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Abstract. The object of study is a single-stage double-suction axially split volute casing centrifugal pump.

Background. In the design process of pumps, the problems associated with ensuring the tightness of the axial joint of a pump casing
being under the effect of mechanical and temperature loads, are being solved. During the study of axial joint tightness, numerical
calculation methods are used to estimate the pressure intensity on the contacting surfaces. A detachable joint under the external load
satisfies the criterions of the tightness if the pressure intensity on the sealing surfaces is higher than values of the specific pressure
prescribed by regulations. However, inability to experimentally determine the pressure intensity on the contacting surfaces has so far
prevented to assess the accuracy of results obtained by the numerical calculation methods.

Objective. In order to verify the numerical results obtained by mathematical models, an experiment was carried out using a special
Prescale film that registers the magnitude of the contact pressure on the joint of the specimen model of the flange fragment. Based on
the experimental results, an analysis of the pressure intensity distribution was conducted.

Methods. To conduct the experiment, there was developed a method for determining the pressure intensity on the contacting surfaces
according to the proposed scheme of the specimen of the flange fragment.

Results. A comparative analysis of the solving results obtained for the contact problem on the finite-element models of the flange
fragment and the zone of the pump casing joint in the discharge chamber area showed a good coincidence of the results. Analysis of
results obtained experimentally on the specimen of flange fragment and results of the numerical calculation on the flange fragment
model also showed a good agreement.

Conclusions. Therefore, results of the cal culation of the pressure intensity in the detachable joints on mathematical models have been
experimentally confirmed.

Keywords: pressure intensity, tensometric film, main joint, localized zone, specimen of flange fragment, reference zone, numerical
simulation of stresses, membrane stresses, experimental simulation, results verification.

Introduction

While creating the pumping equipment thereisane-
cessity of experimental confirmation of the pressure inten-
sity in detachable joints, at which tightness of pump cas-
ings working under high pressure is provided. Nowadays
only numerica methods of calculation are used for the
study of force interaction of elements of casing parts under
the effect of mechanical and temperature loads, which al-
low estimating the pressure intensity of contacting parts
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[1, 2]. The tightness of detachable joints is estimated ac-
cording to the analysis results of the pressureintensity. The
lack of the possibility to determine experimentally the pres-
sureintensity on the contacting surfaces of the axial casing
joint does not allow at the moment to estimate the accuracy
of the results obtained by numerical methods of calcula-
tion. In order to verify the results based on mathematical
models, an experiment was conducted using a Prescal e ten-
sometric film to determine the pressure intensity on the
axial joint of the pump casing [3, 4].

Setting of the Problem

The object of study is a single-stage double-suction
axially split volute casing D series centrifugal pump. The
pump is designed to supply water and other liquids. The
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pump casing isabasic assembly unit which consists of cast
lower casing half and upper casing half. The choice of the
object of study was caused by that volute casing pumps
working under high pressure have amain joint with alarge
contact area.

A typical feature of this pump design is the absence
of aseal gasket on the axial joint, so in order to ensure its
tightness, higher requirements are established to the quality
of machining of the contacting surfaces of the flange joint
and the value of the pressure intensity.

Full-scale experiment was conducted to the results
verification of the pressure intensity on the flange joint,
generated by the mathematical models using numerical
methods.

The problem in determining the pressureintensity on
the contacting surfaces of the axial joint flanges was real-
ized using ANSY S software [5] on 3D models — the pump
casing model and the experimental model including flange
fragment of upper casing half and lower casing half, which
geometry and loading conditions correspond to the section
of the pump axia joint located in the area of pump dis-
charge chamber.

Based on the obtained results, a comparative analy-
sis of the pressure intensity in the local zone on the axial
joint of the pump casing and on the joint of the modée in-
cluding flange fragment of upper casing half and lower cas-
ing half is carried out.

With the latest advanced technology, Fujifilm has
created an ultrafine and supremely strength Prescale film,
which can be used to experimentally determine the pres-
sure intensity on the contacting surfaces [3, 4]. It was in-
stalled on the joint of the specimen of flange fragment of
upper casing half and lower casing half. The pressure ap-
plied on the film leaves red imprints on its surface in con-
tact areas. The pressure intensity is determined by the color
saturation of the imprints using the pressure diagram or
FPD-8010E digital analysis software for Prescale film.

A typical feature of this pump design is the absence
of aseal gasket on the axial joint, so in order to ensure its
tightness, higher requirements are established to the quality
of machining of the contacting surfaces of the flange joint
and the value of the pressure intensity.

Full-scale experiment was conducted to the results
verification of the pressure intensity on the flange joint,
generated by the mathematical models using numerical
methods.

The problem in determining the pressureintensity on
the contacting surfaces of the axial joint flanges was real-
ized using ANSY S software [5] on 3D models — the pump
casing model and the experimental model including flange
fragment of upper casing half and lower casing half, which
geometry and loading conditions correspond to the section
of the pump axia joint located in the area of pump dis-
charge chamber.

Based on the obtained results, a comparative analy-
sis of the pressure intensity in the local zone on the axial

joint of the pump casing and on the joint of the model in-
cluding flange fragment of upper casing half and lower cas-
ing half is carried out.

With the latest advanced technology, Fujifilm has
created an ultrafine and supremely strength Prescale film,
which can be used to experimentally determine the pres-
sure intensity on the contacting surfaces [3, 4]. It was in-
stalled on the joint of the specimen of flange fragment of
upper casing half and lower casing half. The pressure ap-
plied on the film leaves red imprints on its surface in con-
tact areas. The pressureintensity is determined by the color
saturation of the imprints using the pressure diagram or
FPD-8010E digital analysis software for Prescale film.

Results of Numerical Studieson
M athematical M odels

Generation of Solid and Computational
Finite-Element Models

Determination of the Pressure Intensity on the
Contacting Surfaces of Flange Joints Due to the Rated
Force of Studs Tightening

Two solid models were constructed by using Solid-
Works graphical editor [6] to determine the pressure inten-
sity on the axial joint of the pump casing and on the joint
of fragment of flanges of upper casing half and lower cas-
ing half. Actual configuration of both parts was taken into
account for the modeling.

Figure 1 shows the pump casing model which is as-
sembled of casing parts: lower casing half, upper casing
half, shaft seal housings, counter flanges for suction and
discharge nozzles and main joint studs.

Figure 2 shows the upper casing half model whichis
designed of conjugated cladding, stiffening ribs and a stud-
hole flange.

Figure 3 showsthe lower casing half model whichis
designed of conjugated cladding, stiffening ribs, a flange
with threaded stud seats and pump feet for fastening to the
base plate.

The model of flange fragment of upper casing half
and lower casing half, shown in Figure 4, is designed of
two coupled parts and a set of fasteners, including atie
bolt, a nut, and a washer. The model of flange fragment
corresponds geometrically to the areaof the axial joint of
the pump casing in the discharge chamber area.

In addition to the alternative model of flange
fragment without the film on the main joint, options with
samples of the Prescale film placed on the main joint were
considered to compare analysis results and assessment of
the impact of the film dimension on the contact pressure
value. In these cases, two film dimensions were consid-
ered — one dimension was 111.5x70 mm, which corre-
sponded to the entire area of the main joint, and the other
dimension was 90x70 mm for the test specimen.
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In the process of solving the contact problem [5], the
determination of the pressure intensity on the axial joint of
the pump casing and the joint of the flange fragment was
realized by the finite-element method [5]. The pressure in-
tensity on the contacting surfaces of the flange fragment,
caused by rated force of tightening QO, was compared with
the solution results that were obtained for the localized
zone of the axial joint of the pump casing, which islocated
in the discharge chamber area.

Fig. 3. Solid model of the pump lower casing half

Fig. 4. Solid model of the flange fragment of upper
casing half and lower casing half

The solid-state tetrahedral element SOLID187 and
the ANSY S mesh generator [5] were used to create finite-
element models.

Theelagtic interaction of the contacting surfaceswas
modeled by the TARGE170 and CONTA174 elements be-
ing used for forming the contact pairs, such as target and
contacting surfaces, respectively. In finite-element models,
pairs of possible contacts are recognized by the existence
of these elements. The contact problem, the initial data for
which are given in Table 1, is solved taking into account
the effects associated with friction.

The following figures show analysis results, corre-
sponding to the rated force of studstightening QO: the pres-
sure intensity distribution on the axial joint of the pump
lower casing half model is shown in Figure 5, and local
values of the pressure intensity distribution in reference
zones of the area of the axial joint, which isin accordance
with the geometry and take-up load of the flange fragment
model, are shown in Figure 6.

Figures 7-9 show analysisresults of the pressurein-
tensity, corresponding to the rated force of studstightening
QO in the reference zones of pressure intensity distribution
on the contacting surfaces model of flange fragment of up-
per casing half and lower casing half for main joint options
without the use of film and with Prescale film, having di-
mensions 111.570 mm and 9070 mm, respectively.

Comparative analysis of the results obtained from
solving the contact problem with the finite-element models
under loading by the rated force of studs tightening QO is
givenin Table 2.

Comparison of the analysis results of the contact
problem on the finite-element models under loading by the
rated force of studs tightening QO shows a good coinci-
dence of the results which are listed in the Table 2. The
relative accuracy 6,%, of the pressure distribution
on the main joint in the reference zonesisrated at 4-18 %.
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Description Parameter value
parameter pump casing model flange fragment model
Total number of finite elements 2,538,249 89,989
Total number of nodes 3,956,513 1,291,356

Zero-point displacements setup

Zero-point displacements setup

conGdriI t? on at the points of fastening on the lateral surfaces
the pump to the frame of the casing flange fragment
LOWER CASING HALF, FLANGE FRAGEMENT
UPPER CASING HALF, OF LOWER CASING HALF
Materials used SHAFT SE_AL HOQSNG— and UPPER CASING HALF —
to meke the parts spheroidal cast iron Stedl 20 acc. to GOST 1050-2013;
BY 500-7 acc. to DSTU 3925-99 (7, §; STUD, WASHER —

STUD, NUT, WASHER -
Steel 40X acc. to GOST 4543-71

Steel 40X acc. to GOST 4543-2016;
NUT — Steel 35 acc. to DSTU 7809:2015

Rated force of tightening
for one stud

(determined according QO = 0.14663 MN QO = 0.14663 MN
to the procedure
givenin[9, 10])
Standard size
and number of studs M36, N =34 M36,N=1
1) nonefilm;

Prescale
Film

2) presence of type 3 film
(MS, for medium pressure):
—90x70 mm;

—111.5x70 mm

Fig. 5. Distribution of the pressure intensity on the axial joint of the pump lower casing half model, caused by

rated force of tightening Q0, MPa
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Fig. 6. Distribution of local values of the pressure intensity in reference zones of the area of interest on the axial
joint of the lower casing half model, MPa

A: Static Structural orcyr 3

MUHMMANBHOE YCUNKHE
H3YaNBHOW 33TAXEN

Type: Pressure
Unit: MPa
Time: 1
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36.3
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16.4

9.71
3.05 Min

Fig. 7. Distribution of the pressure intensity on the joint of flange fragment model, caused by rated force of
tightening QO without using the film, MPa
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Fig. 8. Distribution of the pressure intensity on the joint of flange fragment model, caused by rated force of
tightening QO using the film 111.5x70 mm, MPa
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Fig. 9. Distribution of the pressure intensity on the joint of flange fragment model caused by rated force of tight-
ening QO using the film 90x70 mm, MPa



Mech. Adv. Technol. Vol. 5, No. 2, 2021

159

Table 2. Comparative Anaysis of the Results of Solving the Contact Problem Using Finite-Element Models
Under Loading by Analysed Values of Tightening Stress QO

Variation interval Variation interva
. . of the pressure intensity along Relative accuracy &
of the pressure intensity along .
Reference zones . reference zones of analysis results
) e the reference zones on thejoint L .
of pressure intensity distribution on thejoint in the reference zones
. of the flange fragment model . . .
on thejoint ) of the pump casing model on joints of considered mod-
of upper casing half and lower
casing half (nonefilm), MPa (loca values on the area els, %
9 ! of the axial joint), MPa
No. 1 —zone of the external con- 23.6-24.9 20.3-20.7 13.9-16.9
tour of the flange
— st rd
No. 2 - between the 1% and 3 24.4-28.9 23527.2 3.7-59
zones
No. 3 — outer side of the stud hole 25.4-56.2 27.2-53.9 6.6-4.1
No. 4 —along the perimeter o the 27.2-535 31.3-50.0 13.1-65
studs
No. 5 - outer side of the stud hole 20.2-59.6 23.6-50.1 14.4-15.9
— th h
No. 6 —between the 5% and 7 14.3-17.9 13.8-14.6 35-184
zones
No. 7 — between 6th and 8" zones 9.1-10.8 8.3-9.5 8.8-12.0
No. 8 — zone of the inner contour 3338 4559 26.7-35.6
of the flange

Experimental Results of the Pressure
Intensity Determination

Types of Prescale Film Samples Testing Steps

The experiment was performed on a specimen of
flange fragment of upper casing half and lower casing half.
The geometric model shown in Figure 4 correspondsto the
specimen of flange fragment of the axial joint in the area
of stud No. 29. The connection diagram and a drawing of
the specimen of flange fragment of the main joint are
shown in Figure 10.

Table 3. Film Types and Pressure Ranges for its Appli-

cation
No. Type of sample Pressure
Prescalefilm range, MPa classification

1 HHS 130-150 ultra high

2 HS 50130 high

3 MS 10-50 medium

4 LW 2.5-10 low

5 LLW 0.5-25 ultralow

6 LLLW 0.2-0.6 ultra super-low

TOV NVF Diagnostic Tools provided six types of
Prescale film samples of a dimension 7090 mm for use in
different pressure ranges to carry out the experiment. Data
of the film types and their properties are given in Table 3
and Table 4.

Table 4. Prescale Film Properties and Environmental

Parameters
Parameter value
Parameter name singlefilm | doublefilm
option (S) option (W)
Thickness, um 100 2x100
Specified temperature, °C 20~35
Specified humidity, % 35~80
Accuracy of pressure
measurement, % +10
(data obtained by densitometer -
at 23°C and 65% humidity)

Taking into account results of the numerical cacula
tions of the pressure intensity on the joint of the flange frag-
ment model, the 3rd and 4th types of films were chosen for
the experiment —a single-layer MS film for medium pressure
with arange of 10 to 50 MPaand adouble-layer LW film for
low pressure with arange of 0.5 to 10 MPa (since there was
no single-layer LS filmin the kit of the available samples).
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Fig. 10. Connection diagram and specimen of
flange fragment of the main joint

Considering the fact that the area of the provided
Prescale film samples is less than the contact area
of 70x111.5 mm, it was considered to use a combina-
tion of film samples: MS—-70x90 mm and LW A,
LW C-7021.5 (Figure 11).

Fig. 11. Test results with two films: single-layer
MS (for medium pressure) and double-layer LW
(for low pressure)

Test results were not correct due to the differencein
thickness of the MS and LW films. Limit pressure-fixing
intensity of 10 MPa was achieved over the entire area in
the tests with the double-layer LW film. Only the area near
the external contour of the detachable connection showed
up on the single-layer MSfilm. Moreover, only in this

place the pressure level exceeded the low limit of the pres-
sure fixing 10 MPa.

Subsequently, samples of MS 7090 mm film were
used in the experiment.

The experiment was conducted in the following se-
guence:

1) Before installing Prescale film, the flange joint
was assembled and disassembled for removing micro-
roughnesses on the contacting surfaces.

2) Trid tightening of the main joint studs was per-
formed without the film on the main joint to make sure that
the applied torque corresponds to the rated force of tight-
ening QO.

3) When the film was installed on the main joint and
the model was assembled, the flange joint was tightened
with a stud using a dynamic calibrated wrench made at the
King Topu factory in accordancewith DIN 1SO 6789:2017
and ASME B 107.300-2010.

4) Obtained pressure intensity imprint was decoded
using the pressure intensity diagram, taking into account
environmental parameters (temperature — 26 °C, air hu-
midity — 58 %).

Conformity of torque vaue of the stud, tightened with
atorque wrench, to the force of studstightening Q0 evaluated
by the value of membrane stresses in the stud, determined
by numerical simulation and anaytically — by the method
of calculation of detachablejoints, givenin[9, 10, 11].

The results of numerical stress simulation in a stud
under loading by rated force of tightening QO are shown in
Figure 12. The membrane tensile stresses in the stud cor-
responding to the rated force of tightening
Q0 =0.1466 MN are (o), = 192.1 MPa

A: Static Structural

MAHUMBNEHOE YCUAME HEUBABHO S8TH x|
Type: Stress [ntensity

Unit: MPa

Time: L
3L05.2021 1131
288.1 Max
2%6.1
241
1821
160.2
1282
%6.19
64.2
an
0.2324 Min

Fig. 12. Results of numerica simulation of
stresses in a stud under loading by rated force of
tightening QO, MPa
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According to the methodol ogy devel oped for the cal-
culation of detachablejoints, theinitial force of studstight-
ening QO corresponds to the torque, the value of which is
defined as follow:

My =E.11'F0w'dwn/z!

0.2 is for dry jointthread
accordingto[ 9],
0.37is for dry joint thread
accordingto[ 10]

whereflz — friction ratio

in the thread;

F, = Q0 = 0.14663 MN was determined by
the method givenin [9, 10];

d,, =0.036 misthe external thread diameter of the
stud M 36;

z = 1isthe number of studs.

In addition, an option of determining thefriction ratio
by the method given in [11] is considered

£, =016-P +05 f  + f,-D,

where P =0.004 misthe pitch of thread;
f, =0.18and f, = 0.16 are the friction ratios in the

thread and at the nut end face according to [11], respectively;
D, = %(0'-d°)/(D*-d,°) = 0.0239m is
equivalent diameter of friction;
D = 0.053 misoutside diameter of the nut bearing

face;
d, =0.042 misadiameter of hole for the stud M 36

made in upper casing half.

From the given values of friction ratioswhich are rec-
ommended for determining the torque in [9, 10, 11], ratio
&, = 0.2 was taken in the calculation, as in this case the

stresses determined analytically match the stresses obtained
in the numerical simulation (Figure 12).

Table 5 showsthe membrane stressesin the stud, de-
termined analytically and by numerical simulation.

Table 5. Results of Membrane Stresses in the Stud, Deter-
mined Analytically and by Numerical Simulation

Description Analytical Numerical ;?u?tlve
parameter calculation caculation S xy
Rated force of
studs tighten- 0.1466 0.1466 -
ing Q0, MN
Torque MKL, 0.00106 _ _
MN-m (kgf-m) (107.6)
Membrane
stresses (6), *
corresponding to 186.1 192.1 31
theforce of studs
tightening, MPa

During the tests, after placing the Prescale Type MS
film on the joint, the flange joint is tightened with the de-
sign torque and held under the load for 5 minutes. After
disassembly of the flangejoint, red imprintsare clearly vis-
ible on the film, the color density of which corresponds to
the value of the pressure intensity. The results of tests are
shown in Figure 13.

Fig. 13. Test result after loading with torque MKL

During loading of the flange model, the initial force
of tightening Q0 corresponds to the torque
MKL =0.00106 MN-m (107.6 kgf-m).

The pressure intensity increases around a main joint
stud hole, and when coming close to the external boundary
of the flange. The stripes of lower intensity can be ex-
plained by the quality of machining of the contacting sur-
faces samples by the milling cutter.

It can be observed that the pressure intensity can be
seen to change also in the normal direction to the stripes —
thered prints becomelessintense. A bright area means that
the pressure intensity in these areais significantly lower.

To conclude the experiment, using the pressure in-
tensity diagram (Figure 14), the scanned prints of the color
intensity distribution on the film (Figure 15) are decoded.

Comparison of the experiment results obtained on
the specimen of flange fragment (Figure 15) and the nu-
merical results obtained on the model of flange fragment
(Figure 7) shows a good agreement. The comparative re-
sultsare shown in Table 6. The relative accuracy of there-
sults & , %, is 5-22%.

According to the results of the comparative analysis
of the experiment and the numerical calculation given in
Table6, it should be noted that for the majority of reference
zones — from the external contour to the tie bolt — a good
coincidence of the specified and experimental values of the
pressure intensity is obtained.
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Table 6. Comparative Analysis of the Experimental Results on Specimens of Flange Fragment and Numerical Results on
the Flange Fragment Model Under Loading by the Rated Force of Tightening QO

Reference zones of pressure intensity dis- [Numerical results on the joi nlJ Experimental results Relative accuracy S
tribution model! of the flange fragment| on the joint of specimen | of analysis results in the ref-
on the joint (none film), MPa of flange fragment, MPa | erence zones on joints, %
No. 1 —zone of the external contour 23.6-24.9 2025 15.3-04
of the flange
No. 2 — between the 1st and 3rd zones 24.4-28.9 25-30 24-3.6
No. 3 — outer side of the stud hole 25.4-56.2 30-50 15.3-11.0
No. 4 —aong the perimeter of the studs 27.2-535 35-50 22.2-6.5
No. 5 —outer side of the stud hole 20.2-50.1 25-50 19.2-0.1
No.6 — between the 5th and 7th zones 14.3-17.9 15-25 4.7-28.4
No. 7 — between 6th and 8th zones 9.1-10.8 10-20 9-46
No. 8 — zone of thei rmer contour 3338 3 3
of the flange (none film)

[nana3oH gaBneHnA : Medium pressure (10~50MPa)
YcnoBua NpUNoKEHNA : Bpems fOCTIKEHHA N3MEPREMOTD JaBNeHNs: 2 MHH
Bpemsa gnA usmMepeHua faBneHuna: 2 MMH

10 20 30 40 50 flaenexwe (MPa)
BennunHa NpUNOMEHHOrO flaBneHHn

Fig. 14. Pressure intensity diagram for MS film
(at medium pressure)

However, from zones5 to 7, the relative accuracy of
the results begins to increase, achieving a peak value
8 =46 % in the 7" zone. The explanation for this is that
9070 mm MS film samples were used in the experiment,
whereas the size ranges of the entire joint area are 111.570
mm. Thus, there was a load transfer from the 8th zone of
21.570 mm, where there is no film, to the adjacent to it
Zones.

Fig. 15. Distribution of the pressure intensity in
the reference zones on the contacting surfaces
of the specimen of flange fragment caused by
rated force of tightening QO

The edge effect isalso clearly visiblein Figure 8 and
Figure 9, which show the results of pressure intensity cal-
culations for flange fragment models with a film on the
joint of dimensions 111.570 mm and 9070 mm, respec-
tively.

The relative accuracy of the pressure intensity re-
sultsin the 7th zoneis & =52-54 %, which is comparable
with therelative accuracy of the experiment results and nu-
merical calculations, whichis & =46 %.

Conclusions

In order to verify the obtained results performed on
mathematical models, an experiment was conducted to de-
termine the pressure intensity on the contacting surfaces of
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the specimen of flange fragment of upper casing half and
lower casing half.

Comparison of the results analysis of the contact
problem on the finite-element models on the joint of flange
fragment and on the area of the axid joint located in the dis-
charge chamber area of the pump casing shows agood coin-
cidence of the results. Therelative accuracy &, %, of the

Comparison of the experiment results obtained on
the specimen of flange fragment and the numerical results
obtained on themodel of flange fragment showsagood agree-
ment of the results. Therelative accuracy of pressure distribu-
tion on the jaint in the reference zones & , %, is 5-22%.

Accordingly, the experiment results confirm the va-
lidity of the results on the mathematical models using AN-

pressure distribution on the joint in the reference zonesis  SY S software package.

rated at 4-18 %.
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I/ICCJIeIIOBaHI/Ie HHTCHCUBHOCTHA JaBJCHUA B PA3bEMHDBIX COCINHCHUSAX HACOCOB
TtHna D — IKCIIEPUMEHTAJBbHO U YMCJICHHBIMUA METOJaMM pacueTa

A.A. Pynenko, B.H. 3yoxo, B.®. XBopocrt, A.A. JIbiceHKO

Annomayusa. O0vexmom uccredo8anuil A8IAemMcs YeHMPOOEIHCHbIN OOHOCIYNEHYAMbIL HACOC 08YCIMOPOHHE20 8X00d CRUPATLHO20
MUNA ¢ 20pU3OHMATBHBIM PA3bEMOM KOPHyCd.

Ilpobnema. B npoyecce npoexmuposanus pewaemcsi npoorema 2epmemuiHocmu 20pU30HMAaIbHO20 pazvemd KOpnyca Hacocd, Haxo-
0AWe20cs N0O JeticmeueM 8blCOK020 0aGlleHus u memnepamypul. IIpu ucciedosanuu 2epmMemuuHOCu 20PU30OHMANbHO20 PA3ZbeMd
UCNONBL3YIOMCSA YUCTIEHHbLE MEeMOObl PACHemd, NO36ONAIWUE OYEHUBAMb UHMEHCUBHOCMb 0AGNEHUs HA KOHMAKMUPYIOWUX NOBEPXHO-
cmax. Pasvemnoe coedunenue, Haxoosaueecs oo Oelicmeuem BHelHell Hazpy3Ki, YOOenemeopsien KpUmepusm 2epMemutHOC, eciu
UHMEHCUBHOCMb 0ABIEeHUs HA YNIOMHACMbIX NOBEPXHOCMAX bl 3HAYEHUL YOETbHO20 0A6IeHUs, YCIAHOBIEHHBIX HOPMATNUBHbIMU
ooxkymenmamu. OOHAKO OMCYMCMBUE BOZMONCHOCU IKCNEPUMEHMATLHO20 ONPedeeHUs UHMEHCUBHOCIU OA6TIeHUS HA KOHMAKMU-
PYIOWUX NOBEPXHOCMAX He NO3BONAN0 00 HACMOAWE20 BPEMEHU OYEHUMb MOYHOCHTb Pe3YIbIMAamos, NOIYHAeMblX YUCTEHHbIMU MEmo-
damu pacyema.

Llenv uccneoosanusn. C yenvio sepudurayu YUCIeHHbIX Pe3yTbmamos, NOIYYEHHbIX HA MAMEeMAmu4eckux Mooeusix, Ovln nposedeH
IKCHEPUMEHIN C UCNONb308AHUEM chneyuanbHol niexnku Prescale, guxcupyrowerl eenuuuny KOHmMAKmMHO20 0A6leHUs HA pazbeme 00-
pasya mooenu Gppazmenma ranya. Ilo pesynomamam sKcnepumenma npogeder aHaius pacnpeoenerus UHMeHCUBHOCMY 0d6IeHUs.
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Memoouxka peanuzayuu. /[na npogedenus Ikcnepumenma 0vina paspabomana MemoouxKa onpeoeneHuss UHMeHCUSHOCMY 0A8NeHUs Ha
KOHMAKMUPYIOWUX NOBEPXHOCMAX NO NPeONOHCEHHOU cxeme 0bpasya hpazmenma paanya.

Pesynvmamul uccnedosanun. Conocmagumenbtulil AHAIU3 Pe3yIbMAamos peuerus KOHMakmuol 3a0auu Ha KOHeYHO-21eMeHMHbIX
Modensix ppaemenma ranya u yyacmka pazvema KOpnyca Hacoca 8 oonacmu HAnOpHoU NOIOCMU NOKA3AL XOpouiee cO8NadeHue
pe3ynbmamos. AHanu3 pe3yIbmamos, HOLY4eHHbIX IKCHEPUMEHMANbHO HA 0bpasye hpazmenma Paanya, u pe3yivmanos YUcieHHO20
pacuema Ha modenu ppacmeHma Gaanya maxdice NOKA3AL Xopouiee cO8NA0eHue.

Buieoowt. Taxum obpazom, nomyueHo IKCHEPUMEHMATbHOE NOOMEEPIUCOeHUe Pe3yTbmamos paciema UHMeHCUBHOCIU Od6leHUs 8
DA3BEMHBIX COCOUHEHUAX HA MAMEMAMUYECKUX MOOEIAX.

Knioueeuvie cnosa. unmencusnocms 0asieHus, meH30Mempuieckds nieHKkda, eiasHslll pasvbem, J0KaIbHasA 30Hd, obpasey gpazmenma
@nanyes, xapaxmepHas 30Ha, YUCIEHHOE MOOETUPOBAHUE HANPAICEHUI, MEMOPAHHbIe HANPAJICEHUS, IKCNEPUMEHMATbHOE MOOeTUPO-
6anue, gepudurayus pe3yibmamos.

JociiaKeHHsS IHTEHCMBHOCTI THCKY y P03’ €MHMX 3’ € ITHAHHSIX HACOCIB THILY
D — ekcniepuMeHTAJIbHO TA YHCEJIbHUMH METOAAMH PO3PAXYHKY

A.A. Pynenko, B.M. 3yoko, B.®. XBopocT, A.A. JIucenko

Anomauyia. O0' ckmom 00CiONHCeHHA € 8iOYEeHMPOBUL 0OHOCMYNEHeSUll HACOC 080CMOPOHHBLO2O 6X00Y CNIPATLHO20 MUNY 3 20PU3OH-
MansHUM po3’ EMOM KOpnycd.

IIpodnema. Y npoyeci npoexmyeanHs HACOCI6 8UPIULYEMbCA NPODIEMA 2EPMEMUYHOCTIE 20PUSOHMANLHOZ0 PO3’ €EMY KOpnyca Hacocd,
WO 3HAXOOUMbCAL NiO OIEI0 BUCOKO20 MUCKY ma memnepamypu. IIpu 00CIiOHCeHH] 2epMEMUYHOCME 20PUBOHMANBHO20 PO3’ €EMY GUKO-
PUCMOBYIOMbCS HUCETbHI MEMOOU POPAXYHKY, WO 00360AI0Mb OYIHIOBATNU THMEHCUBHICMb TMUCKY HA NOBEPXHSAX, WO KOHMAKIMYIOMDb.
Pos3’ emne 3’ €Onanns, wo 3Haxo0umscs nio 0i€io 3068HIUHbO20 HABAHMANCEHHS, 3A0080bHAE KPUMEDIAM 2EPMEMUYHOC, AKWO iHme-
HCUBHICIb MUCKY HA YWINbHIOBANLHUX NOBEPXHAX OyOe Gulye 3HAYEHb NUMOMO20 MUCKY, BCIMAHOBIEHUX HOPMAMUBHUMU OOKYMEH-
mamu. OOHAK GIOCYMHICMb MONCIUBOCTI eKCHEPUMEHMATLHO20 SUSHAYEHHS [HMEHCUBHOCHI MUCKY HA NOBEPXHAX, WO KOHMAKNY-
10Mb, He 0038010 00 MENEPIUHLOLO HACY OYIHUMU MOYHICIb PE3YIbMAMie, OMPUMAHUX 3a OONOMO20I0 YUCETbHUX MemOodie po3pa-
XVHKY.

Mema docnidscenns. 3 memor eepuikayii yuceabHUX pe3yrbmamis, OMpUMAHUX HA MAMEMAMUYHUX MOOENAX, 6YI10 NPOBEOEHO eKC-
nepumMeHm i3 UKOPUCMAHHAM cheyianbHol naieku Prescale, sxa gikcye eenuuuny KOHMAKMHO20 MUCKY HA po3’ €Mi 3paska Mooeni
@paemenma gnanys. 3a pezyremamamu excnepumenmy npO8eOeHO AHANi3 PO3NOOLNY IHMEHCUBHOCIT MUCKY .

Memoouka peanizayii. /[ns nposedenna excnepumenmy 0yaa po3spobaena Memoouxa usHa4eH s IHMeHCUBHOCMI MUCKY HA KOHMAK-
MYIOUUX NOBEPXHAX 30 3ANPONOHOBAHOIO CXEMOIO 3DpA3KA (Ppazmenma granys.

Pezynomamu oocniorncenna. [lopisnanvuuil ananiz pesynvmamis supiuenus KOHMAKmMHOI 3a0ayi Ha KiHYyego-el1eMeHMHUX MOOensax
@pacmenma Gpranyss ma OLNAHKYU PO3’ MY KOPRYCY HACOCA 68 0OIACMI HANIPHOT NOPOICHUHU NOKA3A6 2apHull 30ie pe3yibmamie. Ananiz
pe3yibmamia, OMpUMaHUX eKCNePUMEHMAIbHO HA 3pA3KY pacmenma Qaanys, i pe3yiomamie YucenbHO20 PO3PAXyHKy Mooeni hpae-
MeHma Pranys maKoxtc NOKA3ae Xopouiuil 30iz.

Bucnoeok. Taxum yunom ompumano ekcnepumeHmanbie niomeepodICceHHs pe3yibmamis po3paxyHKy iIHMeHCUBHOCHI MUCKY 8 po3’ M-
HUX 3’ COHAHHAX HA MATNEMATMUYHUX MOOEAX.

Knrouosi cnoea: inmencusnicms mucky, meH3oMempuiHa niieka, 20106HUll po3’ €M, JOKATbHA 30HA, 3pA30K hpazmenma nanyis,
Xapakmepua 30Hd, Yuceibie MOOen08aANH HANPYICeHb, MEMOPAHHT HANPYUCEHHS, eKChepUMEeHmanbie MoOeno8ants, eepugikayis
pe3yrbmamis.
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