOM B MaclTabe
1:10,6. AneKBaTHOCTb TEOPETUUECKH PACCYUTAHHBIX OOBEM-
HBIX PACXOJOB IIIMXThI OLIEHUBAIN X COIMOCTaBIEHUEM C pe-
3yJIbTaTAMKU HaTYPHOTO MOJIEJTMPOBAHMSI.

Pe3yabpraTel. DKCIEpUMEHTAIbHO U TEOPETUYECKU IS
Pa3IMYHBIX CTETIeHel OTKPBITHS IMXTOBOTO 3aTBOPA OIpe-
neseH O0beMHBIN PACXO IIMXThl. YCTAaHOBJIEHO, YTO M3Me-
HEHWE yIjla OTKPBITHS IIIMXTOBOTO 3aTBOpa Ha MOJAEIN OyH-
Kepa 3arpy304Horo ycrpoiictna B npeneiax ot 0 1o 1 paguaHa
MMPUBOIUT K YBEJTMYCHUIO 00 BEMHOTO pacxoaa IuXThl oT ) 10
0,0014 m3/c npu coxpaHeHUM CBOOOIHO-IUCIEPCHOTO Xa-
pakTepa IBUXKEeHUs. BBISIBIeHO KOMIUIEKCHOE BIVSTHUE Tpa-
HYJIOMETPUYECKHX XapaKTePUCTUK IIUXTOBOTO MaTepuasia u
reOMEeTPUIECKUX MTapaMeTPOB BBITTYCKHOI YacTu OyHKepa Ha
00BEMHBII pacxo IIMXTOBBIX MaTepuaoB U3 OyHkepa. Pa3-
paboTaHBl SMITMPUIECKUE 3aBUCUMOCTH pacxoja Ul arjio-
MepaTa 1 KOKca MofieJIbHOTo pa3mepa. Ha ocHoBe mosyueH-
HBIX pe3yJIbTaTOB CIeJlaH BBIBOI 00 aleKBaTHOCTA MaTeMa-
TUYECKOTO OMMCAHUS TTpollecca NCTEYCHHUSI ITMXTOBBIX MaTe-
pUAJIOB U3 HAKOMUTEILHOTO OYHKepa 0eCKOHYCHOTO 3arpy-
30YHOI0 YCTPOMCTBA AOMEHHOM Ie4u pe3yabTaTaM HaTypHO-
IO MOJIEJIMPOBAHUS UCCIIEAYEMOTO Mpoliecca.

Hayunas HoBu3Ha. BriepBble yCTaHOBJIEHBI KOMILIEKC-
HbIC 3aBUCUMOCTHU PAacXo[a IIUXTHI OT YIJIa OTKPBITUS K-
OepHOro 3aTBopa, (hopMbl BBIITYCKHOM YacTh OyHKepa, pa3-
Mepa IIUXThbI, B COOTBETCTBUU C KOTOPBIMU PACXO BO3pac-
TaeT MPM YBEJWUYEHUU yIJIa OTKPBITUS IIMOepa, yMEHbIIe-
HUU 3KBUBAJICHTHOTO OUaMeTpa (CpeagHMX pa3MepoB) 4Ya-
CTHUIl IIUXTOBBIX MaTepUaJOB, YIja HaKJOHA BbIMYCKHOM
yacTtu OyHKepa.

IIpakTiyeckass 3HaYuMocTb. [lojyyeHHbIE pe3yabTaThl
MOTYT OBITh MCIIOJIb30BaHbI IUTS OTIPEICICHUST TEXHOJIOTUYE-
CKMX MapaMeTPOB 3arpy3Ky COBPEMEHHOI JOMEHHOM MeYu B
PAa3JIMYHBIX CHIPHEBBIX YCIOBUSIX. DTO TTO3BOJIUT YBEIMUUTh
CTerNeHb aBTOMATU3allMU CUCTEMBI IIUXTOIOAAYN, YTO MPU-
BeleT K 601ee 3(p(heKTUBHOMY MCTIOJIb30BAHUIO TOPOTOCTOS -
IIMX IIMXTOBBIX MaTepUaoB, CHUXEHMIO TMOTPEOJeHUS
SHEPropecypcoB M CHIDKEHUWIO BPEIHOTO BO3IEHCTBHS Ha
okpyxatoliyto cpeny. ChopmynrpoBaHbl peKOMEHAAIMHU 110
BBIOOPY pa3MepoOB MOJEIU 3JIEMEHTOB CUCTEM 3arpy3Ku J10-
MEHHOM MeYr U IIMXThI 715 MOJEJIMPOBAHUS. DTO MTO3BOJISIET
MOJIEJIUPOBATh JII0OOOI arperat CUCTEMbI IIUXTOIIOAAYN TTeYr
KaK MeXaHUYeCKYIO CUCTEMY.

KioueBsle ciioBa: domenHas neuv, 3aepy304HOe YCMPOLi-
cmeo, OyHKep, CMPYKMYPHO-MeXaAHU4ecKue 30Hbl, WUXMOBbLLL
3ameop
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