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Abstract

Purpose. Although the hydrocyclone separator has many advantages, it still has some limitations which decrease its separa-
tion efficiency in many mineral processing applications because of fine particles which are miss separated to the coarse
product in the underflow. Water injection in the conical part of the cyclone was recently implemented to solve this problem.
The water injection mechanism and the way in which the injected water affects the separation are still not clear and need to
be more investigated.

Methods. New design of water injection hydrocyclone was tried using a modified conical part with a water injection range
consist of five equal distance injection openings open directly on the periphery of the cone part.

Findings. This study presents a mechanical mathematical model that simulates the water injection to give a clear indication
of the injection mechanism impact on the classification process. It could also predict the dependence of the basic character-
istics of the classification on the amount of the injected water and the influence of different operating and design parameters
of the hydrocyclone.

Originality. The model accounts for the fluid flow, the particle motion, the turbulent particle diffusion, and particle settling.
Particle interactions and fine particle entrainment by settling coarse particles are also included in the model. The model was
found to predict well the injection effect and agrees with the experimental results.

Practical implications. The results showed also that the increase in water injection velocity leads to an increase in both the
cut size and the minimal value of the separation curve. It was found also that the hydrocyclone length has an important effect
on the injection process, and the separation sharpness is directly proportional to it at higher values of water injection velocity.
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1. Introduction injection in the region of the high concentration solid phase
(near the underflow opening). This technique has repeatedly
reflected in the literature [1]-[5] and still currently on the
way of further development.

The simplest theoretical point of view on the mechanism
of injection impact on the classification performance can be
concluded to the imagination of washout the particles from
the wall, where the zone filled with concentrated solid mate-
rial is exist. It is assumed that the velocity of the injecting
water which carries the particles in the direction from the
wall towards the kernel flow is higher, at least for particulate
fines, than their own sedimentation rate to the wall. Accord-
ingly, the fine particles will be mostly moved together with
the mean flow to the overflow [6]-[8].

Although the hydrocyclone separator has many ad-
vantages, but the conventional one (typical design) still have
some limitations which decrease its separation efficiency in
many industry applications. These limitations may be due to
the following reasons: the cut size lies outside the desired
region, the fine particles fractions are not adequately cap-
tured by the classification, and the sharpness of separation
of the solid material is not high enough. Progress in hydro —
classification during the last 50" years led to the develop-
ment of a number of technical improvements in the design
of hydrocyclone contributing to the advancement of the
desired characteristics. One of the most effective methods of
improving the characteristics of hydrocyclone is the water
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The aim of the present work is, based on (Dueck et al.,
2009), to develop a simple mechanical-mathematical model
which could give a clear indication of the impact injection
mechanism for the classification process. It could also pre-
dict the dependence of the basic characteristics of the classi-
fication on the amount of the injected water and the influence
of different operating and design parameters which charac-
terize the hydrocyclone (hydrocyclone diameter, overflow
and underflow openings diameters, feed pressure, properties
of processed suspension) on the classification characteristics.
The simulation results were examined and compared with the
experimental results obtained from the experiments which
carried out through the present work using 50 mm water
injection hydrocyclone [9]-[12].

2. The water injection hydrocyclone model

2.1. The formulation of the model

The model, focuses on the following main factors which
determine the classification process in a hydrocyclone: the
movement of particles under the influence of the mass (cen-
trifuge) forces to the wall, the diffusion of particles through
turbulent diffusion caused by gradient of concentration of
solid material (usually from the wall), and the flow of water
injection. As can be shown in Figure 1, a classifier in form of a
tube [13]-[15] of length and height h, where the suspension
flows from the left to the right at a constant velocity will be
considered. At the exit there are two discharges underflow
(coarse) and overflow (fine). The particles in the suspension are
subjected to the action of the centrifugal force along the y-axis
and to the turbulent diffusion. Thus, the particles in the classifi-
er move from left to right and settle in the vertical direction.
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Figure 1. The simplified schematic of a classifier (hydrocyclone)

At the range of the length H immediately before the
expiration of suspension the injection is made transverse to
the main flow of water in such a way as to remove (mostly
smaller) particles from the wall. This injection should be
sufficient to “transfer” fine particles in the discharge upper
section. But the injection should be quite weak, so that
larger particles still were withdrawn through the bottom

_ _ df / d
hole. We will consider that — / ———=

j
v IVin _Vs,j|
are non inertial).

The equation for determining the particle concentration
of each fraction will be written in the form of the system of
equation, which describes the evolution of the volume con-
centration of the j-th size fraction (particles with diameter d;)
in the apparatus:

<<1 (particles
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OUj (X)C; oc;
M-ﬁ-i-i- (VSj+Vin)Cj_D_J =0. (1)
OX oy '
The boundary conditions are:
aCj .
(vs,,-+vm)cj—DE:o fory=h; )
aCj A

VS,jC'_DE:OIfy:O'

The condition in the entry is:
Cj X=0:Cj,0' (3)

2.2. The model of jet injection

As a part of a simplified model an injection can be pre-
sented in the form of jet, flowed on a wall. In a simplified
form the component of injection velocity along the jet will be
described by a linear function of the coordinates across the
main currents in the apparatus:

0,0<x<L-H

. 4
[—%jVin’O,L—H <x<L )

Vin (Y) =

The component of the velocity along the axis of the de-
vice is restored, based on the volume conservation equation:

1,0<x<L-H
Ui (x
it () _ Vino [ x—(L—H) NG
Uinlo 1+ — ,L-H<x<L
' Uini,o h

2.3. Modeling of particle sedimentation
in a polydisperse suspension

Experimental and theoretical results on settling of dense
suspensions were developed by many investigators, whose
studies were focused on the settling behavior of polydisperse
suspensions. It has been observed that the settling velocity of
the fine particles increases in the presence of coarser frac-
tions. This phenomenon has been explained by different
model considerations. Herewith, the results [16] on the set-
tling of the dense suspensions are used.

In polydisperse suspensions, the most important effects
which act on the settling particle are as follows: increasing
the “effective” density and the viscosity of the fluid, counter
flow of the displaced fluid caused by settling particles, and
entrainment of fine particles in the boundary layer range of
coarse settling particles.

The complete equation for the settling velocity of
j-fraction particles is summarized as follows [17], [18]:

Vi - df +g(ov ) fe (d;)-
Vai=—3% | n o, ¢, (6)
dj —Cv_Zldi +g(CV)fE(dj)aAdj
i=

In Equation 6 the first term describes the hindered particle
settling velocity due to the modification of the effective vis-
cosity and density of the suspension where, the second term is
responsible for an increasing of the settling velocity due to the
entrainment of the fine particles by coarser ones and the third
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term considers a decreasing of settling velocity because of the
counter flow of displaced liquid. From Equation 6 it can be
concluded that in a polydisperse suspension, the settling ve-
locity of a particle depends not only on the total solids con-
centration ¢, but also on the particle size distribution.

Here, Vu,j=Vstj(1—cy)-(1—c,/0.6)5 is the function,
which considered the hindering of the settling due to altering
of viscosity and density; g(c,) = 4.0-c,%® exp (—(cv/ 0.2)%) —
the correction function from experiments;
fe (dj) = (X4midi®)Y® — the entraining function; 4mi = ci / ¢, —

i>]j
relative volume ratio of particles of j-th fraction; ¢, — the total
volume concentration of solid phase; S — parameter, which
characterizes the size of particle, which can entrain the finest
particles; Vs j=b(gd;?/ 18u.)-(pp — pL) — Sedimentation rate
after the Stokes rate; b — centrifugal Number (ratio of the
centrifugal acceleration to the g — gravitational one); u —
liquid viscosity; pp — solid density; pi — liquid density.

The condition of selecting i for a given value of j can be
obtained on the basis of the inequality derived for the bidis-
perse suspension [19]: di > fd;, where f is a constant, whose
theoretical value confirmed by experiments, is in the range of
10 to 15. 4mi is the ratio of the particles volume of the i-th
size fraction to the total volume of solid particles, which is
related to the solid concentration c;, because the ratio ¢; / > c;
also denotes the portion of volume of the i-th fraction.
It can be written Am; = ci/ Y ci = q(di)4d;. Using the known
or calculated concentrations the density of particle size
distribution can be calculated at every point of apparatus
as q(di) = ¢i / 4d;X ci.

2.4. Definition of separation curve

Considering the width of the upper top output holes will
be ho (Fig. 1), then — hy = h — ho the width of the underflow
exhaust. The attitude S is called split-parameter where:

J inl ( )dy

S= g . ()
[ Uini ( )dy
ho

At no injection, Uin (X) = Uin,0 and So=hg/ hy, and its
value is usually about 10. The flow of particles j-th factions
through the upper and lower holes, respectively, defines the
following functions:

h hy+hg
[ Run,j = [ Uy (L)Cj (LvY)dy; (8)
ho ho
ho
Rov,j = (J;)Uml( ) j(LvY)dY- )

These features characterize the degree of separation of
particles of each faction. Large particles mostly pass through
the underflow (lower discharge), and the small ones across
the overflow (upper discharge). The separation function,
showing the percentage of every particle fraction separated
through the underflow (bottom) hole, in accordance with the
model of separation [19] will be:

(o)) el (10)

R

un, j oV, j
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The function of separation and classification process is
characterized, mainly, by the following parameters:

a) the fine percentage separated in the underflow and de-
fined by the separation function for the smallest fraction To;

b) the d;®% — the diameter of the separation of particles
recorded at 50% in the underflow (so-called cut size);

c) the sharpness of the separation, which is determined by
the ratio of particle sizes, corresponded to the values of the
separation functions of 0.25 and 0.75:

[25]
dj

O (11)
[75]
dj

Qu=

3. Experimental work

3.1. Test rig and procedure

The test-rig used in the experimental work of this re-
search consisted of a 50 mm water injection hydrocyclone
positioned vertically above a feed tank (Fig. 2a). The water
injection hydrocyclone which was used through this work is
a conventional hydrocyclone with a modified conical part to
have a water injection mechanism (Fig. 2b).

The water injection assembly consists of an outer solid
ring and inner solid ring with 5 inlet openings at equal dis-
tances open directly on the periphery of the cone part. This
assembly is connected with a control valve of water through
which the water can be entered in the assembly and is inject-
ed through these openings [20], [21].

(b)

Pressure gauge

50 mm water
injection cyclong

Flowmeter
water
injection

Food slurry
tank

Figure 2. Water injection hydrocyclone test rig

Digital manometer was fixed near the water injection to
indicate the water injection rate. The ring was designed to
permit the water to be injected in a tangential direction with
the same swirling motion of the flow inside the hydrocy-
clone. The water injection part was added near the apex of
the cyclone without causing any extension of the total cy-
clone length. Due to the water injection process, the feed
water reporting to the underflow will be displaced by inject-
ed water carrying the misreported fines into the overflow. To
investigate the effect of water injection rate on the hydrody-
namics of the separation, the samples were taken at different
flow rates. From these samples, the feed flow rate, overflow
flow rate, and underflow rate can be calculated at every test
from which the split parameter can be estimated.
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3.2. Choice of parameters for the calculation

The dimensions of the used hydrocyclone were as follows:
hydrocyclone diameter D =50-10°m; hydrocyclone length
L = 0.6 m; inlet opening diameter Ds = 14.5-10° m; underflow
diameter — 8-10 m, overflow diameter D, = 16-10° m; area of
the feed inlet Sf=165-10%m. The calculations were done
using the following parameters: constant of turbulent diffu-
sion D¢ = 103 m?/s; split-parameter S = 9; initial inlet velocity —
1.2m/s; L =0.6 m; h =50 mm = 5-102 m; diameter of injec-
tion opening hi, = 2.5:102 m (5 openings). Initial total volu-
metric concentration of suspension is equal to 0.094, the
number of fractions has been chosen to be equals to 51. Ob-
viously, these data on the schematized apparatus are taken
only as an approximation and serve only the purpose of the
qualitative comparison of calculated and measured values.

4. Results and discussion

4.1. Effect of water injection

The used particle size distribution of feed, overflow, and
underflow suspensions are shown in Figure 3 in the case of
no water injection.

100

g0 || —+— intial B
£ 80 —=— owerflow /%/
- 70 +— —+— underfbw 7
C 60 -7/ /

2 50 "
s )
3 40 5
% 30
F 20
18 B
0.1 1 10 10¢

Particle size dimeter (d), um

Figure 3. Particle size distribution of feed, overflow, underflow
suspensions in the case of no water injection

These curves indicate the classification effect in appa-
ratus in the normal operation (without water injection). The
injection of water changes these distributions. Mostly this
change has to occur only in the underflow (for the optimum
washing effect). Figure 4a shows, that for the computed
results only the underflow suspensions show the difference
in the particle size distribution due to the injection, whereas
the overflow does almost not influence by the injection. Such
situation is desired in the practice.

It can also be shown that, although the difference in size
distribution between the calculated and the measured data for
underflow streams is rather greater as it for the material in
overflow but there is also a clear qualitative coincidence. The
comparison of the separation curves obtained from numerical
calculations and experiments can be seen in Figure 5. It is
indicated that the calculated separation curves are similar to
the measured ones, but they show some of peculiarities.
Firstly, by increasing the injection rate, the cut size increases
numerically much stronger than experimentally. Further, in
the theoretical model the “fish-hook™ effect is less obvious
than in the experiments. However, the change of the minimal
value of separation curve Ty in both cases (calculations and
experimental) decreases approximately similar if the injec-
tion rate increases.
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Figure 4. Comparison of the particle size distribution of overflow
and underflow with water injection (Vin,0 =3 L/min) and
without water injection: (a) calculation; (b) measurements
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Figure 5. The separation curves at different injection velocities:
(a) numerical simulation; (b) experiment
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It is also shown that the non-monotonous character of the
separation curve becomes weaker if the injection becomes
stronger (high injection rates). The dependences of To and dsg
on the injection rate are shown in Figures 6 and 7.

0.30 -

° "~ _ — calculations
F0.25 — I
5 - —m— Measurements
§ 0.20 ==
= - [ |
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B [T ——
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0

0 1 2 3 4 5 €

Injection water rate, m/s

Figure 6. Comparison of the calculated values of To with the
measured ones as a function of the injected water rate
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Figure 7. Comparison of the calculated values of cut sizes dso with
the measured ones as a function of the injected water rate

The sharpness of the separation of the used disperse ma-
terial through the apparatus with the considered characteris-
tics decreases with the increase of injection rate in both cal-
culations and experimental results as shown in Figure 8.

0.75
A
0.70 A o
c 0.65 / -
3060 =
3 055 —
£ 050 A e —
g 045
T 40 / — calculations L=15m | |
’ ®  measurements L=0.6 m
0.35 —a— calculations L=06m ||
030 - l \

2 3 4
Injection water rate, m/s

5

Figure 8. Comparison of the calculated values of the separation
sharpness with the measured ones as a function of the
injected water rate

It should be noted also that the above presented results
differ qualitatively from the dependence described in the
literature in which Q. increases by increasing the injection
rate as it has been shown in Figure 8. The possible reasons of
this will be explained afterward.

Figure 9 shows that the total solid concentration decreas-
es in the underflow and increases in the overflow by increas-
ing the injection rate. It can be seen that both the calculated
and the experimental results have a good agreement with
each other.
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Figure 9. Comparison of the calculated values of the solid con-

centration in underflow and in overflow with the meas-
ured ones as a function of the injected water rate

4.2. The analytic approximations

The results shown in Figures 5 through 8 can be ex-
plained with the use of the approximate solutions of system
(1-3) in the limited case assuming that the total solid concen-
tration in suspension is very low and the injection part is
wide enough H=L. Then the distribution of the particles
concentration across the apparatus follows the equation:

de
—=0.
dy

In frame of formulated model for injection jet the
solution is:

(Vs,j +Vin)c; —D (12)

Ci Vsi  Vino y2
In l(y):iy_ |n,0y_l (13)
cj(0) D Dh 2
For the separation functions yields:
T(d)= L . (14)
h
1+Sexp{—D(VS (dj)—o.svin,o)}
For d; — 0 from (12) follows:
T(0)= ! - . (15)

Obviously, that T(0) decreases if the injection rate in-
creases. Considering d®¥ (0) as the cut size in the absence of
injection, the ratio is valid:

d [50]

h
ME 0) - \/1+ 2DInS Vino -

Similarly, determining d®® and dji"® from Equation 14,
the sharpness of the separation can be calculated as follows:

(16)

(17)

where:
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S

m(sj

In(3S)
i.e., the separation sharpness increases with increasing of the
injection speed. With increasing Vin, o the sharpness tends to 1.

Qug =

—the sharpness in absence of injection

4.3. Solid concentration curves

The literature review has showed that many attempts were
tried to regulate the characteristics of hydrocyclone classifica-
tion by using water injection near the underflow opening [22].
These studies are still limited and insufficient to describe
individual, concrete structures injectors and single measure-
ments, indicating a significant impact on injection separation
curve especially at different quantities of water injection and
the systematic measurements are random. So, in provides
dB oo Wiy o€ for the dependence of cut sizes. The ratio of the
solid material discharging through the overflow increases and
decreases through the underflow. According to Equation 16,
at high-speed injection, the cut size should be in proportion to
the square root of the speed of injected water. In [23] the
effect of injection on the performance of 100 mm hydrocy-
clone has been studied. An empirical formula reflecting the
facts of increase d®® or decrease To with the increase in speed
injection is proposed. The experimental data on the cut size
can be described as dependence d®! o Wiy o>, which is more
sensitive to that obtained by approximation calculations on a
theoretical model d®% oo Wiy, €.

Experimental dependence of the minimum value of the
separation curve (To) of speed injection [5] can be roughly
describe by the dependence To oo Win 0*%2, while the appro-
ximation (13) predicts exponential drop of Ty by increasing
Win. It should be noted also that the theoretical dependence
Equation 15 reflected true the increase of the separation
sharpness with an increase of injection speed, measured
in [23]. Thus, the proposed model reflects a known fact
which agrees with the literature concerning the changes hap-
pens in the separation curves of classifiers like hydrocyclone
in the case of using water injection through the apparatus.
Concerning to the present work experiments, they emphasize
the strong differences between analytical assessments and the
experimental data and the computer calculations as shown in
Figures 5 through 8. Probably, the reason is not full estab-
lishing of particles concentrations of different fractions.

Figure 10 shows the evolution of concentration curves
along the axis of apparatus. Obviously, at a distance of 0.6 m
the concentrations significance is far from established.

7
6 /A/A/A/A/’u
/_.,_....--—I——I——l
5 -
/J/ —o— d=10um
84 - —m— d=20pm
%)
= f p | —&— d=50um
&3 i
[ »
ZW
1%
0 T T T T T 1
0 03 0.6 09 12 15 X, m

Figure 10. Evolution of the solid concentration along the appa-
ratus for the particles size fractions (d =10 um;
d =20 um; d = 50 um) at the case of no water injection
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Figure 11 shows the calculated values of dsp and T(0) in
the case of L = 1.5 m. It is obvious that in this case the im-
pact of injection velocity on dsp is much stronger than for a
shorter apparatus. This dependence is more close to the theo-
retical Dependencies 15 and 16.

0.161 / 160
0.12 / 120
b
° — ——— TO0, approximation
E —e—T0, calculation g
©
2 0.08+ — —— d50, approximation [f 80 %
% —o—d50, calculation
= _ _o— —

2 -7
O 0.04+ 40
0- P—=%——9—» 0
0 0.02 0.04 0.06 0.08

Injection water rate, m/s

Figure 11. Dependence of T(0) and dso on the injection velocity
(injection throughput) in the case of L =1.5m. Com-
paring with the analytical evaluation

5. Conclusions

The conclusions of the present work can be summarized
as follows:

1. Increasing the injected water speed leads to an increase
in both cut size dso, and the minimum value of the separation
function T(0).

2. Injection promotes the extinction of non-monotonic for
the separation curve of dense suspensions.

3. The apparatus length has an important effect on the in-
jection process i.e., the injection effect is different for a long
and a short hydrocyclone.

4. The separation sharpness for a short apparatus decree-
ses and for a long apparatus increases if the velocity of
injected water increases.
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OnTumizanis cemapauiiiHuX XapaKTepUCTUK TiAPOUMKIOHY 3 HATHITAHHAM
BO/IH 32 JONOMOI'0I0 MATEMATHYHOI'0 MOJIeJIIOBAHHS

JI. Minkos, 1. Irox, M.M.A. Xaccan, M.A.M. Ani, M.I'. @epraui

Merta. [ToxpameHHs cenaparifHIX XapaKTepUCTUK TiIPONUKIOHY IUIIXOM HarHiTaHHS BOIM 3a JOIIOMOTOI0 MAaTeMaTHYHOTO MOJEIIO-
BaHHs. MexaHi3M HarHiTaHHS i Te, SIK caMe BOJa, 10 3aKadyeThCs, BIUIMBAE HAa PO3JLUICHHS, BCE I HE € 3pO3yMUINMH 1 BUMAraroTh MOJab-
I0ro HAyKOBOI'O BUBUCHHS.

Metoauka. Byna BunpoOyBaHa HOBa KOHCTPYKIISI TiIPOLMKIIOHY 13 3aKa4yBaHHSM BOJM 3 BUKOPHCTAHHSM MOIU(IKOBaHOI KOHIYHOT
YACTHHHM 3 Jialla30HOM BIPHCKY BOIM, IO CKIAJAa€Thcs 3 I'SATH OTBOPIB IUIA BIIPUCKY Ha PiBHIM BiACTaHi, BIAKPUTHX O€3MOCEPEIHBO 10
nepudepii KOHIYHOT yacTHHH. MaTtemaTniHa Mozenb (GoKycyBaiacs Ha TaKHX OCHOBHUX (pakTopax, [0 BU3HAYAIOTH MPOIleC Kiacudikalii B
TIIPOIMKIIOHI: PyX YaCTHHOK ITiJ] TI€F0 MacOBHX (IEHTPpU(YKHHUX) CHII O CTiHKH, TU(Y3isd YACTHHOK 32 JOTIOMOTOI0 TypOyIeHTHOT nudy3ii,
CTNPUYHHEHOI TPaJlieHTOM KOHLICHTPALlii, Ta MOTIK 3aKadyyBaHHS BOJH.

PesyabTaTi. BcTaHOBIIEHO, 110 301IBIICHHS MIBUIKOCTI BOJIM, 1[0 HATHITAETHCS, PU3BOAUTH 10 30UIBIICHHS K po3Mipy dpaxuii dso,
TaK 1 MiHIMaJIbHOTO 3Ha4eHHs QyHKUil po3ainenHs T(0), a iH’€KWis CpHsie TaciHHIO HEMOHOTOHHOI JUISl KPHBOI PO3MITEHHS IUIBHHUX CY-
creH3iit. BcraHoBieHO, 1110 ZOBKHHA MPUCTPOI0 Ma€ BAXKIMBHUH BIUIMB HA MPOLEC BIOPCKYBAHHI, TOOTO e(eKT BMOPCKYBAHHS PI3HHUN UL
JIOBIOT0 i KOPOTKOTO TiJPOLMKIOHY. BH3HaueHO, 1110 Pi3KicTh PO3MITICHHS A KOPOTKOTO amapary 3MEHLIYEThCs, a JUlsl IOBrOro amapary
30LIBLIYETHCS, KIIO MBUIKICTh BOJIH, IO 3aKAYYETHCS, 301IBIIYETHCS.

HaykoBa HoBu3Ha. MaTtemMaTndHa MOZEb BPAaXOBY€E MOTIK PIIMHHU, PyX YaCTHHOK, iX TypOyneHTHY audys3ito Ta oca/kKeHHS. Y MOJENb
TaKOXK BKJIFOYEH] B3a€EMO/Ii1 YACTUHOK Ta BiJTHECCHHS NPIOHUX YaCTHHOK 3a PaXyHOK OCaKEHHS BEJMKHX. Bylio BUSBIIEHO, IO MOAETH TAPHO
nepeabayae BIUTMB HATHITAHHS 1 B LIIOMY 10OpEe Y3roMKy€eThCS 3 eKCIIEPUMEHTAIBHIMH Pe3yJibTaTaMH.

IIpakTHYHA 3HAYMMICTB. Pe3ybTaTi TOCIIPKEHHSI KOPUCHI JUIS TPOEKTYBaHHs e(eKTHBHUX CeNapaliifHuX XapaKTepUCTHK TipPOIUK-
JIOHIB IpH 30aradeHHi Pi3HUX BUIIB KOPUCHUX KOIIAJINH.

Knrouosi cnosa: 2iopoyuxnon, Hacnimanus 600u, MamemMamuina MoOeib, epeKmusHicms po3oiNeHts, KPYRHICIMb YacnoK

Ol'[Tl/lMI/BaIIl/lS[ CenmapanMOHHBIX XaPAKTCPUCTUK I'M/IPOUKJIOHA ¢ HATHETAHUEM
BOAbI ITIPU MOMOIIIK MATEMATUYECKOT0 MOAC/IMPOBaAHUSA

JI. Munkog, 1. [Trok, M.M.A. Xaccan, M.A.M. Anu, M.I". ®epranu

eas. YiyuieHne cenapaluoHHbIX XapaKTEePUCTHK THIPOLMKIOHA ITyTeM HarHeTaHWs BOABI MPH MOMOIIM MAaTEMAaTHYECKOr0 MOJICIH-
poBaHus. MexaHHU3M HarHeTaHWs M TO, KAK MMEHHO 3aKauMBaeMasi BOJa BIMACT Ha pasJielIeHHe, BCE elle He SICHBI U TPeOyIoT NajbHeiero
Hay4YHOTO H3y4YCHHSI.

MeTtoaunka. beita onpodoBana HOBast KOHCTPYKIMS THAPOLMKIOHA C 3aKAYKOH BOJBI C HCIIOIB30BaHNEM MOJU(UINPOBAHHON KOHUYE-
CKOW YacTW C JMara3oHOM BIIPHICKA BOZbI, COCTOSIIMM M3 IISITH OTBEPCTHH JUIS BIPBICKA HAa PaBHOM PACCTOSIHUM, OTKPBITBIX HENOCpeN-
CTBEHHO 110 nepudepun KOHNUeCKoi yacti. MaremaTnueckas MoJiesb (pOKyCHpOBaIach Ha CIEAYIOIINX OCHOBHBIX (DaKTOpax, ONpenessio-
IIUX HpOoLece KIacCU(DUKALMU B TUIPOLMKIOHE: JBH)KCHHE YacTHI{ MO/ NeHCTBUEM MACCOBBIX (LEHTPU]YKHBIX) CUII K CTeHKe, 1uddy3us
YacTHL] TOCPEICTBOM TypOyJIeHTHOH 1 Py31H, BbI3BaHHOI I'PaMEHTOM KOHIICHTPALMH, ¥ IIOTOK 3aKaUKH BOJIBI.

Pe3ybTaThl. YCTaHOBIICHO, YTO YBEINYEHHE CKOPOCTH HArHETAGMOH BOJIbI MPUBOJUT K YBEIMYCHHUIO KaK pasmepa dpakuuu Oso, TaK U
MUHHMAJIBHOTO 3Ha4eHUs QyHKuuu pazneneHus 1(0), a MHBEKIHS CIIOCOOCTBYET TallIeHHI0 HEMOHOTOHHOM AJISl KPUBOH pa3lesieHus IIOT-
HBIX CYCIICH3W. YCTaHOBIICHO, YTO JUTHHA yCTPOHCTBA MMEET BaXXHOE BIHMSHKE HA IPOLECC BIPHICKA, TO €CTh 3((PEKT BIPHICKA pa3iIHieH
JUISL JUIMHHOTO M KOPOTKOTO THAponukiIoHa. OmnpeneneHo, YTo pe3KoCTh pa3aeeH s ISl KOPOTKOTO anrapara yMEeHbIIaeTcsl, a AVl JUTHHHO-
IO amnmapaTa yBeIMYMBACTCs], €CIIM CKOPOCTh 3aKaunBaeMOil BOJIbI yBEINYNBACTCS.
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Hayunasi HoBu3Ha. MaTemaTuueckass MOJIeJIb yUUTHIBACT MMOTOK JKUAKOCTH, IBIDKCHHE YacTHUIl, UX TypOysieHTHyIo muddysuio u oca-
XKIeHue. B MoJenp Takke BKIIIOUCHBI B3aMMOACHCTBHS YaCTHUIl M YHOC MEJKHX YacTHIl 32 CUET OCAXKICHHUsSI KPYMHBIX. Bputo 00HApyXKeHo,
YTO MOJEINb XOPOLIO MPEACKA3bIBACT BIMSIHNAC HATHETAHHS U B LIEJIOM XOPOILIO COTTIACYETCs C IKCIEPUMEHTAIBHBIMU PEe3yJIbTaTaAMHU.

IIpakTHyeckasi 3HAYUMOCTb. Pe3yIbTaThl MCCIICIOBAHMUS SBIIIOTCS [TOJE3HBIMU [UTSL IPOEKTHPOBaHHS 3()(PEKTUBHBIX CeMapanuoOHHBIX
XapaKTEPUCTUK THIPOIUKIOHOB IIPU 00OTAICHHH Pa3INYHBIX BHJIOB TOJIE3HBIX HUCKOMACMBIX.

Knroueswvie cnosa: 2uopoyukion, HacHematue 800bl, MAMEMAMUYecKas Mooeb, IPPeKmueHocmy pasoeienus, KPYNHOCHb Yacmuy
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