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Abstract: Pipes for oil and gas pipelines made of nanocomposite materials are increasingly used. The most common manufac-
ture of composite piping is by winding fiberglass onto a rotating mandrel. With continuous winding, it is possible to choose the
angle of laying the threads - the so-called angle of reinforcement. Depending on its value, as well as on the angle of curvature of
the pipeline when its axis deviates from the straight direction, the strength indicators of the pipe change.

The article discusses the modeling of the flexibility behavior of a composite pipeline of a curved shape. It is curved pipelines
that are in the most difficult operating conditions, accompanied by the manifestation of the Karman effect in the pipe turning
angles. As a modeling parameter, a coefficient of increase in the flexibility of the pipe is adopted. Influencing factors are the angle
of reinforcement of the composite and the angle of curvature of the axis of the pipeline. An analysis of the results of the calculation
performed earlier showed that in the range of reinforcement angles from 0° to 85° the dynamics of the coefficient of increase in
pipe flexibility is different. Mathematical models have been developed for two ranges of values for the coefficient of increase in the
flexibility of a composite pipe. Modeling error averages no more than 2%.
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Pe3siome: Tpy6bl ana HepTerazonpoBofOB U3 HAHOKOMMO3UTHBIX MaTepPUanoB HaxXoAAT BCe Honee WHPOKOe NprMeEHeHNe.
Havbonee pacnpoctpaHeHo N3roToBieHne KOMMO3UTHbIX TPYOONPOBOAOB HAMOTKON CTEKIOBONIOKHA Ha BPALLAOLLYOCA OMNPaBKy.
Mpw HenpepbIBHON HAMOTKE MMEETCA BO3MOXHOCTb BbIOOPa yria yKnafKu HATEl — Tak Ha3biBaeMoro yrnia apmrpoBaHus. B 3aBu-
CYMOCTM OT €r0 3HaYeHWs, a Tak »Ke OT yria KprBM3HbI TPYOONpPOBOAa NP OTKIIOHEHWI ero 0Cu OT NPAMOSIMHENHOTO HanpaBieHNA
rokasaTenu NPOYHOCTY TPYObI N3MEHAIOTCA.

B cTaTbe paccMOTpeHO MoAeNMpoBaHie NOBEAEHNA MMOKOCTY KOMMO3WUTHOIO TpybonpoBoaa KpusonvHeiHon Gopmbl. iMeHHO
KPVIBONIMHEHble TPYOONPOBObl HAXOAATCA B Havboee CIIOXKHBIX YCIOBUAX SKCMyaTaLmm, CONPOBOXKAAILWMXCA NPOABIEHNEM
3¢ dekTta KapmaHa B yrnax noBopota Tpy6bl. B KauecTse napameTpa MOAENNPOBaHWA NPUHAT KOSGOULIMEHT yBeNMUYEeHMA TMOKOCTM
Tpy6bl. Banaowymmn daktopamu BbICTYNaloT Yron apMMpOBaHKA KOMMO3MTa 1 Yron KprBK3HbI ocv Tpybonposoaa. AHanus pe-
3yNbTaTOB pacyeTa, BbINMOMIHEHHOTO paHee, NoKasal, YTo B A1anasoHe yrioB apMmnpoBaHua ot 0° Ao 85° ArHamumKa KoabdurumeHTa
yBenmnyeHms rubkocTy Tpyobl pasnmyHa. PaspaboTaHbl MaTeMaTUyecKe MOAeNm AnA ABYX AMana3oHOB 3HaueHnn KoaddurureHTa
yBeNMyeHns rmbKoCcTy KOMMNO3UTHOW TPY6bI. OLIMOKa MOLENVPOBaHMA B CPpeiHEM COCTaBAEeT He 6onee 2%.

Knroyeesie cnosa: komnosur, FI/I6KOCTb, MHOronapameTpuyeckan perpeccma, mogennpoBsaHmne, aCuMnToTnyeckme KOopanHaTtbl.
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INTRODUCTION

One of the main problems in maintaining the oper-
ability of technological pipeline systems is the cor-
rosion of steel pipes. The most promising solution to this
problem is the transition to non-metallic pipelines, for
example, composite systems [1, 2, 3]. Currently, more
than 200 thousand tons of pipes from composite materials
(CM) are produced in the world [4]. Fiberglass pipes [5,
6, 7] are widely used, made on horizontal and radial cross
winding machines using wet impregnation of glass-filled
fiber with an epoxy binder [8].

The most common is the manufacture of composite
pipes by the method of continuous winding of glass
fiber on a stepwise moving mandrel [9] — the so-called
«walking» mandrel. One of the available machine op-
tions is the regulation of the direction of glass-laying
on the surface of the mandrel [10]. The winding path
is determined by the angle of reinforcement @. It is
the angle between the direction of glass roving laying
and the pipeline axis that largely determines the main
characteristics of the strength and reliability of the
composite pipe [11].

Table 1

Initial values for the coefficient of increase in pipe flexibility &

MAIN PART
The relevance of the task

The use of composite pipelines with a curved axis
of laying is accompanied by the most complex technologi-
cal strength modes. During their production, an inhomo-
geneous structure is formed with variable reinforcement
angles @ (the angle between the tangent to the reinforce-
ment path and the axial direction of the pipe). Pipeline
zones in the area of rotation angles, as a rule, experience
the greatest longitudinal and ring forces. With sufficient
flexibility of the material, the probability of the mani-
festation of the Karman effect (flattening of the cross
section during bending) is highest [12, 13]. The authors
of [14] showed that the quality of installation and further
operation of a composite pipe under variable tempera-
ture conditions largely depends on its rigidity. Increasing
the flexibility of the pipe will ensure the reliability and
durability of the pipeline system, even under conditions
of accidental shock loads [15].

The work is devoted to modeling the coefficient
of change in the flexibility of the pipeline depending on

No Reinforcement angle, @, ° Bend angle, @, ° Flexibility factor, &, r.u.
: X, X, Y
1 55 180 1.39
2 65 180 1.27
3 75 180 1.23
4 85 180 1.21
5 0 180 2.97
6 55 135 1.36
7 65 135 1.26
8 75 135 1.22
9 85 135 1.20
10 0 135 2.91
11 55 90 1.30
12 65 90 1.22
13 75 90 1.19
14 85 90 1.17
15 0 90 2.67
16 55 45 1.19
17 65 45 1.17
18 75 45 1.16
19 85 45 1.16
20 0 45 2.08
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Fig. 1. The relationship of the coefficient of change in the flexibility of the KM pipe
with reinforcement angles @ and bending @ of the pipeline

the bending angles of its axis @ and the angle of rein-
forcement @ [16]. The object of modeling is a pivotally
supported curvilinear pipe made of Kevlar 49/PR-286
composite material with a diameter of 167 mm and
a wall thickness h = 4.2 mm. The number of layers
is 6 [17].

Initial data for model development

The initial data for modeling the behavior of the co-
efficient of change in flexibility k were the results of the
finite element method [18, 19] for calculating the strength
characteristics of a curved pipe made of Kevlar-286 com-
posite material (Table 1, Fig. 1).

An analysis of the source data showed that in the full
range of variation of the reinforcement angle ¢ from 0° to
85°, the studied dependence is non-linearly monotoni-
cally decreasing for any curvature of the pipeline F.

Settlement part

Depending on the range of values of the angle of rein-
forcement @, we selected modeling methods.

Modeling in the range of @e[55°; 85°]

In the range of reinforcement angles from 55° to 85°,
the dynamics of the coefficient of increase in pipe flexi-
bility is almost linear (the average deviation does not ex-
ceed 5%). In addition, glass roving winding machines,
used in practice, provide reinforcement angles in precisely
this range [20]. This allows you to use a technically un-

complicated method for developing a multi-parameter
linear regression model.

The main goal of multiple regression is to build
a model with a large number of factors, while determin-
ing their combined effect on the modeled indicator. The
implementation of the method in matrix form involves
several consecutive steps.

Step 1. Formation of source data matrices for model-
ing:

X — matrix of influencing parameters — ¢ and @ —
taking into account the accepted number of influencing
parameters.

Y is the matrix of the desired function k is the co-
efficient of variation of the flexibility of the composite
pipeline.

1 ¢ I ki
1 ¢ @ k>
X=1|... ... Y= [|.. |
I 15 Dis kis
I g6 Dig kig

Matrices are formed on the basis of the initial data
of Table 1.
Step 2. Formation of the transposed matrix X".

1 1 1 1
X™=| 1 ¢ M5 P16
O; D, D15 Die

Step 3. After a series of transformations of the original
matrices, a vector of estimates of the coefficients of the
regression equation is obtained:
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A= (XWX b (XY,
AO

A= A]
An

Range modeling at @ e[55°; 85°]

Expanding the range of variation of reinforcement
angles in the manufacture of composite pipelines is a very
promising direction. At ¢ — 0°, the coefficient of flex-
ibility of the pipe increases significantly, which helps to
increase the reliability and performance of a curved com-
posite pipe [21]. To take into account the nonlinearity
of the relationship between the coefficient of change in
the flexibility of the pipeline with @ and ®, the transition
to asymptotic variables seems optimal [22]. The authors
of [22] showed that asymptotic variables can reliably
develop a model of a function that is characterized by
a tendency to some asymptotes at the boundaries of the
considered range of values.

To pass to asymptotic variables, use the model func-

tion:
— (k_ko)
f - (koo*ko) ’

Table 2

where k, = k(®P)atp=¢_. = 0°,
k,=k(@)atp=¢_ =85,

forwhichg . @ __defined in Table 1. One-param-
eter regression equations fork and k_ set by least squares
method.

The main property of the model function f is that for
any values of the angle of curvature ® f=0at ¢ = ¢
andf=lato=¢_ .

The regression equation for f'is established by its val-
ues by numerical simulation at values of the reinforcement
angle @ in the rangefrom 0° to 85°.

min’®

Analysis of the results
Range simulation results at @e[55°; 85°]

As a result of the implementation of the matrix meth-
od for finding the coefficients in the multiple linear re-
gression equation, the components of the vector of esti-
mates of the coefficients of the equation were determined
(table 2).

The result of the implementation of the multiple
regression method under the condition @ € [55°; 85°],
the type of dependence of the coefficient of flexibility
of the pipeline depending on the angle of reinforcement

Coeficients of the linear equation of multiple regression to determine the coefficient of change

in the flexibility of the composite pipeline

. . . s Th f th flici
Ne Influence factor in the equation Coefficient designation e value o t‘e coe cl.ent
of the regression equation
Free ratio A, 1.426
2 Reinforcement angle A, —0.00405
3 Pipeline angle of curvature A, 0.000789
1,4
O Data B Model
1,2 H
31,0
£08 1
z
=06 T
2
x
0,4 H
[N
0,2 1
0,0 +
1 2 3 5 6 7 8 10 11 12 13 14 15 16
The point number of the source data from table 1

Fig. 2. Assessment of the reliability of the simulation results of the range @[55°; 85°]
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¢ and the angle of curvature of the axis of the pipeline ®
was established:

(@, @) = 1,426—0,00405xp+0,000789 X D.

The adequacy of the obtained results was assessed
by comparing the initial data of the values of the coef-
ficient of flexibility increase of the composite pipeline
with model values (Fig. 2).

A quantitative assessment of the quality of the result-
ing multiple regression equation showed that the model-
ing error at the points of the source data varies from 0,2%
to 4%, averaging 1,9% for the sample.

Range simulation results at @ e[0°; 85°]

As shown in [22], the efficient use of asymptotic coor-
dinates is possible for functions of a certain type. In par-
ticular, the direct application of asymptotic coordinates is
inadmissible if F — oo is at least on one edge of the interval
under study. In our case, k — o for ¢ — 0 (Fig. 1).

This situation, according to the recommendations
of the authors [23], is allowed by the transformation of the
initial data of the form:

k=1/k.

The conversion results are given in Table 3.

The stages of the sequential implementation of the
transition of the original function to asymptotic coordi-
nates are shown in Fig. 3.

Taking into account the obtained analytical expression
for the model function f, the dependence of the coeffi-
cient of increase in the flexibility of the composite pipe
on the reinforcement angle ¢ and the pipe curvature angle
® was identified:

(o, @) = 0,777D055[(0,002+0,0218¢p—0,00012¢2) X
X (0,757 1)+1]",

where @,° — composite pipe reinforcement angle;
®,° — pipeline axis curvature.

Table 3
Initial values for the coefficient of increase in pipe flexibility in converted format, k
k dD =180° D =135° dD =90° D = 45°
p=0° 0.337 0.344 0.375 0.481
@ =55° 0.719 0.735 0.769 0.840
P =065 0.787 0.794 0.820 0.847
=175 0.813 0.820 0.840 0.855
@ = 85° 0.826 0.833 0.855 0.862
1 -~

1,0 0o PN &»9"

0.9 TA— A A k ’

0,8 = oo .08 193

0,7 50,7

06 § 06 ///

05 @ Z05

0,4 — — 304

0,3 ~ 0k, 203

0,2 0,2

0,1 0,1

0,0 oY

40 60 80 100 120 140 160 180 0 10 20 30 40 50 60 70 80 90
a Pipe Curvature Angle, ® b Reinforcementangle

Fig. 3. Stages of the implementation of the asymptotic coordinate method:

a — boundary functions k,and k ; b — model function
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Fig. 4. Assessment of the reliability of the simulation results @ e[0°; 85°]

The adequacy of the obtained results was assessed
by comparing the initial data of the values of the coef-
ficient of flexibility increase of the composite pipeline
with model values (Fig. 4).

A quantitative assessment of the adequacy of the ob-
tained multiple regression equation showed that the mod-
eling error at the points of the source data varies from
0.2% to 5%, averaging 2% on the sample.

CONCLUSION

1. It is shown that an increase in the flexibility of the
composite pipeline contributes to ease of installation and
increases the reliability of the operation of the oil pipeline
system.

2. It was found that the flexibility of the KM pipe
increases with decreasing reinforcement angle. With
a decrease in the angle of reinforcement from 85° to 55°,
the dynamics of the coefficient of flexibility increase is
almost linear. With a further decrease in the angle of re-
inforcement up to 0°, the intensity of the increase in
the flexibility coefficient of the composite pipe gradually
increases.

3. Developed regression equations to determine
the coefficient of increase in the flexibility of the KM pipe
depending on the angle of reinforcement and the angle
of curvature of the pipeline: Non-linear model for pe[0°;
85°] and the linear model for ¢pe[55°; 85°]. The average
error of the models does not exceed 2%.
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BBEJEHUE

O;[HOI‘/’I W3 OCHOBHBIX IIPOOJIeM TOIICPKaHUS pabOoTO-
CITOCOOHOCTH TEXHOJIOTUICCKIX TPYOOTIPOBOIHBIX
CHCTEM SIBIIICTCS KOPPO3UsI CTaTbHEIX Tpy0. Hambomee
TIePCIIEKTUBHBIM PEIICHUEM 3TOM ITPOOJIEMBI TIPEICTaB-
JIIETCS TIEPEeXOol Ha HeMETAJUTMIECKIE TPYOOIIPOBOIHI,
HaIpuMep, KOMIIO3UTHBIE cucTeMHl [ 1, 2, 3]. B HacTos-
1ee BpeMsI B Mupe TIpon3Boantcs 6os1ee 200 THICSY TOHH
TpyO M3 KOMIO3UTHBIX MaTepuanoB (KM) [4]. IlIupoko
TIPUMEHSIOTCS CTEKJIOIIACTUKOBBIE TPYOHI [ 3, 6, 7], n3-
TOTOBJICHHBIC Ha CTaHKAX TOPMU30HTAIBHOM 1 pagraiib-
HO-TIEpeKPECTHOM HAMOTKM IO TEXHOJIOTHU MOKPOM
TIPOITUTKH CTEKIIOHATIOJIHEHHOTO BOJIOKHA TIOKCUIHEIM
cBsI3yIoImmM |[8].

Hawn6osee pacipocTpaHEHO M3TOTOBIICHIE KOMIIO-
3UTHBIX TPYO CITOCOOOM HEIIPpEepHIBHOM HAMOTKH CTe-
KJIOBOJIOKHA Ha CTYNEHYATO IBIKYIIYIOCS OIIPaBKY
[9] — Tak Ha3BIBaeMasl «1araromas» ornpaska. OQHOI
W3 JOCTYITHBIX OITLMI CTAHKOB SIBJISIETCST PETyIMPOBaHIE
HaIIpaBJICHMS YKJIAIKW CTEKJIOPOBMHTA Ha TTOBEPXHO-
ctu orpaBku [10]. TpaekToprss HAMOTKHM OIpeaesIeTCs

YIJIOM apMUpoBaHUS @. IMEHHO yroy MexXmay HaIpaB-
JICHUEM YKJIAIKW CTCKJIOPOBMHTA U OCHIO TPYOOIIPOBO-
J1a BO MHOTOM OTIpENeIIeT OCHOBHBIC XapaKTepUCTUKI
MPOYHOCTU U HAAEKHOCTU KOMIIO3UTHOM TpyObI [11].

OCHOBHAA YACTb
AKTyabHOCTDb 331291

Hcnonb3oBaHue KOMIIO3UTHBIX TPYOOIIPOBOLOB
C KPMBOJIMHEIHON OChIO YKJIAAKK COIIPOBOXIAETCS
HauboJiee CIA0XHBIMU TEXHOJOTMYECKUMU IIPOYHOCT-
HbIMU pexumamu. [1pu Ux mpou3BoACTBe GOPMUPYET-
Cs1 HEOMHOPOIHAS CTPYKTYypa C IIEPEMEHHBIMU YIJIaMU
apMUpPOBaHMS P (Yol MEXIY KacaTeJIbHOM TPAeKTOPUK
apMUPOBAHUS 1 OCEBBIM HaIlpaBJIeHUEM TPYObI). 30HbI
TPYOOIPOBOAOB B 00JIACTH YIJIOB IIOBOPOTA, KaK IIpa-
BWJIO, UCIIBITHIBAIOT HAKMOOJIBLINE IIPOAOIbHbIE 1 KOJIb-
LieBble HanpspkeHust. [1pu goctaTouHOM rMOKOCTU Ma-
Tepuaia BepOsITHOCTD IiposiBieHus adekra Kapmana
(CILTIONIMBAHMS [TOIIEPEYHOrO CEYSHUSs IIPU U3rube)
Hanboitee Beicoka [12, 13]. ABropamu [14] moka3saHo,

Tabauya 1
Hcxonubie 3HaYeHus Koa(GuimeHTa yBeInueHus THOKOCTH TPYObl k
Ne 1/ Yron apMupoBanus, @, ° Yrox usru6a ocu, @, ° Koad;:]:g::ce:l:,);:egileﬂm
X, X, Y

1 55 180 1,39
2 65 180 1,27
3 75 180 1,23
4 85 180 1,21
5 0 180 2,97
6 55 135 1,36
7 65 135 1,26
8 75 135 1,22
9 85 135 1,20
10 0 135 2,91
11 55 90 1,30
12 65 90 1,22
13 75 90 1,19
14 85 90 1,17
15 0 90 2,67
16 55 45 1,19
17 65 45 1,17
18 75 45 1,16
19 85 45 1,16
20 0 45 2,08
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Puc.1. B3anmocssa3s KoadumnuenTa n3mMeHeHns ruokocta KM-TpyosI ¢ yriamu

apmupoBanus @ u u3rno6a @ TpydonpoBoga

YTO KaYeCTBO MOHTAXa M MaJbHEHIIe! SKCIUTyaTalllii
KOMITO3UTHOM TPyOBI B IEPEMEHHBIX TeMIICPATyPHBIX
YCIIOBUSIX BO MHOTOM 3aBUCHT OT €€ 3KeCTKOCTU. [ToBBI-
IIeHWEe THOKOCTU TPYOBI TTO3BOJIUT 00ECTICUNTD HAIEeK-
HOCTb 1 JOJITOBEUHOCTH TPYOOITPOBOTHOM CUCTEMBI JasKe
B YCJIOBUSIX CJTyYalHBIX yIapHbIX HArpy3ok [15].
PaGora nocasiieHa MoaeMpoBaHnio KOG GUIeHTa
W3MEHEHUS THOKOCTHU TPYyOOIIPOBOIA B 3aBUCUMOCTH
ot ymioB u3ruba ero ocu ® u yria apmupoBanust @ [16].
OOBEKTOM MOIETUPOBAHUS SIBIISICTCS IIAPHUPHO-OTIEP-
TBI KPUBOJIMHEWHBIN TPYOOIIPOBO 113 KOMITO3UTHOTO
marepuaia Kevlar4d9/PR-286 nuamerpom 167 MM 1 TOJI-
muHo# creHkn h = 4,2 mm. Konmmaectso cioes — 6 [17].

Ncxonnbie 1aHHBIE 17151 pa3padOTKH MOAEIN

M cxomHbIMI JAaHHBIMU TSI MOIETMPOBAHMS IIOBEC-
HIST KOO GUIMeHTa M3MEHEHMSI THOKOCTH K TIOCITYKUIA
pPe3yIbTATHl peaanu3allii METOIAa KOHEUHBIX 3JIECMEHTOB
[18, 19] mnst pacueTa XapaKTEPUCTUK ITPOYHOCTU KPUBO-
JIMHEITHOTO TPyOOIIPOBOIA M3 KOMITO3UTHOTO MaTepHraia
Kevlar49/PR-286 (ta6a. 1, puc. 1).

AHaIIN3 UCXOTHBIX JaHHBIX TTOKa3aJl, YTO B IIOJTHOM
IUAaTTa30He M3MEHEHUS yIIa apMUpoBaHMs ¢ oT 0° mo 85°
n3ydaeMasl 3aBUCUMOCTD SIBIIICTCSI HEJTMHEITHOM MOHO-
TOHHO yObIBaIOLIEH 151 JII0O0K KPUBU3HBI TPYOOTIPO-
Boma @.

Pacyernas yactpb
B 3aBuCHMMOCTH OT nIMarna3oHa 3Ha4yeHWi yriaa ap-

MUPOBAHUA (p HAMUA ObLIN HO,Z[O6]3&HBI METOObI MOIC-
JIMPOBAHUA.

MogempoBaHue B muana3oHe @ e [55°; 85°]

B nuanazoHe 3HaYeHUit yrjioB apMUPOBaHUS OT 55°
1o 85°nmHamMuKka KoadduiimeHTa ypeanuyeHus: rubko-
CTU TPYOBI SBJISIETCS TPAKTUUECKU JIMHEMHON (CpenHee
OTKJIOHeHUE He mpeBbiiiaeT 5%). Kpome toro, nmpu-
MEHsieMble Ha MpaKTUKe MAllMHbl HAMOTKM CTEKJIO-
pOBMHTA 00ECIIeYnBaIOT YIJIbl apMUPOBAHUS UMEHHO
B TaKoM auarrazoHe [20]. DTo mo3BoJIsIeT UCIIOIb30BaTh
HECJOXHBINM TEXHUYECKUIA METOJ pa3pabOTK MHOTO-
napaMeTpUIECKON JTMHEMHOM perpeCCUOHHOM MOIEIIN.

OcHOBHa 1IeJIb MHOKCECTBEHHOM PEerpeccuu — Mo-
CTPOUTH MOJIETh C OOJIBIIIIM YMCIIOM (haKTOPOB, OTIpeIe-
JIUB TIPY 5TOM COBOKYITHOE MX BO3JIEMCTBHUE HAa MOJIEIV -
pyemblii mokasatesib. Peanuzanust MeTona B MAaTpUUYHOM
BHUJIe MOApPa3yMeBaeT HECKOJIbKO MOCeI0BaTEIbHBIX
111aTOB.

Ilar 1. ®opMupoBaHe MaTPUIL NCXOTHBIX TAHHBIX
JIJISI MOZIEJIMPOBAHUSI:

X — MaTpuIla BIUSIOMUX ImapamMeTpoB —@ u @ —
C YYETOM MPUHSITOTO KOJMYECTBA BAMUSIOIIMX MapaMme-
TPOB.

Y — Marpuiia icKoMoi ¢hbyHKIIMM k — KoadduimeHTta
U3MEHEHUsI TMOKOCTU KOMITO3UTHOTO TPyOOIpoBoIa.

¢ D ki
@2 D k>
X= N Y= ..
@15 Dis kis
016 Dis kig

Matpuiipl chpopMUPOBAHBI HA OCHOBE MCXOTHBIX
MaHHBIX TA0d. 1.
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IIar 2. ®opmupoBaHe TPaHCITOHUPOBAHHOM Ma-
Tpub X'.

1

™
D

1

P2
D,

1

P15
D15

1

P16
D16

XT:

IIar 3. ITocae psima mpeodbpa3oBaHMit NCXOIHBIX Ma-
TPHII TIOJTYICH BEKTOP OILIEHOK KO3 (UIINEHTOB ypaB-
HCHMS PETPECCHM:

A = (XX Y% (XX Y).
Ao
Ay
Ay

A=

Mogenmmposanne B nuana3one @< [0°; 85°]

Pacmmpenue nuara3oHa Bapyualuy yIJIIOB apMUPO-
BaHMUS TIPU U3TOTOBJICHUY KOMITO3UTHEIX TPYOOIIPOBO-
IIOB SIBIISICTCST BECbMa TTePCIIEKTUBHBIM HAIIPaBICHUCM.
IIpu @ — 0° K03(pPUIIMEHT THOKOCTU TPYOBI 3HAUM -
TEJILHO BO3PAacTacT, YTO CIIOCOOCTBYET IOBBIIIICHUIO

Tabauya 2

HAIEeXXHOCTH U PAaOOTOCTIOCOOHOCTU KPUBOJIUHEHHOMN
KOMIIO3UTHOI TpyOsI [21]. JIIsT yaeTa HETUHESWHOCTH
(GYHKIIUY B3aUMOCBS3U KO3 (PUILIMEeHTAa U3MEHEHUS
TUOKOCTH TpyOompoBona ¢ @ 1 @ onTUMAalIbHBIM IIpe-
CTaBJISIETCS TIEPEXOM K ACHMITTOTHYECKIM TTePEMEHHBIM
[22]. ABTOpamu [22] moKa3aHO, YTO aCUMITTOTUYECKIE
IepeMeHHBIE TTO3BOJISIIOT TOCTOBEPHO pa3pabaThIBaTh
MoIesb (PYHKIIMU, KOTOpAasT XapaKTepU3yeTCsl CTPeM-
JICHEeM K HEKOTOPBIM aCHMIITOTaM Ha TPaHMIIaX pac-
CMAaTpUBAaeMOTO JUAIIa30Ha 3HAYCHUIA.

s mepexona K aCHMIOTOTUYECKUM TIepeMEHHBIM
HCTIONB3YIOT MOACIBHYIO (PYHKITHIO:

_ (k_ko)

f‘(kﬁ—n)’

rae k, = k(@) npue=¢_. =0°,
k,=k(@)npue=¢__ =385,

IJIs KOTOPBIX @ . M @ ONpeleseHbl 1Mo Tabi. 1.
OnHomnapaMeTpUyeCcKue ypaBHEHHs PErPecCUn U K,
U k_ yCTaHOBJIEHBI METOJOM HAUMEHBIINX KBAIPaTOB.

['maBHOE CBOICTBO MOAETBHOM (DYHKIIUU f COCTOUT
B TOM, YTO TIPY JIIOOBIX 3HAYCHUSX yTjia KpUBU3HBI D f=

0npn ¢ =@, 1f=1upne=o,,.

KoaddummeHTs! THHEHOTO ypaBHEHHSI MHOXKECTBEHHOI perpeccHu ISl onpee/ieHust
K03 (puIMeHTa H3MEHEH)A THOKOCTH KOMIIO3UTHOTO TPYOONpPOBOIA

. 3navyenne K03 dunuenrta
Ne n/m | Bimsiiommii (hakTop B ypaBHeHUN O6o3navenne ko3 dunuenta T
CBOOOIHBIN KOAGDGUIUEHT A, 1,426
2 Yron apmupoBaHus A, —0,00405
3 Vros KpuBU3HBI TPyOOIPOBOIA A, 0,000789

= 14 O Oaubie B Mogenb
by
I 1,2 H
2
g o 1,0
& ©
= £0,8
=
=86
T
3 S04
<
3 0,2
x

0,0 +

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Homep ToUKM ncxompix AaHHbIX No Tabn.l

Puc. 2. OueHka 10CTOBEpPHOCTH Pe3yJI5TATOB MOAEIMPOBAHHUS B Irana3oHe @ € [55°; 85°]
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YpaBHeHMe perpeccun st (PyHKLMN f ycTaHABINBAIOT
o ee 3HAYECHUSIM YHUCIECHHBIM MOJEINPOBAHUEM IPU
3HAUCHUSIX yIJIa apMUPOBAHUS ( B mramna3oHe oT 0° mo 85°.

AHaTM3 MOJTyYeHHBIX PE3YJIbTATOB
Pe3ynbTaThl MOIEeMPOBAaHNS B IHana3oHe @< [55°; 85°]

B pesyabrare peannzanuu MaTpUuyHOro criocoda Ha-
XOXIEeHUS KO3 DUIINEHTOB B ypaBHEHUY MHOXECTBEH-
HOM JIMHEWHON perpeccuu ObLIN OIpeaesieHbl KOMITO-
HEHTBI BEKTOpa OIIEHOK KO3 (DUIIMEHTOB YpaBHCHUS
(Tadm. 2).

B pesynbTate peanuszany MeToaa MHOXECTBEHHOM
perpeccuu IIpu YCIOBUU ¢ €[55°; 85°] ObLT ycTaHOBIICH
BUII 3aBUCUMOCTH KO3 PUILIMEHTa N3MEHEHUS THOKOCTH
TpyOOMNpOBOJA B 3aBUCUMOCTH OT yIjia apMUPOBAHUS (P
¥ yIJIa KpUBU3HEI OCH TpyOompoBoma D:

k(p, @) = 1,426—0,00405%p+0,000789 X D.

OHCHKa aICKBATHOCTHU ITOJYYCHHBLIX PE3YJIbTAaTOB
BBIINMOJTHEHA CPaBHEHNUEM NCXOOHbBIX JaHHDBIX 3HAYCHU

K03 (UIIMEHTA YBeTMIeHNS THOKOCTH KOMITO3UTHOTO
TpYOOIIPOBOA C MOJENBHBIMU BEIMUMHAMH (pHC. 2).

KonnuecTBeHHas olleHKa KA4ecTBa MOJIyYeHHOTO
ypaBHEHMS MHOXKECTBEHHOM perpeccuy Mmokasaja, 4To
OIIMOKA MOIETMPOBAHUS MO TOYKAM MCXOTHBIX JaH-
HbIX u3MeHsercs ot 0,2% 1o 4%, cocraBiiss B cpeaHeM
110 BeIOOpKE 1,9%.

Pe3syabraTel MomeMpoBaHus B anana3one @ € [0°; 85°]

Kak moka3zano B [22], 2¢deKTUBHOE UCTIONH30BaHNE
ACHUMITOTUYCCKUX KOOPIMHAT BO3MOXKHO TSI (DYHKITHIA
OIpeneICHHOTO THIA. B 9acTHOCTH, HEIOITyCTHMO TIPsI-
MoOe IIpUMEHEHNE aCUMITOTHYECKIX KOOPIAMHAT, €CIIN
F — o0 X0TsT 6BI Ha OTHOM Kpalo MCCIIEIyeMOTO MHTEP-
Bajia. B Hamem ciyqae k — oo ipu ¢ — 0.

DTa cUTyanusI o peKOMEHIAIMSIM aBTOPOB [23] pa3-
pelaeTcs mpeodpa3oBaHNEM UCXOMHBIX JaHHBIX BUIA:

k=1/k.

PesynbraThl Ipeobpa3oBaHus IIpUBEACHEI B Ta0II. 3.

Tabauya 3 B
Hcxonubie 3HaYenus Ko puimeHTa yBenyeHus rHOKOCTH TpyObl B peoopa3oBaHHoM dopmarte, k
k ® = 180° @ =135° @ =90° @ =45°
o=0° 0,337 0,344 0,375 0,481
=155 0,719 0,735 0,769 0,840
@ =065° 0,787 0,794 0,820 0,847
¢ =75 0,813 0,820 0,840 0,855
=285 0,826 0,833 0,855 0,862
1,0 1 ,.0-—0—
. _ o L8
08 t— = k., 0.8
06 S5 e
0,4 EtJ 4 /
) i _ g0
>4 ko E
0,2 £0,2
s
0,0 =0
40 60 80 100 120 140 160 180 0 10 20 3I0 40 50 &0 7O 8O 90
a Yron kpueu3Hbl Tovbonposoaa, P 6 Yron apMupoBaHia,

Puc. 3. Dransl peaqu3anum MeToAa aCHMOTOTHYECKHX KOOPIAMHAT:
a — rpaHnyHble GyHKIMU kK, n k ; 6 — MonenbHas GpyHKIus
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Puc. 4. Ouenka 10CTOBEPHOCTH Pe3YJIBTATOB MOAEIMPOBAHUS B muana3oHe @< [0°; 85°]

DTaITbl TTOCIeIOBaTEeIBHOM peaTn3allny Iepexoaa
MCXOTHOI (PYHKIIMH K ACHMIITOTHIYCCKIM KOOpAMHATAM
TOKa3aHBI Ha puC. 3.

C y4eToM MOJIy4eHHOTO aHATUTUIECKOTO BBIpaXKe-
HUS IUTT MOAETbHOM (PyHKIINY f ObITa MICHTU(DUIIPOBA-
Ha 3aBUCUMOCTbH KO3(PPHUILIMEeHTA YBEINICHUSI THOKOCTH
KOMITO3UTHOM TPYOBI OT yIjIa apMUPOBAHUS (P U yTIja
KPUBU3HEI TPpYOHI D:

k(, @) = 0,777D05[(0,002+0,0218¢—0,00012¢p2) X
X (0,757D0B1)+1]",

rae @° — Yyrojl apMUPOBaHUS KOMIIO3UTHOTO TPYy0O-
IIPOBOJIA;

@° — yroj KpMBU3HEBI OCU TPYOOIIPOBO/IA.

OlieHKa afeKBaTHOCTH MOJIyY€HHBIX PE3YIbTaTOB
BBITIOJTHEHA CPAaBHEHUEM UCXOIHBIX JAHHBIX 3HAYCHU
Koa(duIMeHTa YBEIMYEeHUSI THOKOCTH KOMITO3UTHOTO
TpyOOITPOBOIA C MOAETBHBIMU BeJIMUYUHAMH (pHC. 4).

KonnuectBeHHAast OlLIeHKA aeKBATHOCTH ITOJIyYEH-
HOTO YpaBHEHMSI MHOXECTBEHHOM perpeccuu mokasa-
JIa, YTO OIIKMOKA MOAEIUPOBAHMSI IT0 TOUKAM MCXOIHBIX

TaHHBIX U3MeHseTcs oT 0,2 10 5%, COCTABIISIS B CPEIHEM
110 BEIOOpKE 2%.

3AK/IIOYEHUE

1. ITokazaHo, 4TO YBEeJIMUEHHUE TMOKOCTU KOMITO3UT-
HOTo TpyOOIIpOBOJA CITOCOOCTBYET YIOOCTBY MOHTaXKa
1 TIOBBITIICHUIO HAIEKHOCTH 3KCIUTyaTally HeTempo-
BOITHOI CHCTEMBI.

2. YcraHOBIIEHO, 4TO TMOKOCTh KM-TpyOBI BO3pacTa-
€T C YMEHBIIICHUEM YTJIa apMupoBaHus. [1py cHIKeHUN
yIJla apMUpoOBaHUs OT 85° 10 55° nuHamnka Koadhpu-
LIMCHTA YBEJTMUCHUS THOKOCTH MIPAKTUIECKY JTMHEITHA.
[Ipu manpHeIIeM CHIDKEHUH YIJIa apMAPOBAHUS BIUIOTh
1o 0° ”HTEHCUBHOCTD YBEITMICHUS KO3((DUITMEHTA THO-
KOCTHU KOMITO3UTHOU TPYOBI ITOCTEIIEHHO BO3pacTaeT.

3. PazpaboTaHbl ypaBHEHUS peTPeCCUU IIJIsS OIIpe-
neJieHnst KodhduieHTa ypeandeHus ruokoctn KM-
TPYOBI B 3aBUCHMOCTH OT YIJIa apMUPOBAHUS 1 YTJIa KpH-
BU3HBI TPYOOIIPOBOIA: HEIMHEIHAsT MOIETh I € [0°;
85°] m muHeitHass Momenb It @ € [55°; 85°]. B cpenmHeM,
ouinbKa Mojeieil He rpeBbiinaetr 2%.
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