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DETERMINATION OF CHARACTERISTICS OF THROTTLING DEVICE
FOR PNEUMATIC SPRING

Purpose. This paper focuses on determination of the dependence of the working medium flow on the capacity of
the throttling device, its geometric features and the pressure difference in the pneumatic spring cylinder and in the
auxiliary reservoir. Methodology. Calculation of the dependence of the working medium and pressure drop is per-
formed in two ways: 1) by numerical simulation of a stationary gas flow through a throttling element; 2) its analyti-
cal calculation expression using empirical relationships (control calculation to evaluate the reliability of numerical
simulation results). For the calculation, three models of throttling devices were chosen. Dependence of the flow rate
of the working medium on the capacity of the throttling device and its geometric features was determined based on
the approximation of the dependency graphs of the pressure drop against the mass flow rate of the working medium.
Findings. We obtained graphical dependencies between the pressure drop and the mass flow rate of the working
medium from the two calculation options. Based on the results of calculations performed with the help of a software
package with visualization of the results, we calculated a proportionality coefficient that describes the dependence of
the working medium flow on the throttling device capacity and its geometric features for each of the throttling ele-
ments considered, with three degrees of closure. The air flow values, obtained by numerical simulation, are greater
than the flow rates obtained from semi-empirical formulas. At the same time, they are in good qualitative agreement,
and the quantitative difference averages 25%, which can be regarded as confirmation of the reliability of the nu-
merical model. Based on the calculation results, we plotted the proportionality coefficient graphs against the degree
of closure of the throttling device. Originality. The work allows determining the degree of influence of the frictio-
nal component on the variation of the pressure difference in the pneumatic cylinder and the auxiliary reservoir of the
pneumatic suspension system. Also, the work proposes a method to determine the dependence of the working medi-
um on the capacity of the throttling device and its geometric features. Practical value. The ability to predict the
operating parameters of the pneumatic system depending on the pneumatic resistance of the throttling device will
improve the car running characteristics, increase the comfort of passenger transport, and also reduce the wear of the
rolling stock and track gauge due to vehicle-track interaction.

Keywords: spring suspension; pneumatic spring; pressure drop

velling valve and pneumatic springs [16]. It is ne-
cessary to consider the generalized structure of an
equivalent mechanical model, adopted on the basis
of pneumatic spring tests (Fig. 1) [3].

The ability to perceive high horizontal and di-
agonal movements, as well as torsional resistance,
makes pneumatic suspension systems an attractive
solution for all types of bogies [3, 16].

In general, the pneumatic suspension system
(Fig. 2) on the car has the form of the pneumatic
cylinder / and the auxiliary reservoir 4 connected
to each other [17, 19, 22]. To regulate the dissipa-

Introduction

Recently, pneumatic springs have become very
widely used on trans-regional trains, high-speed
trains [3, 16]. The advantage of pneumatic spring
as an element of spring suspension is that it can be
used to realize large static deflections in the se-
condary spring suspension (up to 300 mm) and to
obtain a noise reduction in the passenger compart-
ments. In addition, for lines with raised platforms it
is necessary to maintain a constant floor height of
the car regardless of the number of passengers in

the car. This is provided by the operation of a le-

tive and elastic properties of the pneumatic suspen-
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sion system, the throttling element 2 is located in
the connection fitting 3.

To calculate the properties of the pneumatic
system shown in Figure 1, there is a significant
number of mechanical models.

F

L,

L,
il

G e

Fig. 1. Generalized structure of equivalent
mechanical system
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Fig. 2. Diagram of pneumatic spring with reservoir

This model is based on the analysis of the
graphs obtained during the pneumatic spring tests.
The model consists of elements with instantaneous
contacts, represented in the same way as in the first
model, in the form of a connection between elastic
and dissipative elements. Herewith, in the model,
each of the elastic elements with a force F, and
dissipative ones with a force F, enables a physical
interpretation, which allows us to propose a corre-
sponding approximating expression for it. In par-
ticular, the elements with forces F,, F,, F,
model the elastic properties of the main and addi-
tional capacity of air suspension. The elastic ele-
ment with a force F,, simulates the change in the
effective area of the pneumatic cylinder when it
deforms and the elasticity of the rubber-cord shell.
The law of change is determined by the results of a
static calibration of the pneumatic springs and ap-
proximated by a piecewise-linear relationship.

The elements F,, and F,,simulate losses due

to air throttling. At the same time, the element F,,

works mainly at low velocities of deformation of
the pneumatic cylinder (subcritical mode of air
flow through the throttle opening); the element F,,

is switched on at the deformation rate of the pneu-
matic spring when the supercritical mode of air
flow through the throttle occurs.

However, the awkwardness of the model and
a significant number of parameters limit its wide
application in theoretical calculations.

Another structural scheme for the calculation of
pneumatic spring is presented in [6] (Fig. 3).

Fig. 3. Mechanical model of pneumatic spring

The presented model of the pneumatic spring
takes into account the static stiffness of the pneu-
matic cylinder §,, the effect of changing the ratio

of air volumes in the pneumatic cylinder and the
auxiliary reservoir to the stiffness of the pneumatic
spring AS, and the damping coefficient of the

equivalent viscous friction of the pneumatic spring
Be °

The defining parameters of this pneumatic
spring scheme are: the load-bearing capacity of the
spring, the parameters of the throttling device and
air.

This model gives fairly accurate results in the
case of small oscillations.

The more complex and frequently used model
is the Nishimura pneumatic spring model (Fig. 4).
The Nishimura pneumatic spring model was de-
veloped more than 40 years ago [9, 10, 15, 18].
The model takes into account the changes in the
stiffness of the pneumatic cylinder K, and the re-

servoir K,, depending on the change in air vo-
lumes in them, K is a change in the level of stiff-

ness of the pneumatic cylinder. The model can take
into account both linear and quadratic changes in
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the viscosity index C . That allows using it both
for modelling the stiffness of a pneumatic balloon
and for determining the resistance to air flow
through a connecting armature.

Fig. 4. Model of Nishimura pneumatic spring

VAMPIRE model is an extension of the Nishi-
mura model [9, 18, 19] with quadratic attenuation.
In addition, inertial effect M and auxiliary stiff-
ness k are introduced (Fig. 5).

Fig. 5 Model of VAMPIRE pneumatic spring

Berg pneumatic springs model, often found in
the literature under the name GENSYS, is three-
dimensional and can describe transverse, longitu-
dinal and vertical oscillations [9, 11, 14, 18, 20,
24]. It is worth mentioning that the model de-
scribes several parameters of the spring: elasticity,
friction and viscosity. The vertical model has a
nonlinear attenuation, which depends on the rate of
change in pressure in the pneumatic cylinder.

: v
7 Kyz
p

M

Fig. 6. Model of GENSYS (Berg) pneumatic spring

There is another model of pneumatic springs
Bouc-Wen [12, 13, 18, 21], which includes not
only elastic and dissipative elements describing the
state of gas in the system, but also a block that
simulates changes in the condition of the rubber-
cord shell of a pneumatic cylinder.
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Fig. 7. Model of Bouc-Wen pneumatic spring:
Fy,, — vertical force from the body, k gy — non-linear

elastic stiffness, Cpgy, —damping component

To describe the behavior of pneumatic springs,
the mechanical model includes three parallel
branches: non-linear elastic stiffness kg, ; damp-

ing component cgy, ; block, which determines the

parameters of the pneumatic cylinder operation
depending on the behavior of the rubber-cord shell
Bouc-Wen.

The branch with nonlinearly elastic stiffness is
used to simulate the work of air within the pneu-
matic spring and to describe its geometric parame-
ters, as well as the thermodynamic processes that
take place within the pneumatic spring, which can
be derived in accordance with the thermodynamic
equation.

The branch with a damping component is used
to simulate the resistance of the air flow in the pipe
of the system «pneumatic cylinder — connecting
fittings — auxiliary reservoir».

The friction branch is a block simulating a
hysteresis loop and amplitude dependences.

The widespread model is considered to be that
[1, 17] describing the pneumatic spring as a con-
nection between the parallel installed elastic ele-
ment with stiffness C and viscous friction element
with viscosity B (Fig. 8).

1£
'a |_--_|ﬁ

Fig. 8. Equivalent mechanical system

In the previously mentioned schemes, the role
of the throttling device was performed by additi-
onally introduced viscosity parameters.
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Throttle is local adjustable or non-adjustable
resistance, set in the way of the working fluid flow
[1].

The main throttle characteristics are the meter-
ing and tuning characteristics. The metering cha-
racteristic is the relationship between air flow
through the throttle and the ratio of pressures be-
fore and after the throttle. The metering charac-
teristic largely depends on the regime of laminar or
turbulent flow. The flow regime is determined
from the Reynolds number. When R, < R, the flow
is considered laminar, when R, > R,, -turbulent.

According to functional purposes, the throttles
are classified into constant and variable ones. Ac-
cording to the principle of operation, there are li-
near and quadratic throttles.

Constant throttles are generally an orifice in the
plate. They are conventionally divided into throt-
tling plugs and bushings.

The wide class of adjustable throttles include:
cylindrical, conical needle, threaded, throttles such
as «rotary valvey, flapper-nozzle and spool-type
throttling valves, as well as the role of a throttle
can be performed by throttling valves.

Purpose

The purpose of this work is to determine the
dependence of the working medium flow on the
capacity of the throttling device, its geometric fea-
tures and the pressure difference in the pneumatic
spring cylinder and in the auxiliary reservoir.

An important task in the course of the work
will be to determine the pressure difference when
the working medium passes through the throttling
element. The necessary part of the work is also to
determine the reliability of the results obtained
when determining the pressure difference in the
throttling device.

Methodology

Calculation of the dependence of the working
medium and pressure drop is performed in two
ways:

— By numerical simulation of a stationary gas
flow through a throttling element;

— Its analytical calculation expression using
empirical relationships (control calculation to
evaluate the reliability of numerical simulation
results).

We selected several different types of throttling
devices [4, 5], namely: corrosion-proof throttle
valve Aisi 304 (L)/316 (L) DN 40 (Fig. 9); San
Marino valves for air, gases and liquids normally
open of type «T» (Figure 10) and type «Y» (Figure
11) with G11/4» connecting thread.

Fig. 9. Corrosion-proof throttle valve
Aisi 304 (L)/316 (L) DN 40

Fig. 10. San Marino valve for air, gases and
liquids normally open of type «T»

Fig. 11. San Marino valve for air, gases and liquids
normally open of type «Y»

The diameters of the inlet and outlet openings
are 40 mm. The length of the Aisi throttle valve
body is 160 mm, San Marino valves for air, gases
and liquids normally open of type «T» — 120 mm
and type «Y» — 113 mm.

For analysis, we selected three stem positions:
open — «0», closed by 50% — «1/2», closed by
75% — «3/4».
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In numerical simulation, we consider the mo-
tion of the working medium (air) in the cavity of
the throttling element represented by the 3D mo-
del. The flow is stationary turbulent. The boundary
conditions are given as follows (Figure 12). The
surface that bounds the cavity is divided into three
areas:

— inlet opening — the pressure is determined;

— outlet opening — the mass air flow is deter-
mined;

— walls — all motion speed components are ze-
r0.

Outlet Mass Flow
0.05 kgis

Fig. 12. Boundary conditions

The air movements describe the averaged
Navier-Stokes equations with two additional equa-
tions of the k-&¢ model of turbulent flow [25].

As the input data, we set the pressure of the
working medium obtained in calculations of the
generalized pneumatic spring model in the Matlab
Simulink software package [23]. The change in the
flow rate of the working medium at the outlet from
the throttling device is set in the range from 0.001
kg/s to 0.26 kg/s, also according to the previously
obtained data.

The calculation is carried out at the environ-
mental temperature equal to 20°C. The software
package allows taking into account the properties
of various materials used in the design of throttling
devices, such as a bronze body, a brass plate, a
steel stem. Therefore, in order to take into account
the different degrees of resistance when the work-
ing medium rubs against the surface, one of the
input parameters indicates the type of material.

During the calculation it is possible to see not
only the final result, as a diagram with pressure
values, but also to trace the nature of the working
medium flow at any point of the throttling device
(Fig. 13).

Fig. 13. Distribution of velocities of the working medi-
um in the throttling device

Based on the results of calculations, graphs of
the dependence of the pressure drop on the flow
rate of the working medium are plotted.

To evaluate the reliability of the results ob-
tained, we perform calculations using the formulas
givenin [1, 2, 8].

_4n0p
Ny ’

R

: ey
where 1, —hydraulic radius of the channel section,
m; ® — average velocity of compressed gas flow
along the channel section, m/s; p — gas density,
kg/m’; 4 — coefficient of dynamic viscosity,
determined from the diagrams [7], Pa s.

2

O=—7:,
p-F
where G —mass flow rate of gas, kg/s; F — cross-
sectional area of the channel, m”.
The density of compressed gas for working
pressure is calculated by the formula:

(£, +F,)

=e ol B 3)
R-T

where P, — atmospheric pressure, kPa;

P — overpressure in the system of pneumatic

springs, kPa; R — universal gas constant, J/(mol
K); T — temperature, K; p — molar mass of gas,
mol.

The pressure loss depends on two coefficients
of resistance: the coefficient of resistance G cha-
racterizing the frictional losses during the move-
ment of the working fluid and the local loss factor

at the input G,
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The coefficient of resistance, characterizing the
friction loss, is determined by the formula:

— at the gas motion, when R, < R, < 10°, we
use the Blasius formula:

¢, =0.314-R*%, 4)

— at the gas motion, when 10° < R, < 10°, we
use the formula Nikuradze:

¢, =0.00332+0.221- R, >, (5)

The coefficient of local losses at the input G, is
determined depending on the shape and geometric
dimensions of the inlet opening [2].

The coefficients of local losses in many cases
are determined from tables and graphs obtained
experimentally. So the local loss coefficients for
the presented throttling elements are selected from
the reference tables [2, 8].

The loss of pressure is determined by the for-
mula [2, 8]:

2
(D .
AP=g- 2p, (6)

According to the obtained data, graphs of de-
pendence of pressure drop on mass flow were also
constructed for further comparison with the calcu-
lation in the shown complex with the visualization
of calculations.

The dependence of the flow rate of the working
medium on the type of throttling device will be
determined based on the approximation of the
graphs of the dependence of the pressure drop on
the mass flow:

G=a-JAP, (7)

where o — proportionality coefficient.

Findings

The graphical dependences of the mass flow
rate of the working medium G on the pressure dif-
ference AP are shown in Fig. 14—16 (based on the
results of numerical simulation) and in Fig. 17-19
(based on calculations using empirical dependen-
cies). The degree of closure of the throttling device
is denoted by ¢.

The value of the air flow, obtained by numeri-
cal simulation, is greater than the flow rates ob-

tained from semi-empirical formulas. At the same
time, they are in good qualitative agreement, and
the quantitative difference averages 25%, which
can be regarded as confirmation of the reliability of
the numerical model.

As can be seen from the Figures 14-16, the
graphs are well approximated by the func-

tionG = oc-x/A_P , which allows us to show the de-
pendence of the working medium flow rate on the
type of throttling device. Calculation using a soft-
ware package with visualization of the results
gives more accurate data and visually realizes the
process occurring in the throttling device than the
calculation using approximate formulas.

Based on the results of calculations performed
with the help of a software package with visualiza-
tion of the results, we calculated a proportionality
coefficient that describes the dependence of the
working medium flow on the throttling device ca-
pacity and its geometric features for each of the
throttling elements considered, with three degrees
of closure.
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Fig. 14. Graph of the mass flow rate versus
the pressure difference of Aisi throttle valve
based on the mathema-tical
modelling results
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Fig. 15. Graph of the mass flow rate versus
the pressure difference for San Marino valve
type «T'» based on the mathematical
modelling results
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Fig. 16. Graph of the mass flow rate versus the pressure
difference for San Marino valve type «Y» based
on the mathematical modelling results

Fig. 17. Graph of the mass flow rate versus the pressure
difference for Aisi throttle valve based on the
calculation results using empirical dependencies
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Fig. 18. Graph of the mass flow rate versus the pressure

difference for San Marino valve type «T» based on the
calculation results using empirical dependencies
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Fig. 19. Graph of the mass flow rate versus the pressure

difference for San Marino valve type «Y» based on the
calculation results using empirical dependencies
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Fig. 20. Graph of the mass flow rate versus
the type of throttling device

Originality and practical value

The work allows determining the degree of in-
fluence of the frictional component on the varia-
tion of the pressure difference in the pneumatic
cylinder and the auxiliary reservoir of the pneu-
matic suspension system. Also, the work proposes
a method to determine the dependence of the work-
ing environment on the capacity of the throttling
device and its geometric features.

The practical value lies in the possibility to
predict the operating parameters of the pneumatic
system depending on the pneumatic resistance of
the throttling device will improve the car running
characteristics, increase the comfort of passenger
transport, and also reduce the wear of the rolling
stock and track gauge due to vehicle-track interac-
tion.

Conclusions

Analyzing the above graphs, we can conclude
that the use of modern computational complexes
with visualization of the results greatly increases
the accuracy of calculation and allows analyzing
the operation of the system and the state of the
working medium in it not only by the final results
in digital form, but also observing them directly at
the time of flow process.

The obtained data of the pressure drop depend-
ence on the working medium mass flow allowed
determining the law that describes the process
flowing in the throttling devices. The dependence
of the flow rate of the working medium on the ca-
pacity of the throttling device and the geometric
capabilities of its design is determined.
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BU3HAYEHHS XAPAKTEPUCTHK JPOCEJIIOI0OY0I'0 ITIPUCTPOIO
JJIA THEBMATHUYHOI PECOPHU

Mera. Y HayKoOBi# poOOTi HEOOXITHO PO3TIISIHYTH BU3HAYCHHS 3aJIC)KHOCTI BUTPATH POOOUOr0 CepeIOBHUINA BiJl
MPOIYCKHOI 3aTHOCTI JAPOCETIOIYOr0 MPUCTPOI, HOr0 TeOMETPUYHUX OCOOJHBOCTEH, PI3HMIN THUCKIB y OasloHI
ITHEBMATHYHOI PECOpH Ta B JOJATKOBOMY pesepByapi. Meroamka. Po3paxyHOK 3aJeXHOCTI KUIBKOCTI poOo4Yoro
TiJIa Ta nepenajy THCKYy BUKOHAaHHUH ABOMA criocobamu: 1) yrcenbHUM MOJETIOBAHHIM CTAalliOHAPHOT'O MOTOKY a3y
4yepe3 APOCEIIOIYNi TPUCTPii; 2) aHAIITHYHUM PO3PaXyHKOBUM BHPA30M i3 BUKOPHCTAHHIM €MITIPUYHHUX 3aJ1€K-
HOCTEH (KOHTPOJIbHUH PO3paxyHOK JISl OIIIHKH JIOCTOBIPHOCTI pe3yJbTaTiB YHCEIHHOTO MOJENMIOBaHH:). st po3-
paxyHKy Oyso oOpaHO TpH MOZENI APOCETIOI0YMX MPUCTPOIB. 3AIEKHICTh BUTPAT POOOUOrO CEPEeAOBHIIA B PO-
ITyCKHOT 3aTHOCTI JPOCENIOI0YOro MPHUCTPOI0 Oylia BH3HAUCHA, BUXOISYH 3 ampOKCHMAIli rpadikiB 3alie)KHOCTI
mepenaiB THCKIB BiJl MACOBHX BHTpAT poboyoro cepenopuma. PesyasraTn. OTpuMano rpadiddi 3a1eKHOCTI Mik
TIeperagoM THUCKIB 1 MaCOBUMH BHTpaTaMu po0OOYOTO cepeZoBHIIa 3a IBOMa BapiaHTaMM PO3paxyHKy. [3 po3paxyH-
KiB, MPOBEJCHUX 3a JIOMOMOTOI0 MPOrPaMHOI0 KOMIUICKCY 3 Bi3yali3allield pe3yJsbTaTiB, 0OYUCICHUH KOehillieHT
npomnopiiiHOCTI. BiH onmcye 3a5iexHICT BUTPAT pOOOYOro CepeIoBHINA Bijl MPOMYCKHOT 3/aTHOCTI JPOCEIIOI0UOr0
MPUCTPOIO 3 YPaxyBaHHSIM [€OMETPUYHUX OCOOIMBOCTEH JUIsl KOXKHOTO 3 PO3TIITHYTHX €IEMEHTIB IIPH TPhOX CTyIIe-
HsX X 3aKpUTTS. 3HAUEHHSI BUTPAT MOBITPS, OTPUMaHI IUIIXOM YHCEIBHOTO MOJEITIOBAHHS, OlIbIlle HIXK 3HAUEHHS,
3HaijIeH] 3a HamiBeMIipudHUMHU (popMynamu. Y TOi e Yac, BOHU 3HAXOMSTHCS B XOPOIIiil SKICHIHM BiIOBIAHOCTI,
a KUTbKICHA PI3HHUI CTAHOBUTH Y CEPEAHBOMY 25 %, 110 MOXKHA PO3IJISAATH SK MiITBEPIKEHHS TOCTOBIPHOCTI Y-
cenpHOT Mozeni. 3a pe3ynbTaTaMu po3paxyHKiB MOOYIOBaHI rpadiky 3aleKHOCTI KoedillieHTa MPONOPUiHHOCTI Bif
CTYHIEHS 3aKpUTTS Jpoceitolouoro npucrtpoto. HaykoBa HoBu3Ha. PoOora 103BOJISIE BUSBHUTH CTYIIHb BIUIMBY
CKJIJI0BOI CHJIM TEPTS Ha 3MiHY Pi3HMII THUCKIB y THEBMOOAJIOHI Ta JOAATKOBOMY pe3epByapi CHCTEMH ITHEBMATHY-
HOTO MizBilIyBaHHs. TakoxX y poOOTI IPOMOHYETHCS CIIOCIO BUSIBJICHHS 3aJI€KHOCTI BUTPAT poO0YOro cepeaoBHIIa
BiJl IPOITYCKHOT 3[JaTHOCTI Jpoceiiodoro npucrporo. Ipakrnyna 3HavuMicTh. MOXINBICTD TPOTHO3YBAaHHS T1a-
paMeTpiB MHEBMAaTHUYHOI CHCTEMH 3aJI€)KHO BiJl THEBMATHYHOT'O OINOPY JPOCETIOI0YOr0 HNPUCTPOIO TO3BOJIUTH I10-
JIIIIUTH XOJI0B1 XapaKTEPUCTHUKN BaroHiB, MiIBUIINTH KOM(POPTAOETbHICTh IIEPEBE3CHHS MacaXHpiB, a TAKOK 3HU-
3UTH 3HOC PyXOMOTO CKJIaly Ta PeHKOBOI KOJIi1 BHACTIIOK B3aEMO/IT «EKiMaXK-TIIIIX.

Knouogi cnoga: pecopHe miiBILIYBaHHS; THEBMAaTHYHA Pecopa; BTPATH THCKY
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OITPEAEJIEHUE XAPAKTEPUCTUK JPOCCEJIMPYIOLIEI'O
YCTPOMCTBA JIJISI THEBMATHYECKOM PECCOPBI

Hens. B HayuHoii pabotre HEOOXOAUMO PaCCMOTPETHh OMpEICICHHE 3aBHCHMOCTH pacxonaa padodeil cpensl oT
MIPOIYCKHOM CHOCOOHOCTH JPOCCEIHPYIOMIETO YCTPOUCTBA, €0 TeOMETPHUYECKIX 0COOEHHOCTEH, pa3HOCTH JaBie-
HUS B OaJJIOHE THEBMAaTHYECKOW PECCOPHI U B JOIIOMHUTEIBHOM pe3epByape. Meroauka. Pacder 3aBucuMocTn pa-
Oodell cpeqsl U Iepernaia JaBIeHUs BHIIIOIHEH ABYMs crioco0ami: 1) YHCIeHHBIM MOJEIHPOBAHIEM CTAIlIOHAPHO-
ro IOTOKa ra3a 4yepe3 APOCCENUpYIOIiee YCTPOHCTBO; 2) aHAINTHYECKUM PACcUCTHBIM BBIPaKEHHEM C HCIIOJIb30Ba-
HUEM SMIMPUYECKUX 3aBUCUMOCTEH (KOHTPOJBHBIH pacueT JUIsl OLEHKH JOCTOBEPHOCTH PE3YIbTAaTOB YHCICHHOTO
MojenupoBanus). st pacyera ObUIO BHIOPAHO TPU MOJIENHU JIPOCCENUPYIOUIMX YCTPOHCTB. 3aBHCUMOCTh pacxoja
paboyeli cpeabl OT MPOMYCKHOM CIIOCOOHOCTH JPOCCENMPYIOIIEr0 YCTPOMCTBA M €r0 FeOMETPUUECKHX OCOOCHHO-
cTell ObUIa ompeneneHa, UCXOMs M3 alllpPOKCHMAlMU IpaMKOB 3aBUCHUMOCTH Mepernaa JaBIeHHs OT MacCOBOTO
pacxoma paboueit cpenbl. Pesyabrarbl. [lomydeHbl TrpaduuecKue 3aBUCHMOCTH MEXKIY IEpPEragoM TaBJICHUM
1 MacCOBBIM PacxooM paboueil cpensl o JByM BapHaHTaM pacuera. 113 pacderoB, MPOBEACHHBIX C MTOMOIIEIO TPO-
TPaMMHOTO KOMIUIEKCA C BH3YyalIH3alUeH pe3ylbTaToB, BEIUHCICH K03(duiueHT mponopuuonambHocTH. OH OmMu-
CBHIBAaeT 3aBUCHMOCTH pacxofa pabodeil cpeibl OT MPOIYCKHONW CLIOCOOHOCTH IPOCCEIMPYIOMIETO YCTPOICTBA C yUe-
TOM €r0 TeOMETPHUYECKIX OCOOCHHOCTEH IS KaKIOTO M3 PacCMOTPEHHBIX AJIIEMEHTOB IPHU TPEX CTEMEHIX 3aKPhI-
THs. 3HAYCHUS pacxojla BO3AyXa, ITOJYUYEHHBIC ITyTEeM YHCICHHOTO MOJCIUPOBAHMA, OOJBINE 3HAYCHHU pacxoja,
HaIEHHBIX N0 MOJIYIMIUpHYECKIM (opMynaM. B To ke BpeMs, OHH HaXOIATCS B XOPOIIEM KadeCTBEHHOM COOT-
BETCTBHH, a KOJMUECTBEHHAs Pa3HHUIIA COCTABIIAET B cpeaHeM 25 %, 4TO MOXKHO paccMaTpHBaTh Kak MOATBEpIKIe-
HHE JJOCTOBEPHOCTH YUCICHHOW Mozenu. [1o pe3ysnbraraM pacueToB MOCTPOEHbI TpaduKy 3aBUCUMOCTH Ko duim-
€HTa TMPOIMOPIMOHANBEHOCTH OT CTETNEHU 3aKPBITHS Apoccenupyroniero ycrpoicrsa. Hayunast HoBusHa. Pabota mos-
BOJISIET BBIABUTH CTCIICHDb BJIIWSHUS COCTaBHHIOHlei/JI CWJIBbI TDCHHUA HA UBMCHCHUE PAa3HOCTU I[aBJ'IeHI/Iﬁ B ITHEBMOOAJIJIOHE
1 JIOTIOJTHUTENIFHOM pe3epByape CHCTEMBI ITHEBMATHUECKOTO IOJBEIIMBaHUS. Taioke B paboTe mpezjiaraeTcsi crocod
BBISIBJIGHUS] 3aBUCUMOCTH 3aTpatr paboueil cpejipl OT MPOMYCKHON CIIOCOOHOCTH JIPOCCENUPYIONIEr0 YCTPOHUCTBA U €T0
reoMeTpudecknx ocodeHHocTel. IlpakTuyeckas 3HAYNMOCTh. BO3MOKHOCTE IPOTHO3UPOBAHMS pabOUNX MapameT-
POB ITHEBMATHYECKOM CHCTEMBI B 3aBHCUMOCTH OT ITHEBMATHYECKOTO COTIPOTHBIICHHUS APOCCEIUPYIOIIEr0 YCTPOUCTBa
MO3BOJIUT YIYYIIUTH XOJOBBIC XapaKTEPUCTHKU BaroHOB, TOBBICHTH KOM(OPTaOETHHOCTH TMEPEBO3KHU ITACCAKHPOB,
a TaKkKe CHU3UTH U3HOC MOJIBIDKHOTO COCTAaBa M PETECOBOM KOJICH BCIICICTBHE B3aUMOJICUCTBUS «IKHIIAXK-TTYTHY.

Krouesvie crnosa: peccopHoe MOIBENINBAHNE; ITHEBMATHYECKAs Peccopa; IOTEPH JaBICHUS
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