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Onrumu3anus npouecca HaHeCeHUus1 NOKPBITHH
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Belarusian National Technical University, 2021

Pedepar. IIpomsBenena ontumusanys mpouecca HaHECEHHUs] MOKPHITUH U3 ITOPOIIKOB METAUIOKEPAMHKHU C PA3INYHBIM CO-
Jep>KaHUueM TBEepJOoH (a3bl METOJIOM IIIA3MEHHOTO HAIBUICHHUS HA BO3yXe JUIL BOCCTAHOBIICHUS M YIIPOYHEHUS JeTalel Ma-
IIMH ¥ MEXaHM3MOB, pa0OTAOIIUX B HEONArONPUATHBIX YCIOBUAX. Takue yciaoBUs OOBIYHO CO3JAIOTCS B TSDKEIO HArPyXKEH-
HBIX TPUOOCONPSIKEHHUAX BO BpeMs pabOThl MEXaHU3MOB C HEOOJBIIOH CKOPOCTHIO OTHOCUTENIBHOTO IIEPEeMELIECHUsS OBEepX-
HOCTeH NpHM TpPeHHH. OKCIUIyaTHpyeMble pabodue MOBEPXHOCTH pa3pyIIAlOTCs B OCHOBHOM M3-3a MHKPOKOHTAKTHOI'O
CXBATBIBAaHUS M MOCIEAYIONIEro OTpbiBa CHOPMUPOBAHHBIX YACTUIl B TOYKAX MX KOHTAaKkTa. HaHeceHne crenmaibHbIX 3aIluT-
HBIX TOKPBITHH C TpeOyeMBbIMH CBOWCTBAMH BO3MOXKHO ITPH M3TOTOBJICHUH Ka4eCTBEHHBIX MCXOJIHBIX MOPOIIKOBBIX MaTepHa-
JIOB U ONTHUMHU3AIMY TEXHOJOTUH UX HaHeceHUs. [1oMydnTh Takue MOPOIIKH U MOPOIIKOBbIE KOMIIO3UIMH MOXHO METOAOM
arJIOMEpUPOBAHUST MEJIKOAUCIIEPCHONW MOPOIIKOBON IIUXTHI C €€ MOCIEIYIOIIUM BBICOKOTEMIIEPATYPHBIM CIIEKAaHHEM.
J1nst BBISIBIIGHUS] MEXaHNU3Ma yIPOYHEHHs! CHOPMUPOBAHHBIX Ta30TEPMUYECKHM HATMbIJICHHEM KOMITO3HUIIMOHHBIX MMOKPHITHIT U3
METaJNIOKEpaMUKH BaXKHBIE 3Tallbl — 3TO ONTHMHU3ALHS TapaMETPOB MpOLiecca HANBLUICHHUS U N3y4YeHHE CBOMCTB IOIy4aeMbIX
IUIa3MEHHBIX HOKPBITHHA. [IpH ONTHMHU3aLMK TEXHOJIOTHUECKNX MapaMeTpoB IJIa3MEHHOTO HAIBLICHHS MOKPBITUHI YUUTHIBAIH
K03 UIMEHT UCIOJIB30BaHMUS TOPOIIKOBOTO MaTepuaia Kak OCHOBHOTO MokasaTens 3()(EeKTUBHOCTH Mpolecca, CTPYKTypy
IOJIy4EHHBIX CJIOEB, MOP(OJIOTHIO OT/EIbHBIX HAHECEHHBIX Ha MOJMPOBAHHYIO MOBEPXHOCTh YACTHL. B craThe nmpuBeneHbI
JaHHble 00 2JIEMEHTaX CTPYKTYpbl HANBUICHHBIX MATEPHAIOB JJIsI M3HOCOCTOWKHUX MOKPBITHI, MONYYEHHBIX IIa3MEHHBIM
HaIlbUICHHEM Ha ONTUMANBHBIX pexumax. C ydeToM MpOIeCCOB, MPOMCXOSNIMX NMPU H3HAIIUBAHHU TPHOOCONPSDKEHUH,
9TH JJaHHBIE CBUCTEIBCTBYIOT 00 MMEIOIIUXCS IPEIIOCHIIKaX H3HOCOCTOUKOCTH HCCIEIYEMBIX KOMIO3UIIMOHHBIX MOKPBITHH
U3 MeTayulokepamMuky. CrienuanbHble H3HOCOCTOMKHE MOKPHITHS U3 MAaTEPHANIOB C MSTKOH MaTpHLeH, YIPOYHEHHBIX TBEp-
nbiMu BKITIOUCHUSIME Al,O3—TiO,~Ni-Cr—Al-Y, HaxoIsT MUPOKOe MPUMEHEHHE B PA3IMYHBIX OTPACIISAX HPOMBIIIICHHOCTH.
Ha ocHoBe moppoOHOro aHanmm3a 0cOOEHHOCTEH MeTaNIOKepaMHUYECKHX IUIa3MEHHBIX HMOKPHITHH MOXKHO KOHCTATHPOBATh,
YTO TaKHe MOPOIIKOBBIE KOMITO3HIMN (KOMIIEKCHBIE OKCHIBI — METaUIMYECKasi COCTABIISIONIAsl) YacTO MCHONB3YIOTCS B Ka-
YeCTBE M3HOCOCTOMKHX IIIa3MEHHBIX HMOKPHITHH. Pe3ynbTaTel MccieoBaHMI MOTYT OBITH YYTEHBI B CIIydasX HaHECEHHMS
HM3HOCOCTOMKHMX IUIa3MEHHBIX MOKPHITHH W3 METaUIOKepaMUKH M KOMIO3WIHWI Ha mx 0ase, comepamux TBepable (as3bl
B BUJIE OKCHJIOB, a TaK)Ke M3TOTOBJICHHS 1IEJIOT0 CIIEKTpa AeTalleld, pabOTAONHMX B YCIOBHAX HHTEHCHBHOTO H3HOCA.

KnioueBble cjioBa: mia3MeHHOE HambUICHHE, ITOPOLIKOBBIE MaTepUalbl, Ta30TEPMUUECKH HalbUICHHbIE KOMIIO3HMLIMOHHBIE
MOKPBITHSI, TBEP/IbIC BKIFOUCHHUSI, METAIJIOKePaMHKa, HU3HAIIMBAHIE TPUOOCOMPSIKEHHH, 2IEMEHThI CTPYKTYPbI, MOP(HOJIOTHS,
HU3HOCOCTONKOCTh

Jnst uuTupoBanusi: ONTHMHU3ALHS IPOLIECCa HAHECCHHUSI IOKPBITHI U3 TIOPOILIKOB METAIIIOKEPAMHKH METOJIOM IIJIa3MEHHOTO
HambuieHHs1 Ha Bo3nyxe / B. A. Oxosurslii [u np.] / Hayka u mexnuxa. 2021. T. 20, Ne 5. C. 369-374. https://doi.org/10.
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Optimization of Coating Process from Cermet Powders
by Plasma Spraying in Air

V. A. Okovity?, F. I. Panteleenko®, V. V. Okovity®, V. M. Astashinsky?

YBelarusian National Technical University (Minsk, Republic of Belarus),
2A. V. Luikov Heat and Mass Transfer Institute of the National Academy of Sciences of Belarus
(Minsk, Republic of Belarus)

Abstract. The paper presents studies on the optimization of the process of applying coatings from cermet powders with
different solid phase contents by plasma spraying in air to restore and harden parts of machines and mechanisms operating
under adverse conditions. Such conditions are usually created in heavily loaded tribojoints when the mechanisms operate
at a low speed of relative movement of surfaces during friction. At the same time, the destruction of the working surfaces is
mainly due to the process of microcontact setting and subsequent detachment of the formed particles at their contact points.
The application of special protective coatings with the required properties is possible with the manufacture of high-quality
starting powder materials and optimization of the technology for their application. Such powders and powder compositions
can be obtained by the method of agglomeration of a fine powder mixture with its subsequent high-temperature sintering.
To identify the hardening mechanism of composite coatings made of cermet by gas-thermal spraying, important stages are
the optimization of the deposition process parameters and the study of the properties of plasma coatings obtained in this case.
When optimizing the technological parameters of plasma spraying of coatings, the utilization rate of the sprayed powder mate-
rial has been taken into account as the main indicator of the process efficiency, the structure of the obtained layers, and
the morphology of individual particles deposited on the polished surface. The paper provides data on the structural elements
of sprayed materials for wear-resistant coatings obtained by plasma spraying at optimal conditions. Taking into account
the processes that occur during the wear of tribological conjugations, the data indicate the existing prerequisites for the
wear resistance of the studied composite coatings made of metal ceramics. Special wear-resistant coatings made of materials
with a soft matrix hardened by solid inclusions Al,Os-TiO,—Ni—Cr-Al-Y are widely used in various industries. Based on
the detailed analysis of the features of cermet plasma coatings, it can be stated that such powder compositions (complex
oxides-metal component) are often used as wear-resistant plasma coatings. The research results can be taken into account
in cases of application of wear-resistant plasma coatings made of metal-ceramics and compositions based on them, containing
solid phases in the form of oxides, as well as the manufacture of a whole range of parts operating under conditions of in-
tense wear.

Keywords: plasma spraying, powder materials, gas-thermally sprayed composite coatings, solid inclusions, metal ceramics,
tribological conjugation wear processes, structural elements, morphology, wear resistance

For citation: Okovity V. A., Panteleenko F. I., Okovity V. V., Astashinsky V. M. (2021) Optimization of Coating Process
from Cermet Powders by Plasma Spraying in Air. Science and Technique. 20 (5), 369-374. https://doi.org/10.21122/2227-
1031-2021-20-5-369-374 (in Russian)

BBenenne

st coBpeMeHHBIX AeTanel OUH U3 TJIaBHBIX
KpUTEpUEB — HM3Kas MaTepuanoeMKocTs. [Ipume-
HEHHE H3HOCOCTOMKHUX Ta30TEPMUYECKHX MOKPHI-
TUH Ha JeTalgX MO3BOJSAET 3HAYMTEIBHO CHU3WTH
METaJIJIOEMKOCTh HM3JIENNS, 3aMEHHUTb CTaJIbHBIC
KOHCTPYKIMH Ha OoJiee JIeTKHE MaTepuanbl IMpH
COXpaHEHUH U JaXKe YBEIUUEHHU pecypca paboThl.
YroObl JOCTHYL TIOCTABICHHOW LIEJIH, aBTOPHI MPO-
aHATM3UPOBAIIN YCIOBUS (POPMHUPOBAHUS CTPYKTYD
TUTa3MEHHBIX IOKPBITHM, HCCIIEOBAIN BIIHSHUE
OCHOBHBIX TE€XHOJIOTHUYECKHX MapaMeTpoB (pacxo-
Ja TI1a3MO00pa3ymoIero rasza, TeMIIepaTypHOTo
peXrMa HambUIeHHsT) Ha (OPMHPOBAHHE CTPYKTYP

370

IJIa3MEHHBIX TTOKPBITUH U3 KOMIIO3UIIMOHHBIX ME-
TaJUIOKEPAMUYCCKUX TOPOIIKOB, 0000IIMIM pe-
3yJIbTaThl UCCIEIOBAHUHN IO TIA3MEHHOMY Harlbl-
JICHUIO KOMITO3UIIMOHHBIX MTOKPBITHH.
UzHococTolikie TOKPBITHS W3 MaTepHaioB
C MSTKOW MaTpullel, YIPOYHCHHBIX TBEPIABIMU
BrioyeHusiMu Al,O3—TiO,—Ni—Cr—Al-Y, mmpoko
HCIONB3YIOTCS B IpoMblnuieHHocTH [1-8]. Ha oc-
HOBE NOAPOOHOrO aHanu3a 0COOECHHOCTEH MeTall-
JIOKEPAMUYECKHUX TUTA3MEHHBIX MOKPBITHH MOXHO
KOHCTaTHPOBaTh, YTO JIaHHBIC KOMITO3UINK (OK-
CUJI-METAJUTMYECKasl COCTABJIAIOIIAs]) YacTO TNpH-
MEHSIIOTCS. B KadeCTBE M3HOCOCTOWKMX TIJIa3MEH-
HBIX TOKpeITHH [9—-11]. Ilpennmaraemoe aBTOpamu
HampaBJlieHNe MCCIIeT0OBaHMA KacaeTcs TEXHOIOTUH
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TUTa3MEHHOTO HAHECEHHS M3HOCOCTOMKHX TOKPHI-
THUWA 11 BOCCTAHOBJICHUS U YIPOYHEHMUS JETaJIeH,
paboTaromux B HEOIATONPHITHBIX YCIOBHSX WIIN
B OTCYTCTBHE JOCTAaTOYHOTI'O KOJIMYECTBA CMA304-
HOTO MaTepualia, MpH 3HAYHUTEIBHBIX HArpy3Kax
U IIMPOKOM CIEKTPE U3MEHEHHUs TemrepaTyp (Mo-
TOPOCTPOCHUE, METAJLTypPTUs, aBHAlUSi, KOCMH-
yeckue TexHonorun). CormacHo pe3yibTaram
SKCIICPUMEHTOB, JJI TaKUX OSKCILTyaTallMOHHBIX
yCcIoBUi 3 PEKTUBHBI yNPOYHEHHBIE METOAOM
ra30TepMHUYECKOTO HAIBUIEHHUS MOKPBITUS, COMEp-
JKaIllie TBEpAble TYroIUIaBKHE MeTaJUIOKepaMude-
ckue coequHenus [ 12-14].

MeToauka uccijieoBaHnii

[Tomy4yaeMble TOKPHITHS HAHOCWJIM IUIA3MEH-
HBIM HambUIeHneM Ha Bosayxe (APS) [1-4]. B ka-
YecTBE MaTepuasla OCHOBBI Il NPOBEACHUS HC-
cinenoBanmii Opamm ctanms CT45, KOTOpYyO Yacto
MPUMEHSIOT TIPU U3rOTOBJIEHUH AeTaineit. [Ipoiec-
Chbl HaNbUICHHUS OCYLIECTBIIM B aTMocdepe BO3-
nyxa Ha ycraHoBke YIIV-3]1 ¢ ucnonb3oBaHueM
CHeNUaNbHO pa3padOTaHHOTO aBTOpaMH ILIa3Mo-
TpPOHa M MHUTATENs I MOAaYd MeTalJIoOKepaMuyie-
ckux mnopomkoB TWIN-10. CtpykTypy HOKpHI-
TUI HCCIEeN0BaId C MOMOIIBI0 METOAOB ONTHYE-
ckoil MeTayuorpadu (ONTHYECKUE MHUKPOCKOIIBI
Polyvar (Aectpusi) u Neophot-20 (I'epmanus)),
a TaKXkKe M3ydaly SKCIUTyaTallMOHHBIE XapaKTepu-
CTUKH MOKPBHITHH. [IopHCTOCTE U TBEPAOCTH U3ME-
psiii Ha ontudeckoM Mukpockore Mef-3  dup-

mbl Reichert (Asctpust). ITopomku Al,O3-TiO—
Ni—-Cr-Al-Y-Ta (puc. 1) U3roTaBIMBaInuCh METO-
JIOM arJIOMEpUPOBaHMS U3 MEIKOIUCIIEPCHON IO~
POIIKOBOM MIMXTHI C MOCTEAYIOIIUM BBICOKOTEM-
nepaTypHbIM CIIEKAHUEM.

Puc. 1. Mopdotorust yacTHIl MOPOIIKOBON
Merajutokepamuaeckoit kommosummu 60 % Al,05-TiO, —
40 % Ni-Cr—Al-Y-Ta nocie rpanynuposasus (x200)

Fig. 1. Particle morphology
of 60 % Al,O5~TiO; — 40 % Ni-Cr-Al-Y-Ta
metal-ceramic powder after granulation (x200)

BHauasne npoBoanIM ONTUMM3ALMIO NapaMeT-
POB HambUIEHUS] Ha BO3JYyXE C YYETOM Ipolec-
ca pacTekaHus Ha OCHOBaHMM Tecta (Splat-test).
3areM BBINOJHAIM MPOLEAYPY ONTHMHU3ALMH
TEXHOJIOTHYECKMX PEKMMOB HANBUICHHUS C LEJbIO
MOJYYEeHUS] MaKCUMallbHOTO Kod(duuueHra wuc-
MOJIb30BaHUSI TOPOIIKOBBIX MaTepuanoB (KMM)
Kak Kputepus 3¢dekTuBHOCTH Tporecca. TexHo-
JIOTHYECKHE XapaKTCPUCTUKH PEKHMOB HaIlbl-
JIEHWS W WX TIOKaszareJiel MpuBeleHbl B Tabn. 1 u
Ha puc. 2-5.

Tabauya 1

PeskuMbl HANBLIEHUS MJIA3MEHHBIX MeETAVIOKEPpaAMHUYE€CKUX ﬂOKpblTﬂﬁ n3 HOpOHlKOBOﬁ KOMIIO3UIINH
60 % ALOs-TiO, — 40 % Ni-Cr-Al-Y-Ta

Spraying modes of plasma metal-ceramic coatings from powder composition
of 60 % Al,05-TiO, — 40 % Ni-Cr-Al-Y-Ta

PexxuM HambUIeHHS TIPU pacxojie iazMoodpasyromero raza N,
ITapamerp npouecca
45 n/mun 50 n/muH 55 n/mun

Tok I, A 300 400 500 600 300 400 500 600 300 400 500 600
Pacxon Tpancnoptupyouero

rasa Ar, JI/MHH 2,5 2,5 2,5

Jlucranuus HambuieHus L, MM 120 110 100

IMonaya moporka Ry, Kr/a 45 45 45
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Puc. 2. ViccnenoBanue mporecca pacTeKaHusl KOMIIO3UIUN

Ha OCHOBE MCTAJJIOKEPAMHUYCCKUX ITOPOILIKOB
70 % Al,05-TiO, — 30 % Ni-Cr-Al-Y-Ta (a)
1 60 % AlLOsTiO, — 40 % Ni-Cr-Al-Y-Ta (b),
HAHCCCHHBIX METOJAO0M INIa3MEHHOI'O HAIIBIJICHUA Ha BO3,E[yXC

Fig. 2. Investigation of spreading process of compositions
based on metal-ceramic powders
70 % Al,O5-TiO;, — 30 % Ni-Cr-Al-Y-Ta (a)
and 60 % Al,Os-TiO; — 40 % Ni-Cr-Al-Y-Ta (b)
sprayed by plasma spraying in air
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Puc. 3. 3aBucuMocTb KO PHUIMEHTA NCTIOTb30BAHHS
TIOPOIIKOBBIX MATEPUAJIOB OT AUCTAHIIUU HANIBIJICHUSA
JJI KOMITO3UITMOHHBIX METAJNIOKEPpAMUYECKUX
nopomkoB Al,O3;—TiO,—Ni-Cr-Al-Y-Ta ¢ ¢pakumeii:

1 - 40-63 mxm; 2 — 63-100; 3 — 100-160 MM
(I'=500 A; Ry, = 45 n/Mun; Ry, = 4,5 Kr/4)

Fig. 3. Dependence of utilization factor of powder materials
versus spraying distance for composite metal-ceramic
powders Al,O3;-TiO,—Ni-Cr-Al-Y-Ta with a fraction of:
1 -40-63 pm; 2 - 63-100; 3 — 100-160 pm
(I'=500 A; Ry, = 45 I/min; Ry = 4.5 kg/h)

Mopdonorus yd4actka TOBEPXHOCTH COPMHU-
POBaHHOTO TOKPHITHSI M3 KOMIIO3UIIHOHHOTO Me-
Tajokepamudeckoro mopomka 60 % Al,Os~TiO, —
40 % Ni-Cr-Al-Y-Ta npencrasinena Ha puc. 6.
AHanu3 MOpP(QOJOTHH IMOBEPXHOCTH TMOKPBITUS
u3 AlL,Os—TiO,—Ni—-Cr-Al-Y-Ta, mpoBeaeHHbIH ¢
MIOMOIIBIO PACTPOBOU 3JIEKTPOHHOW MUKPOCKOTIIHH,
MOKa3all HAJIMYMe B HEM JIOBOJILHO Pa3BUTOTO pe-
nbeda CPOPMUPOBAHHON MOBEPXHOCTH C YaCTHY-
HBIM e¢ oraBieHueM (puc. 6). CTpykTypa xe ca-
MOTO TUIa3MEHHOTO IOKPBITUSI MPEJCTABISIET CO-
00l COBOKYHMHOCTh KPYMHBIX (7—-15 MKM) "acTuil
OKCHIOB M Menkux (1-5 MxMm) wactun, M-kposnei,
CIICYCHHBIX MEXKTY COOOI.
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Puc. 4. 3aBucumMocTb K03 UIMEHTA UCTIOTB30BAHUS
MIOPOIIKOBBIX MaTEPHAJIOB OT PacxXoa IIa3Mo00pa3yIoIero
raza N U1sl KOMITO3UIIMOHHBIX METATIOKEPAMHUYECKHX
nopoikoB Al,O3—TiO,—Ni—Cr—Al-Y-Ta ¢ ¢pakimei:

1 - 40-63 mxMm; 2 — 63—-100 MM
(L =110 mm; 1 =500 A; Ry, = 4,5 Kr/u)

Fig. 4. Dependence of utilization factor of powder materials
on consumption of plasma-forming gas N, for composite
ceramic-metal powders Al,O3~TiO,—Ni-Cr-Al-Y-Ta
with a fraction of: 1 — 40-63 pm; 2 — 63-100 pm
(L =110 mm; I =500 A; Rpow = 4.5 kg/h)
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Puc. 5. 3aBucuMocTb K03 uIreHTa NCIOIE30BaHUS
MOPOILIKOBBIX MaTEPUANIOB OT CHIIBI OJBOJIUMOTO TOKA
SNEKTPUIECKON TYTH [Tl KOMIO3UIIMOHHBIX
METaJUIOKEPAMUYECKHX MOPOIIKOB
Al;03-TiO,-Ni-Cr-Al-Y-Ta (L = 110 mm; Ry, = 50 s1/mun,
Ruop = 4,5 /4, ppaxuus 40—63 Mxm)

Fig. 5. Dependence of utilization factor of powder materials
on strength of the supplied electric arc current for composite
ceramic-metal powders Al,O3~TiO,—Ni-Cr-Al-Y-Ta
(L =110 mm; Ry, =50 I/min, Ry, = 4.5 kg/h,
fraction 40-63 pum)

CTpyKTypbl HallbUICHHBIX TJIa3MOM MOKPBITUH U3
MeTamtokepamuaeckrx moporkos 70 % Al,Os-TiO, —
30 % Ni—Cr-Al-Y-Ta (puc. 7a) u 60 % Al,0~TiO, —
40 % Ni-Cr-Al-Y-Ta (puc. 7b), chopmupoan-
HBIC C MCIIOJIb30BAHUEM KOMIUICKTa 000PYA0BaHUS
IS TIa3MEHHOTO HAaNbUICHHUS Ha BO3AYXE, MOKa-
3aHbl Ha puc. 7.

B uM3HOCOCTOMKHMX TIUIa3MEHHBIX MOKPBITHIX
W3 METAJUIOKEPAaMUYECKUX KOMIO3WLMOHHBIX IIO-
POLIKOB, OJIYYEHHBIX METOJAOM ariioMEpUpPOBaHUS
U3 MEJKOJMCIIEPCHON TMOPOILIKOBOM IMIMXTHI C TO-
CIENYIOIIUM BBICOKOTEMIIEPATYPHBIM CIIEKaHUEM,
YETKO BHUIHBI KaK MEXYaCTUYHBIEC, TaK U MEX-
CJIOMHBIE TPAHUIIBL.
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Puc. 6. Mopdonorus
y4dacTKa IMOBEPXHOCTHU
c(OPMHUPOBAHHOTO TIOKPBITHS U3
KOMITIO3HMIITMOHHOT'O
METAJJIOKEPAMUIECCKOTO
niopotka 60 % Al,Os—TiO, —
40 % Ni-Cr-Al-Y-Ta (x1000)

rface area of coating formed
from composite metal-ceramic powder 60 % Al,05-TiO, —
40 % Ni-Cr-Al-Y-Ta (x1000)

Puc. 7. CTpykTypsl HalIbUICHHBIX IIA3MOH Ha BO3JyXe
MN3HOCOCTOMKUX MOKPHITHH (x400) 13 KoMIo3uuui
Ha OCHOBE METANIOKEPAMHUUECKUX TIOPOIIKOB
70 % Al,O5-TiO; — 30 % Ni-Cr-Al-Y-Ta (a)

1 60 % Al,O5-TiO, — 40 % Ni-Cr-Al-Y-Ta (b)

Fig. 7. Plasma-sprayed structures in air
wear-resistant coatings (x400) from compositions
based on metal-ceramic powders
70 % Al,O5-TiO;, — 30 % Ni-Cr-Al-Y-Ta (a)
and 60 % Al,O5-TiO, — 40 % Ni-Cr-Al-Y-Ta (b)

IMoxpertus u3 moporkoB 70 % Al,Os-TiO, —
30 % Ni—-Cr—Al-Y-Ta xapakTepu3yoTcsi HaTHIneM
obmeli mopucroctu ot 14 o 17 %, a U3 MOPOIIKOB
60 % Al,Oz-TiO, — 40 % Ni-Cr-Al-Y-Ta — mopwu-
cTocThio 0T 9 10 12 %, a Taxke paBHOMEPHBIM pac-
npe/esieHreM B HUX (ha30BBIX COCTABIAIONMX. Kpo-
Me TOro, HaOJoaeTcsi CTabMIIbHOE pacIpe/IeiCHIe
TBEPIOH OKCHUAHOW (ha3bl B 00bEMaXx, MOJyYCHHBIX
HAIMBUICHHEM U3HOCOCTOMKHX TTOPOIIKOBBIX MaTepH-
anoB. IIpakTHYeCKH OTCYTCTBYIOT MOBEPXHOCTHBIC
30HBI ¢ HEMOCTATKOM TAaKHX BKJIFOYCHHH, YTO MO-
JIOKUTETBHO BIIHSET Ha paboTOCTIOCOOHOCTH M3HO-
COCTOMKHMX MOKpbITHM. [Ipyu miua3MeHHOM Hamblie-
HUU TOPOIIKOBBIX kKommosumuit 60 % Al,O;-TiO, —
40 % Ni—Cr-Al-Y-Ta dopMupyemblie MOKPBITHSI
UMEIOT OOJIBIIYI0 MUKPOTBEPAOCTh MO CPABHEHHUIO C
nioporkoBbiMu kommosutmsamu 70 % Al,O-TiO, —
30 % Ni-Cr-Al-Y-Ta, uro mnpenomnpeneacHo
CHIDKEHHEM OOIIell TMOPUCTOCTH U COOTBETCT-
BCHHO YBEJIHYCHHEM OJHOPOIHOCTH H3HOCO-
CTOMKHX MOKPHITHH. CTPyKTypa MeTaJuIOKepa-
MHUYECKHUX TOKPBITHH M3 MOPOIIKOBOW KOMITO3H-
mun Al,Os—-TiO,~Ni-Cr-Al-Y-Ta mamunapHas
CO 3HAYUTEIBHO BBIPAKECHHOW TE€TEPOreHHOCTHIO.
OO0 3TOM CBHAETENBCTBYET MOCTEIICHHOE H3MCHE-
HHE OKpacku (oHa OKCHIHBIX JIaMeJel Mo ceue-
HHIO OT CBETJIOTO JI0 TEMHOTO.

Hayka
wrexHuka. T. 20, Ne 5 (2021)

BBIBO/JIbI

1. OcymecTBneHa ONTHUMH3ANNA I[UIa3MEHHO-
T'O HAIBUICHHUS HA BO3AYyXE KOMITO3UIIMOHHOTO ITO-
pomika 60 % Al,03-TiO, — 40 % Ni-Cr-Al-Y-Ta
MpH  U3MEHCHUM PA3JIMYHBIX TEXHOJIOTUYESCKUX
MapaMeTpoB.

2. B mporiecce MccieioBaHui U3yUeHO BIIMSIHUAC
Ha KOX(PQUIIMEHT HCIOJIL30BaHUS TOPOIIKOBOTO
MaTepuana:

— BEJIMYMHBI TOKA AYTH MPU Pa3HBIX 3HAUCHUSIX
pacxopa mia3mMoo0pa3yroIIero rasa;

— IUCTaHINH HATIBUICHHUS;

— BEJIMYMHBI TOKA TYTH MPU MMOCTOSHHOM pac-
XOJIe Ia3M000pa3yoIero raza U pa3HbIX 3Haye-
HUSAX TUCTAHIINW HAITBUICHUSI.

3. AHanm3 MOp(OJIOrUH ONTUMHU3UPOBAHHBIX 110
KpuTepuio 3(GEKTUBHOCTH TUIA3MEHHBIX H3HOCO-
CTOMKHX TOKPBITHN M3 KOMITO3UIIMOHHBIX MTOPOIIKOB
Ha 0ase MmerayutokepamMuku AlyOz—TiO,—Ni—Cr-Al-
Y-Ta, IpOBEICHHBIA C TTOMOIIBIO PACTPOBOM JJICK-
TPOHHOW MHKPOCKOIHH, TOKa3aJl HAJIMYWE B HUX
pa3BHUTOTO penbeda MoMydaeMoi TOoCIe HaNBUICHUS
TIOBEPXHOCTH C YaCTHYHBIM ee orniaBieHneM. CTpyk-
Typa e CaMoro TUIa3MEHHOTO TOKPBITHS MPEJICTaB-
nsieT coOOH COBOKYIHOCTh KpymHbBIX (7-15 MKM)
4acTUIl OKCHUIOB M Menkux (1-5 MkM) dac-
TUIl M-KpOJie, CIICUCHHBIX MEXKTY COOOH.

4. B M3HOCOCTOWKHMX ITIa3MECHHBIX MOKPBITHIX
M3 KOMIIO3HWIIMOHHBIX METAJUIOKEPAMHYECKUX TI0-
POIIKOB, TIOTYYCHHBIX METOJIOM arjioMEPHPOBAHUS
M3 MEJKOJMCIEPCHON MOPOIIKOBOM IIMXTHI C TO-
CIIEYIOIUM TPOIECCOM HX BBICOKOTEMITEPATYp-
HOTO CIICKAaHWs, YETKO BHJHBI KaK MEXYaCcTH4-
HbIE, TaK U MEXCIOMHbIe rpaHullbl. [IoKpbITHA U3
KOMIO3UIMOHHBIX TopoiikoB 70 % Al,Os-TiO, —
30 % Ni—-Cr—Al-Y-Ta xapakTepu3yroTcsi HATHYHEM
o6meit mopucroctd ot 14 10 17 %, a 13 MOPOIIKOB
60 % Al,O0:-TiO, — 40 % Ni-Cr-Al-Y-Ta — mopu-
crocteio OT 9 10 12 %, a Takke pPaBHOMEPHBIM
pacripesienieHreM B HHUX (DAa30BBIX COCTABIISIOLIHX.
Kpome Toro, HabmomaeTcst CTabMIBHOE pachpeierie-
HHUE TBEPIOW OKCHIHOHW (ha3el B 00BeMax, MOTYICH-
HBIX HAaNBUICHHEM W3HOCOCTOHKUX TMOPOIIKOBBIX
MarepuanioB. [IpakTHYeCKH OTCYTCTBYIOT ITOBEPX-
HOCTHBIE 30HBI C HEJOCTAaTKOM TAaKHX BKIIOYECHHH,
YTO TMOJIOKUTEIBHO BIHSET Ha PabOTOCIIOCOOHOCTH
WCCJIEIOBAHHBIX M3HOCOCTOMKUX MOKPBITHH.

JIMTEPATYPA

1. Results of Investigation APS Process of Formation Plasma
Spraing / V. A. Okovity [et al.] // Powder Technology 95,
V-the Baltic Conference, Nov. 7-8, 2005. Tallinn, 2005.
P. 58-60.

2. Properties of Plasma Spraing Coatings / V. A. Okovity [etal.] //
Nove Smery vo Vyrobnych Technologiach 2000: Proc. of
6 Conference. Presov (Slovenska Republic), 2001. P. 221-225.

373



Mawiunocmpoenue u mawiunogedenue

10.

11.

12.

13.

14.

. Ilonmy4yeHne KOMMO3UIIMOHHOTO KEPAMHYECKOTO MaTepHa-

Ja Juis ra30TepMudeckoro HambuieHus / B. A. OxoBuTHII
[u mp.] // Hayka u Texauka. 2017. T. 16, Ne 3. C. 181-188.
https://doi.org/10.21122/2227-1031-2017-16-3-181-188.

. [lanteneenko, ®@. U. HccnenoBanue I1a3sMEeHHBIX JIBYX-

CJIOWHBIX KOMITO3MIMOHHBIX MOKPBITUH IHOKCHA LUPKO-
Hus — HuxpoMm / @. U. Tlanreneenko, B. A. OxoBHUTHIH,
E. ©. [1anteneenko // AKTyaiabHBIE IPOOIEMBI B MaIlTHHO-
crpoenun. 2017. T. 4, Ne 3. C. 100-105.

. DOpMHpOBAHHUE U UCCIIEAOBAHUE IUIA3MEHHBIX ABYXCIION-

HBIX KOMITO3UIIMOHHBIX TOKPHITHH (BSI3KHH MeTayuinde-
ckuit NiCr u tBepmsiit ZrO, ciou) / B. A. OxoBuThIit
[u np.] / Hayka u texnuka. 2018. T. 17, Ne 1. C. 21-28.
https://doi.org/10.21122/2227-1031-2018-17-1-21-28.

. Crioco0 NOJTYYCHUSA KOMIIO3UITMOHHOI'O KEpaMHU4E€CKOIo Ma-

tepuana: mat. Ne 13690 Pb; MIIK C04B 35/10 / B. A. Oxko-
Buthid, ®@. . [ManTeneenko, O. I'. Jleroitro, A. @. Ilan-
teneenko, B. B. Oxosursrii. Omy6:1. 30.10.2010.

. Parameter Studies on High-Velocity Oxy-Fuel Spraying of

CoNiCrAlY Coatings Used in the Aeronautical Industry /
J. A. Cabral-Miramontes [et al.] // Int. J. Corros. 2014.
P. 1-8. https://doi.org/10.1155/2014/703806.

. Identification of the High-Temperature Impact/Friction of

Aeroengine Blades and Cases by Micro Raman Spectro-
scopy / P. Colomban [et al.] // Aerosp. Sci. Technol. 1999.
Vol. 3, No 7. P. 447-459. https://doi.org/10.1016/s1270-
9638(99)00102-9.

. Development of Oxide Dispersion Strengthened MCrAlY

Coatings / K. Bobzin [et al.] // J. Therm. Spray Technol.
2008. Vol. 17, No 5-6. P. 853-857. https://doi.org/10.
1007/511666-008-9244-7.

Crawmer, D. E. Coating Structures, Properties, and Mate-
rials / D. E. Crawmer, ed. J. R. Davis // Handbook of
Thermal Spray Technology, ASM International. USA:
Materials Park, OH, 2004. P. 47-53.

Effects of Boron Carbide Content on the Microstructure and
Properties of Atmospheric Plasma-Sprayed NiCoCrAlY/
Al,0;-B,C Composite Coatings / Y. Cao [et al.] //
J. Therm. Spray Technol. 2014. Vol. 23, No 4. P. 716-724.
https://doi.org/10.1007/s11666-014-0061-x.

Influence of the Microstructure of Plasma Deposited
MCTrAIY their Tribological Behaviour / S. Li [et al.] //
Surf. Coat. Technol. 1998. Vol. 100-101. P. 7-11. https://
doi.org/10.1016/s0257-8972(97)00579-3.

Zhao, L. Wear Behaviour of AbO; Dispersion Streng-
thened MCrAIlY Coating / L. Zhao, M. Parco, E. Lug-
scheider // Surf. Coat. Technol. 2004. Vol. 184, No 2-3.
P. 298-306. https://doi.org/10.1016/j.surfcoat.2003.10.055.
Zhao, L. High Temperature Frictional Wear Behaviors of
Nano-Particle Reinforced NiCoCrAlY Cladded Coatings /
L. Zhao, M. Parco, E. Lugscheider // Trans. Nonferr.
Met. Soc. China. 2011. Vol. 21, No 6. P. 1322-1328.
https://doi.org/10.1016/s1003-6326(11)60860-1.

IMocrynuna 14.10.2019
ITonmucana B neuars 28.01.2020
Ony6nukoBana onnaita 30.09.2021

REFERENCES

. Okovity V. A. [et al.] (2005) Results of Investigation APS

Process of Formation Plasma Spraing. Powder Technology
95, V-the Baltic Conference, Nov. 7-8, 2005. Tallinn, 58—-60.

. Okovity V. A. [et al.] (2001) Properties of Plasma Spraing

Coatings. Nove Smery vo Vyrobnych Technologiach 2000:
Proc. of 6 Conference. Presov (Slovenska Republic), 221-225.

374

10.

11.

12.

13.

14.

. Okovity V. A., Panteleenko F. I., Okovity V. V., Asta-

shinsky V. M. (2017) Production of Composite Cera-
mic Material for Thermal Spraying. Nauka i Tekhnika =
Science & Technique, 16 (3), 181-188. https://doi.org/10.
21122/2227-1031-2017-16-3-181-188 (in Russian).

. Panteleenko F. 1., Okovity V. A., Panteleenko E. F. (2017)

Study of Plasma Two-Layer Composite Zirconium Dio-
xide — Nichrome Coatings. Aktualnye Problemy v Mashi-
nostroenii = Actual Problems in Machine Building, 4 (3),
100-105 (in Russian).

. Okovity V. A., Panteleenko F. I., Okovity V. V., As-

tashinsky V. M., Hramtsov P. P., Chernik M. Y., Uglov V. V.,
Chimanskiy V. 1., Cerenda N. N., Sobolewski S. B. (2018)
Formation and Study of Plasma Spraying Double-Layer
Composite Coatings (Viscous Metallic NiCr and Solid
ZrO, Layer). Nauka i Tekhnika = Science & Technique,
17 (1), 21-28. https://doi.org/10.21122/2227-1031-2018-
17-1-21-28 (in Russian).

. Okovity V. A., Panteleenko F. 1., Devoino O. G., Pan-

teleenko A. F., Okovity V. V. (2009) Method for Obtai-
ning Composite Ceramic Material. Patent No 13690 Re-
public of Belarus (in Russian).

. Cabral-Miramontes J. A., Gaona-Tiburcio C., Almeraya-

Calderdn F., Estupifian-Lopez F. H., Pedraza-Basulto G. K.,
Poblano-Salas C. A. (2014) Parameter Studies on High-
Velocity Oxy-Fuel Spraying of CoNiCrAlY Coatings
Used in the Aeronautical Industry. International Jour-
nal of Corrosion, 2014, 1-8. https://doi.org/10.1155/2014/
703806.

. Colomban P., Jullian S., Parlier M., Monge-Cadet P. (1999)

Identification of the High-Temperature Impact/Friction of
Aeroengine Blades and Cases by Micro Raman Spectros-
copy. Aerospace Science and Technology, 3 (7), 447-459.
https://doi.org/10.1016/s1270-9638(99)00102-9.

. Bobzin K., Schléfer T., Richardt K., Briihl M. (2008) De-

velopment of Oxide Dispersion Strengthened MCrAIlY
Coatings. Journal of Thermal Spray Technology, 17 (5-6),
853-857. https://doi.org/10.1007/s11666-008-9244-7.
Crawmer D. E., Davis J. R. (2004) Coating Structures, Pro-
perties, and Materials. Handbook of Thermal Spray Techno-
logy, ASM International. USA: Materials Park, OH, 47-53.
Cao Y., Huang C., Liu W., Zhang W., Du L. (2014) Effects of
Boron Carbide Content on the Microstructure and Properties
of Atmospheric Plasma-Sprayed NiCoCrAlY/Al,O+B,C
Composite Coatings. Journal of Thermal Spray Technology,
23 (4), 716-724. https://doi.org/10.1007/s11666-014-0061-x.
Li S., Langlade C., Fayeulle S., Tréheux D. (1998) Influence
of the Microstructure of Plasma Deposited MCrAlY
their Tribological Behaviour. Surface and Coatings Tech-
nology, 100-101, 7-11. https://doi.org/10.1016/50257-89
72(97)00579-3.

Zhao L., Parco M., Lugscheider E. (2004) Wear Behaviour
of AbOj; Dispersion Strengthened MCrAIlY Coating. Sur-
face and Coatings Technology, 184 (2-3), 298-306.
https://doi.org/10.1016/j.surfcoat.2003.10.055.

Zhao L., Parco M., Lugscheider E. (2011) High Tempera-
ture Frictional Wear Behaviors of Nano-Particle Rein-
forced NiCoCrAlY Cladded Coatings. Transactions of
Nonferrous Metals Society of China, 21 (6), 1322-1328.
https://doi.org/10.1016/s1003-6326(11)60860-1.

Received: 14.10.2019
Accepted: 28.01.2020
Published online: 30.09.2021

Hayka
urexHuka. T. 20, Ne 5 (2021)


https://doi.org/
https://doi.org/
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref9
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref9
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref9
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref11
https://doi.org/10.%20%0b1007/
https://doi.org/10.%20%0b1007/
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref12
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref12
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref12
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
https://doi.org/10.1016/s1003-6326
https://doi.org/10.21122/2227-1031-2017-16-3-181-188
https://doi.org/10.21122/2227-1031-2017-16-3-181-188
https://doi.org/
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref7
https://doi.org/10.1155/2014/
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref9
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref9
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref9
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref11
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref11
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref11
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref11
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref11
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref14
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref13
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref8
https://doi.org/10.1016/s0257-89
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref12
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref12
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10
http://refhub.elsevier.com/S0043-1648(15)00459-7/sbref10

Mechanical Engineering and Engineering Science

https://doi.org/10.21122/2227-1031-2021-20-5-375-382
VK 62-752.2

TexHonorus nmojryyeHus u geMnupymouue cBoicrea
a3PUPOBAHHBIX OJTHUMEPHBIX NOKPBITHI

Yi.-xop. HAH Benapycu, 10KT. TexH. HayK, npo¢. B. K. Ieaer?,

Ma Muns”, 10oKT. Texm. HAYK, npog. M. A. Benouepxoncxnﬁz)

1)]3enopycc1<1/1171 HaIlMOHAJILHBIN TeXHHUYECKU yHUBepcuTeT (MuHCK, Pecniyonmka bemapych),
2)l"ocy)JapCTBeHHoe Hay4yHOe 00beauHeHe «O0bEeIMHEHHBI HHCTUTYT MAIllIMHOCTPOCHHUS
HammonansHoit akagemun Hayk bemapycm» (Munck, Pecry6nuka bemapycs)

© benopycckuil HallMOHAIBHBIA TeXHUYECKUH yHuBepcurer, 2021
Belarusian National Technical University, 2021

Pedepat. Pazpaboran u uccienoBaH mnpouecc HONyISHUs a3PUPOBAHHBIX (HANIOJTHEHHBIX My3BIPbKAaMH BO3yXa) MOJIUMEp-
HBIX MTOKPBITHI METOZOM Ta30IIIAMEHHOT'0 HAIIBUICHUS C OLIHKON MX CIIOCOOHOCTH K JeMnpHupoBaHuio Konedanuii. Mcmnoib-
3ysl BO3MOKHOCTH KOHCTPYKIMH ITOJMMEpPHOro TepMopacneimtenst mogemn OVIM 050, 3axmowaromuecss B oGecriedeHIN
MIOJIa4H CITyTHOTO BO3JYIIHOTO MOTOKA MEXIy (haKeIoM INIaMCHHU H CTPYeH IOPOIIKOBOTO MaTepHaa, pa3paboTaHa TEXHOJIO-
IS YIpaBiisieMoro (JOpMHPOBAHUS a3PUPOBAHHBIX MOJIUMEPHBIX HOKPBHITUH. DKCIEPUMEHTBI BBIIOJIHSINCH C TAKUMH TE€PMO-
IUIACTUYHBIMHU TIOJIIMEPaMH, Kak IHOJIMITHICHTepe(TaNaT, IMOJMITHICH BBHICOKOTO IABJICHUS, CBEPXBBICOKOMOJIEKYIISIPHBIN
HOJIMATHIICH, MOJIMAMUA. YCTaHOBJICHO, 4TO KO3((UIMEHT a3pUPOBaHHUA PACTET NPAKTUYECKH IMPSIMO IPONOPLHOHAIEHO
C YBEJIMYEHHEM KOJIMYECTBA BO3/yXa B CIIyTHOM IOTOKE Y BCEX MCCIEAYEMbIX MOJIMMEPHBIX MOKPHITHH. OTMEUEeHO, 4TO Ha
MIPOLIECC aIPHPOBAHUS OKA3BIBAIOT BIIMSHHUE PEOJIOTUYECKHE CBOICTBA JKUIKUX MOJMMEPOB, a TOUHEE, BEIUUNHA [TOKA3aTeIIs
TEKy4ecTH paciuiaBa nojumepa. OmnpeneneHbl NpeieibHble 3HAYEHHS BO3/IyXa B CIYTHOM IIOTOKE, KOTODBIE MO3BOJISIOT
HE CHIDKATh 3HAYCHHUS aAre3WH ITOJMMEPHBIX MOKPHITHH CO CTAIBHBIMH IIOJUIOKKaMu MeHee 6 MIla m He ymeHbIIaTh UX
TBepAocTb Oonee yeM Ha 25-30 %. VccnenoBanus nemMnupylommx cBOHCTB 00pa3IoB C MOJMMEPHBIMHI IOKPBITHAMH OCY-
IIECTBIISUIN Ha CTEHJIE, KHHEMATHYeCKasi CXeMa KOTOPOro OCHOBaHAa Ha HAarpy:KEHHM CBOOOJHOTO KOHIIA KOHCOJIBHO 3aKperl-
JIEHHOTO 00pasIia, pe3KOM CHATUH Harpy3KH U perHCTpaniy CBOOOMHBIX 3aTyXalOMUX KoJIeOaHuH OECKOHTAKTHBIM JaTIMKOM
HHAYKLMOHHOTO THIIA, CBSI3aHHBIM C KOMIbIOTEpOM. [Toka3aHO, YTO HCHOJb30BAaHHWE AdPHPOBAHMSA HPH (HOPMUPOBAHHU
ITyMOTIOTJIOMIAIONINX ITOKPBITHH Ha CTaJbHBIX 00pa3Iax I03BOJISIET YBEINUUTD UX JIOTApU(PMUIECKHUI AEKPEMEHT 3aTyXaHHs
Ha 18-26 %.

KiroueBble cj10Ba: ra3omiaMeHHOe HaIlbUJICHUE, MTOPOILIKHU ITOJUMEPOB, aOPUPOBAHHBIC ITOKPBITHUSA, HIYMOIIOTJIOIIEHUE, JIOra-
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Production Technology and Damping Properties of Aerated Polymer Coatings

V. K. Sheleg?, Ma Min®, M. A. Belotserkovsky?

!Belarusian National Technical University (Minsk, Republic of Belarus),
2State Scientific Institution “The Joint Institute of Mechanical Engineering
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Abstract. The process of obtaining aerated (filled with air bubbles) polymer coatings has been developed and investigated by
the method of flame spraying with an assessment of their ability to damp vibrations. A technology for the controlled formation
of aerated polymer coatings has been developed while using the capabilities of the OMM (OIM) 050 polymer thermal
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atomizer design which consists in providing a concurrent air flow between the flame torch and the jet of powder material.
The experiments have been carried out with such thermoplastic polymers as polyethylene terephthalate, high pressure poly-
ethylene, ultra high molecular weight polyethylene, polyamide. It has been found that the aeration coefficient grows almost in
direct proportion with an increase in the amount of air in the concurrent flow for all investigated polymer coatings. It is noted
that the aeration process is influenced by the rheological properties of liquid polymers, or rather, the value of the polymer melt
flow rate. The limiting values of air in the concurrent flow have been determined, which make it possible not to reduce the
adhesion of polymer coatings to steel substrates by less than 6 MPa and not to decrease their hardness by more than 25-30 %.
Studies of the damping properties of samples with polymer coatings have been carried out on a stand, the kinematic diagram
of which is based on loading the free end of a cantilever sample, abrupt removal of the load and registration of free damped
oscillations by an induction-type contactless sensor connected to a computer. It is shown that the use of aeration when forming
noise-absorbing coatings on steel samples can increase their logarithmic damping decrement by 18-26 %.

Keywords: flame spraying, polymer powders, aerated coatings, noise absorption, logarithmic decrement, vibration damping
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BBenenne

Pa3BuTHe TEXHUKH, CBS3aHHOE C YBETUUECHHEM
CKOpPOCTEH W MOIIHOCTEH MallliH U MEXaHH3MOB,
MPUBEJIO K 3HAYUTEIILHOMY BO3PACTAHHIO BPE/IHBIX
OIyMOB M BUOpalMi, MOHMKAIOIUX HAaJIEKHOCTh
padOThl MEXaHU3MOB, YXYALIAIOLINX YCIOBUS TPY-
na. OIMH U3 OCHOBHBIX CIOCOOOB d()(EKTUBHOTO
CHIDKCHHS BPEJHBIX IIYMOB U BUOpAIMii — MpUMe-
HEHHE B KOHCTPYKUMSX, IOJBEP’KCHHBIX BO3ZEH-
CTBHIO JIMHAMHYECKHX HArpy30K, TOKPBITHH H3
MaTepHajJoB C BBICOKUMH BHOPOIOTIIONIAIOIIUMHE
cBoiicTBamMnu. MHOTOJIETHUH OMBIT OOPBOBI C MIy-
MaMH U BHOpalUsIMH TOKa3ajl, YTO MOJUMEpPHI SIB-
nsI0Tes Hambosee APQPEKTUBHBIMU BHOPOIIOTIIO-
laroumMmMu Matepuanamu [1].

CBOICTBO MOTUMEPOB MPOSBIISATH SIPKO BBIpaA-
JKEHHOE BSI3KOYIPYroe TIOBEJCHUE CIIOCOOCTBYET
3¢ GEKTUBHOMY PAacCEHBaHHUIO SHEPIHM BUOpaluy,
YTO TOJIOKUTEIFHO BBIJEISIET UX U3 YKCTIa MPOYHX
MatepuanoB [1, 2]. MmenHno Omaromapsi 3TOMY
YHHUKaJbHOMY CHMOWO3Y CBOWCTB yNPYroro Teina
U BS3KOM JKHJKOCTH B TIOJIMMEpax BO3HUKAET
C/IBHT MPHJIOKEHHOT'O HaNpshKeHus 1mo (asze oTHO-
cutenbHO aedopmannu Ha ¢a3oBbli yrom O, oc-
HOBHOW XapaKTEePUCTUKON KOTOPOTO SBIISETCS KO-
3¢ QULIMEHT MOTEPh MIIM TAHI'CHC yTIja MoTeph tgo.

HesaBucumo OT cTpoeHust mpupoza Moriolie-
HUsI SHEpruu KoseOaHuil IUIsl BceX I0JIMMEPOB
eauHa. B [1, 3, 4] MonexynaspHbII MEXaHU3M IIO-
TJIOIIEHHUS M PacTpOCTpaHEHUs KoyieOaHWH B TIO-
auMepax OOBSICHEH, HCXOAS M3 CYIIECTBYIONICH
TEOpPHHU pellaKkcaluy, 0a3upyromencss Ha TOM, 4TO
pelaKcaldio MaTepuaja BbI3BIBAIOT H3MEHEHUs
MOJIEKYJIIPHON CTPYKTYphl. B penakcupyromieit
cpeie MpH MOCTOSIHHOW AedopMaluy BbI3BaBIIEE
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ee HamnpsDKeHUeE MOCTENEeHHO ClajaeT, B pe3ynbTa-
T€ Yero MPOUCXOJUT €0 pacCeMBaHME B BHJIE Tell-
70Tel. B OCHOBE 3TOrO SIBICHHS JISKUT IPOLECC
Mepexoia CUCTEMbl K COCTOSIHUIO TEPMOAWHAMU-
YeCKOr0 pPAaBHOBECHSl IOCJTE CHSTUSI BHEIIHEH
HarpysKkH, a BpeMs, Heo0X0IuMOe Ui YCTaHOBIIE-
HUSl pPaBHOBECHs, HA3BIBACTCS BPEMCHEM pelak-
CalHH.

CriocoOHOCTh K peJaKcaluy, a COOTBETCTBEH-
HO ¥ K BHOPOIOITIOUICHUIO Y MOJMMEPOB CHIBHO
pasnuuaercs. Bce monmumepsl yCIOBHO pa3aeiu-
JU 10 BENMYMHE Kod(duuueHta mortepr tgd Ha
Tpu rpynnsl [4, 5]. IlepBas — monumMeps! ¢ Hau-
Ooilee BBICOKMM 3HadeHuUEeM Kod(huimenta
notepb (tgd > 1,4), K KOTOPBIM OTHOCAT CIJIOXKHBIE
W MPOCTHIE 3(GUPHI TOIUBUHIIIOBOTO cHupTa. BTo-
pasi — moIMMepBl COo 3HAYCHHUEM TaHT'eHCa yIiia Mo-
Teph tgd B muanasone ot 0,8 mo 1,4. K manuHoi
IpyIIe OTHOCATCS Pa3INYHble CHHTETUYECKHE Ka-
YUYYKH U PE3HMHBI, MOJUBHHWIXJIOPUA U €ro Iula-
CcTHQUIPOBAHHBIE KOMITO3HUIIUK. TpeThst rpymra —
MOJIMMEPBI C BBICOKOW CTENEHBbI0 KPHCTALIHYHO-
CTH, HamNpuUMep MOJHITHIICH, MONUTeTpadTOpITH-
JIeH; 3HaYeHKe TaHTeHca yIiia MmoTephb tgd — B mpe-
nenax ot 0,1 no 0,2, penko go 0,5.

Juccunanusi SHEPTUU KoJeOaHNH MOXKET Hpo-
UCXOIUTH B 00bEME BCErO M3/ENHs, BHIIIOJIHEHHO-
ro M3 IOJHMMEpa, JUOO0 NMOJUMEPHbIE MaTepUalbl
UCTIONB3YIOT KaKk BHOPOMOTJIOUIAIONINE MOKPBITUS
Ha METaUTMYECKHX MAIlUHOCTPOUTEIbHBIX JeTa-
naX wian ys3nax. IlpuMeHeHue NOJIMMEpHBIX IO-
KPBITHH, TOJNy4YeHHBIX pa3MYHBIMH METOJaMH,
MO3BOJISIET CYIIECTBEHHO YIy4lIUTh 3(deKTus-
HOCTh IOTJIOLCHUA KojleOaHui, Ipy 3TOM HaHece-
HUE TIOJMMEPHBIX MaTepUaloB B BHJIEC MOKPHI-
TUH Ha CTaJH, YyTYHBI, BETHbIE METAJUIBI PALIUO-
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HaJIbHO COBMEILAET MEXaHUYECKYI0 IIPOYHOCTb
OCHOBBI U AEMI(UPYIOLIYI0 CIOCOOHOCTh TOKPHI-
s [6-8].

CoBepIlIEHCTBOBAaHUE COCTABOB  IOJMMEPOB,
a TaKkKe pa3BUTHE METOJOB (HOPMHUPOBAHHUS TO-
JMMEPHBIX AeMII(UPYIONX MOKPBITUN NPUBEIH
K CO3JAaHHUIO BBICOKOIIOPHCTBHIX KOMIIO3UTOB M IIO-
kpbiTHii [9, 10], KoTOpBIE OBUIM HA3BaHBI adpu-
poBanHbIMH (aHTd. aerated coating), T. e. Ha-
nomHeHHBIME Bo3ayxoM [11]. Ormewaercsa, 4to
AOPUPOBAHHLIC MOJIMMCPHLBIC IMOKPLITUA O6J'Ia[laIOT
HauOONBIIEH CIIOCOOHOCTHIO IIYMOIIOTJIONICHHUS
Cpeay BCEeX IMOJIMMEPOB, OTHOCSILUXCSA K TPEThEH
rpyIIIeE.

Henpro uccnenoBaHui, pe3ynbTaTbl KOTOPBIX
NPUBEACHBI B IAHHOH CTaThe, SIBUJIKMCH pa3paboTKa
MIPUEMOB TIOJIyYE€HHUS adPUPOBAHHBIX MTOJIUMEPHBIX
MOKPBITHM METOAOM Ta30IUIAMEHHOTO HalbUICHHS
U OmpeleNieHne MX CIIOCOOHOCTH K AeMI(HupoBa-
HUIO KOJIeOaHUH.

O6opynoBaHue /151 HAHECEHUsI OKPBITHI

DopMupoBaHHE MOKPHITUH OCYIIECTBIISLIOCH C
TIOMOIIHI0 YCTAHOBKH Ta30IJIAMEHHOTO HAITBIICHUS
MOJUMEPHBIX TopomkoB Monenu OUM 050 [12],
pa3zpabortanHoii B OObEIMHEHHOM HHCTUTYTE Ma-
mmHOocTpoerns HAH benapycu (ycoBepmieHCTBO-
BaHHas Mojens yctanoBkd TEPKO-IT). YcranoBka
UCTIoNb3yeTcss Al (OpPMUPOBAHUS TOKPHITUH W3
MOPOIIKOB TEPMOIUIACTHYHBIX TOJMMEPOB C TE€M-
nepatypoil miaeienus or 90 mo 400 °C. Pas-
Mep Hambuisiembix uactul 50-300 mxm. Yactu-
I[BI HArpeBarOTCs B IMPOIAHO-BO3AYIIHOM (hakere
TUIAMEHHU, YCKOPSIOTCS M OCaXAaloTcd Ha TMOJ-
TOTOBJICHHON TOBEPXHOCTH, 00pa3ys MOKpHI-
tre (puc. 1).

Puc. 1. BHenHuil BUji TepMOPaCIbUIATEISL
ycranoBku OVIM 050 u nporecc HaHeCEHHsI TOKPBITHS

Fig. 1. External view of OIM 050 thermal atomizer
and coating process
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KoHcTpykuust TepmMopacibuinTesist 00ecrieuuBacT
BO3MOJKHOCTb HCIIOJIb30BAaHMs IIPAKTHUECKH BCEX
MIPUMEHAEMBIX MOPOIIKOB TEPMOIUIACTOB, HUMEFOIINX
pazIM4HbIe TeTUIOPH3NUECKIE XapaKTepHCTUKH, 0e3
3aMEHBl COIUIOBOTO HAKOHEYHMKA. Perymmpyemoe
M3MEHEHHE B JIOCTATOYHO IIMPOKOM JHANa3oHe CO-
CTaBa roproveil cMecu 1 ynpasieHue Gpopmoi dake-
JIa TUTAMEHH TTO3BOJISIOT JOOUTHCS HEOOXOAUMOM IS
KaXJI0TO HaNbUIIEMOr0 MaTepHaia BEIMYMHBI TUIOT-
HOCTH TEIUIOBOro moroxa. Kpome toro, mo cpasHe-
HUIO C UW3BECTHBIMM YyCTaHOBKamu Ttuna YIITP,
YI'TUI, TEPKO u npyrumu B JaHHOM TepMOpACIIbI-
JITENE TOPa3lo0 KaueCTBEHHEE IPOMCXOANUT MPOLECC
CMEIIICHHUS TIPOTIaH-BO3IYIIIHON CMecH, oOecredu-
BalOTCS PaBHOMEPHOCThH MOAAYX MOPOIIKOBOM HIMX-
Tl B (paKes M BBICOKMM KO(D(PUIMEHT HCHOIB30Ba-
HUSI HAITBUISIEMOTO MaTeprana.

l'azocmecuTenbHass kamepa uMeeT GopMy KOJb-
LIEBOM KaHaBKU (puC. 2), TIO3BOJISIONIEH B JBHXKY-
LIMXCSl MEPEMEIMBAIOIIMXCS ra3ax 00pa3oBbIBATH
LUPKYJSIIMOHHBIE TOKH, OOYCJIOBJIMBAIOLINE BO3-
MOYXHOCTh TIOSIBJIEHUSI d(dekra TypOyIeHTHOCTH,
YTO TIOJIOKHUTENFHO CKa3bIBAETCSl HA KaYeCTBE TOpPIo-
yeil cmecu. KoHCTpyKuusl cOMIOBOro HaKOHEYHHKA
MpeAycMaTpuBaeT oOecrieueHre MOMNaAaHus YacTHIL
B CaMblii BBICOKOTEMITEpaTypHBIH y4acTok (hakena,
YTO TaKXKE MO3BOJIWIO YIYYIIUTh Ka4yeCTBO IOKpBI-
Tuil. OXJIaXICHHE MYHIIITYKa OCYIIECTBIISCTCS 3a
CUeT MOTOKAa BO3AyXa, MPOXOMAILETO YEepe3 3a30p
MEXIY MYHIIITYKOM U COIUIOBBIM HaKOHEYHHKOM.
Kpome Toro, 3T0T NOTOK HE O3BOJISIET MOTMMEPHBIM
YacTHULIAM OCeJlaTh Ha TOPIIE MyH/ILITYKa.

OCHOBHbIE 3JIEMEHTHI PaCHBUIUTEIBHOIO Y37a
ycranoBku OWM 050 mpencraBieHbl Ha puc. 2.
CormutoBoif HaKOHEUHWK 3, COAEpKAIIUid XBOCTO-
BUK 4, KpenuTcs raiikoil 2 Ha kopmyce 1. Bo3myx
[0 KaHaJdy 5 W TpoMaH Mo KaHamy 6 MojaroTcs
B ra3ocMecHuTebHyo kamepy 10, oOpa3oBaHHYIO
BUHTOBOM KaHAaBKOW C BHYTPEHHEN IOBEPXHOCTHIO
kopiyca. OOpaTHOMY BBIXOJY CMECH U3 KaMephbl
npensaTcTByeT npokianka 11. Beimyck nponan-
BO3AYIIHONW CMECH IJIs HOIKUra U 0oOpa3oBaHUS
(hakena mIaMeHH OCYIIECTBIsIETCS yepe3 coruia 14.
BrinonHeHHsle HAa HAPYKHOU IIOBEPXHOCTH KOJIb-
ueBsle pedpa 13 cimyxar Ans AOTONHUTEIHHOTO
OXJIAKJICHHS Kopiyca. B cOmiIoBOll HaKOHEYHUK,
MMEIoNTNH KaHan 9 A nojadu NOJIMMEPHOro Mo-
pOIIKa, BCTAaBICH MYHAINTYK 7 C OIPEIECIICHHBIM
3a30pOoM 8, KOTOPHIN HWrpaeT BaKHEHIIYIO POJIb B
JAHHOM KOHCTPYKIWH, & UMEHHO — I03BOJISIET U3-
MeHTh (popMy MIaMEHH M YHPaBIATH €ro Terlo-
(U3NUECKUMH XapaKTePUCTHKAMH.
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Puc. 2. Cxema pacnbuiutenbHoOro y3na yeranoBku OVM 050

Fig. 2. Scheme of OIM 050 spraying unit

W3MeHsst COOTHONICHUSI CKOPOCTEH BBIXO/a T0- «CKUMATh» WIH «Pa3KUMaThy» (aken, ympasiss
prodeil cMecH, BO3AYIIHOIO TIOTOKA C TOJHUMEp- mporeccaMy  TeIIO00OMEHA MEX]y HalbUIsIeMbIM
HBIM TOPOIIKOM M BO3AyXa B 3a30pe 8, MOXKHO TTOPOIITKOM H (hakeioM IiaMeHu (puc. 3, Taoir. 1).

Puc. 3. ®opmsl (akena B 3aBUCIMOCTH OT BapHaHTa Ta30IMHAMUYECKON aKTUBAIUU:
Vens Vi — CKOPOCTB BO3AYLIHOI'O IIOTOKA B 3a30p€ U UCTEKAIOLIEH roproyeil cMecu

Fig. 3. Torch shapes depending on variant of gas-dynamic activation:
Ven, V. — air flow rate in the gap and outflowing combustible mixture
Tabauya 1

PesxuMbl HanbLIeHNs IIOJIMMEPOB € PA3IHYHOIl TeMnepaTypoii NJiaBJIeHUs!

Modes of spraying polymers with different melting points

Temmneparypa IInoTHOCTH TEMIIOBOTO Pasmep yactuupl, MKM ® b *x
1aBJyieHus nonumepa, K MOTOKa, Br/m? o 100 100-200 200—400 OpmMa pakea
24/1 23,5/1 23/1
360-410 2-10° b ‘ B
* 90/6/4 88/8/4 86/10/4 (Geme
22,5/1 22/1 21,51
420-510 3,4-10° b ’ ’ K
’ * 82/13/5 80/15/5 78/17/5 (omye
211 20,5/1 20/1
Boee 510 -10° b : B
onee boree 510 * 75/19/6 73216 71/23/6 GYIom
* Pacnipenenenne Bosayxa, % (£1 %): B ropIOuyi0 CMECh/Ha TPAHCTIOPTHPOBKY MOPOIIKA/B KOMBIIEBOH 3a30D.
®Dopmebl (hakesIoB MPEACTaBICHbI Ha puUC. 3.
IIpumeuanue. § — COOTHOIICHNE OKHUCIHUTENS (BO3AyXa) M TOPIOUETO ra3a (IporaHa) B CMECH.
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Marepuanbl, 060py/0BaHHe
¥ METOMKH MCCJIe0BAHMIT

JL1s HanbUTeHUS TIOKPBITHH OBLUTH MCITONB30BAHbI
nopomku nommdTwieHa [I9BJ] (ITOCT 16338-85)
Mapku  10703-20, monudTHICHTEpedTaIaTa
I[I3T® (I'OCT P 51695-2000), momuamMuga MapKu
[TIA-6 (OCT 6-06-09-93), mnomydeHHBIE KpHO-
TeHHBIM U3MeNbUeHHEeM TPaHyJl MOJUMEPOB, H TI0-
POLIOK CBEPXBBICOKOMOJIEKYJISIPHOTO TIOJHMITHIIE-
Ha (CBMIID) mapku Hostalen GUR 412. Pazmep
HanbLigeMbIx yactur 100-200 MiM.

OO6pa3upl It UcCleIOBaHUS JIeMI(UPYIOIIIX
CBOWCTB MOKPBITUI HpeACTaBIsUIM co00i miacTu-
Hbl pasMmepamu 135x20x3 MM (puc. 4a), BBINOJ-
HeHHble u3 cranu 20. [ToATOTOBKY MOBEPXHOCTH
00pa3LoB mepel HaHEeCEHHEM MOKPBITHH ocylie-
CTBIISUTH CTPYHHO-aOpa3uBHON 00pabO0TKOM ITPOOKI0
uyyryHHo#t kosiotoit JJUK 1 545 (FOCT 11964-81)
mpu JaBjieHun cxaroro Bozmyxa 0,55-0,60 Mlla
u pacxoze 40-50 m*/u.

Koadduument aspupoBanust a,, XapaxTepH-
3YIOIIMH KOJMYECTBO IIy3bIPHKOB BO3[yXa B IIO-
KPBITHH, OIpPEIENsUIM ONTHYECKUM METOJOM Ha
Mukpockorie «Anmpramu MET 1 MT», a taxoke 1my-
TE€M THUIPOCTATHYECKOTO B3BEIIMBAaHHUS B AITUIIO-
BOM CIIHPTE OTHAEIEHHBIX OT IMOJJIOKKH 3JIeMEH-
TOB MOKPBITUHI, UCIIOJIb3YS IIMPOKO IIPUMEHSIEMBII
B TPaKTHKE MMOPOLIKOBOM METaJUIypruu METO] HC-
CJIEJIOBAaHMsI TIOPUCTOCTU CIICUCHHBIX Marepua-
noB. KoaddunueHnt aspupoBanus ar MOKa3bIBAET,
KaKyl0 4acTb OObeMa IOKpPBITHS 3aHUMAIOT ILy-
3BIPBKH BO31yXa.

[IpoyHOCTh cCHEIUICHUS] TOKPBITHH OLICHUBAIN
METOZIOM OTpbIBa MITHU()TAa HOPMAJIBHO IPHIIOKEH-

HOM Harpy3koil Ha amresmMerpe moxenn ELCOME-
TER 506. UccnenoBanusi 1eMIQUPyrOIIUX CBOHCTB
00pas3IoB ¢ MOJIMMEPHBIMU TOKPBITHSIMHA OCYIIIECTB-
JSUTH Ha CTeH[Ie, pa3padOTaHHOM W W3TOTOBIEHHOM
B OMIM HAH Benapycu (puc. 4b).

Kunemarnueckas cxema CTeHOa OCHOBaHA Ha
Harpy>KeHuM CBOOOJHOrO KOHIA KOHCOJIBHO 3a-
KpEIUICHHOTO 00pasIia, pe3KOM CHATHU Harpy3Kd
Y perucTpanuy CBOOOTHBIX 3aTyXaloNUX Koieda-
HUN OECKOHTAKTHBIM JaTYUKOM HHIYKIIHOHHOTO
TUIA, CBA3aHHBIM C KOMIbIOTEpOM. CTEHA COCTOUT
U3 U3MEPUTENIbHOM M PErUCTPUPYIONIEH YacTeil.
N3meputensHas 9acTh BKIIOYAET y3€N KPEIUICHUS
o0Opasma M y3en HarpyXeHus, KOTOPBIE MKECTKO
3aKperieHbl Ha oOuiei cranune. s kanuOpoBku
nedopmaiui 00pas3IoB NPy HArpy>KEHUH HCIOJNb-
3yeTcsi MHAMKATOp YacOBOI'O THIIA, PACIOIOXKEH-
HBIi Ha MarHMTHOM WITaTWBe. Perucrpupyromas
4acTh CTEHNIa COCTOWUT W3 HWHIYKTHBHOTO NaT4H-
ka IF 6028 (dbupma IFM Electronic, T'epmanus),
aHajoro-idposoro npeodpazosarens E-154 (dup-
ma LCard, Poccust) u miaTel yCHINTENsI CHIHANA.
Jna oToOpaxeHHs TONYyYEHHBIX BHOpOTpaMM U
JaJIbHEHIIIeH uX 00pabOTKU HCIOJB3YETCS HepCo-
HaJBHBIN KOMITBIOTED.

OCHOBHBIM H3MEpSIEMbIM MapaMeTPOM SIBIISIET-
Csl aMIUIUTYJa 3aTyXalolux KoyebaHwii oOpasia,
KOTOpasi 0TOOpaXkaeTcss Ha MOHUTOPE KOMIIBIOTEpa
W TpeJICTaBiIsieT co00i 0TOOpaXKeHNE MIHOBEHHBIX
3HAYCHUH HATPSDKEHUS, PUKCUPYEMBIX WHIYKTHB-
HBIM JAaTYUKOM TIPH HM3MEHSIOIIEMCS PacCTOSHUM
710 IOBEPXHOCTH 00pasla B mpouecce KojeOaHui.
Peructpupyemple 3HadeHUS HANPSHKEHUS MOCTY-
MaloT Ha aHajoro-nudpoBol Mnpeodpa3oBaTelb,
B KOTOPOM aHAJOTOBBIA CHUIHaJ Mpeodpasyercs
B IIU(POBOI sl 0TOOPaKEHUS] HA MOHUTOpPE KOM-

MBIOTEPA.

Puc. 4. Baeunuii Bux 00pa3ios ¢ MOJMMEPHBIMHU OKPBITUSIMU (a)
U SKCHEePUMEHTAIBHOTO cTeH/a (D) Ast ucnbiTaHuil AeMIUPYIONIUX CBOHCTB

Fig. 4. Appearance of samples with polymer coatings (a)
and experimental stand (b) for testing damping properties
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OO6pazenr ycTaHaBIWBAeTCS MOKPHITHEM BBEPX
U JKECTKO KPENUTCS Ha JepKarene ¢ TOMOIIBIO
NPYWKAMHOMW TUTAHKW TBYMsI BUHTaMH. [limHa cBo-
O6omgHoro kxonma obOpasua 90 mm. MHAYyKTHBHBIH
JaTYUK BBICTABISIETCS 10 HWXKHEH IMOBEPXHOCTH
o0Opasma Ha PacCTOSTHUM MPHOIU3UTEIHLHO 1 MM C
MOMOIIBIO KPETIeXKHBIX TaeK, MO3BOJSIONINX Bep-
TUKAIBHO MepeMelnaTh naTduk. Jius perucrpanuu
3aTyxamlux KoJiebaHuii o0pa3ia OTKIOHSIIH CBO-
OO/HBIN KOHEIl OT MOJIOKEHHsI PaBHOBECHS Ha Be-
anauHy 1 MM, QUKCHpPYs HAaNpsHKEHUE CHTHAJA OT
WHIYKTHBHOTO JaT4YMKa B COOTBETCTBHHU C KalHO-
POBOYHBIM TpadUKOM. 3aTeM pe3Ko CHHMAU
Harpy)keHHe W OCTaHaBIMBAJM 3allUCh BUOPO-
TpaMMBbl.

B npotiecce ucnpiTanuii HOpMUPYETCSI MaCCUB
JIaHHBIX, KOTOPBIH 3aIMCHIBACTCS B MIAMSTh KOMIIBIO-
Tepa. 13 3Toro MaccuBa BBIIEISETCS U KOITUPYETCs
y4acTOK, Ha KOTOPOM 3aIlicaHbl 3aTyXarolue Ko-
nebanus oOpasna. [lanbHelias oOpaboTka Mpo-
UCXOIUT B TMporpamme, paspabortanHoii B EXcel.
Jis 3TOT0 3aa10T HAYaIbHOE, KOHEYHOE 3HAUCHUS
aMILTUTY/I, @ TaKXKe KOJIMYECTBO BHIOPAHHBIX ITUK-
70B — 00b1yHO 110 10.

OCHOBHBIM  TOKazaTeJIeM  JeMI(HUPYIOIINX
CBOMCTB SBJISIETCS JIOTAPUOMUUECKUN TEKPEMEHT
3aTyxaHus, KOTOPBIN onpeaensercs mo hopmyie

d = 1/(n - 1)InAy/Ay,

rie N — KOJMYECTBO BBIOPAHHBIX IUKIIOB; Ag, Ay —
HaYaJIbHOC U KOHEYHOE 3HAYCHUS AMIUTUTYJ CHI-
Haua.

IMporpamma Excel aBromarmuecku BbIYHCISET
sorapu(MUYECKUI TEKPEMEHT 3aTyXaHHs O, U €ro
3HaueHHUE 0TOOpakaeTcs B 3aJJaHHON sUCHKe.

HccaenoBanue npouecca
MOJIYy4Y€HHUS A3PUPOBAHHBIX
MOJIMMEPHBIX MOKPBLITHH

[IpenBapuTenbHBIME ~ SKCIICPUMEHTAMH,  BBI-
MTOJTHEHHBIMU TIPH Pa3paboTKe KOHCTPYKLHUH Tep-
Mopacneiutens [13, 14], ycraHoBneHo, 4To npu
YBEJIMYEHUH KOJIMYECTBA BO3IyXa, MOJaBaeMOro B
CIIyTHBIN MOTOK, MPOXOMSIINI Yepe3 KOJIbIEBOU
3a30p 8 (puc. 2), B MOKPBITUH OOpa3yrOTCs BO3-
IOYUIHBIE ITy3BIPbKH, KOJUYECTBO KOTOPBIX MPO-
MOPLHOHATIBHO 00BbEMY BO3IyXa, MNPOXOISIIEMY
yepe3 3a3op. Perymupys o0beM Bo3ayxa, MpOXo-
JSILIEro B CIIyTHOM ITOTOKE, MOKHO MOJy4aTh IO-
KPBITHSI C JIOCTATOYHO OOJBINONW CTEIEHBIO adpu-
poBanus (puc. 5).
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Puc. 5. IloBepxHocTh aspupoBanHOro nokpsitus usz [19B]] (a)
U BUJ ITy3bIPHKOB BO31yXa BHYTPH TTOKPBITHS
HpH OCBeIeHHH «Ha mpocser» (b) (x10)

Fig. 5. LDPE aerated coating surface (a)
and type of air bubbles inside coating
under illumination “in the light” (b) (x10)

Koadduuuent a’spupoBaHus OLEHUBAICS Tak
ke, KaK M MOPUCTOCTh, T. €. KaK OTHOIIEHHE 00b-
eMa My3BIPbKOB K 00beMy HoOKpbIThs. Vccnenosa-
U 3aBUCHMOCTH KOX(pHUIMIEHTa adpUpPOBAHUS &y
OT KOJIMYECTBA BO3/yXa, MPOXOJAIIETO B CITyTHOM
notoke. UToOBl MCKIIOUNTH BIHMSHHE KOHCTPYK-
THUBHOTO, TEMIICPaTypHOTO M JAPYTruX (hakTopos,
PELIMIIN UCIONIB30BaTh HE a0COMIOTHYIO BEIMUUHY
o0beMa BO31yXa B CI[yTHOM IIOTOKE, a OTHOCH-
TENIbHYI0 — OTHOLIEHUE MpPOXOJsLEero o0bema
BO3JyXa B €JUHUIy BPEMEHHU B CIIyTHOM IOTOKE
K 00beMy BO3/yXa, 3aTpauMBaeMOMY B E€AUHUILY
BpeMeHH Ha opmupoBanue pakena miamenu (Ko).

YcraHnoneHo (puc. 6), 4To KOIPPUIMEHT adpu-
pOBaHUSI PacTeT MPAKTUYECKH IPSIMO IPONOPIHO-
HaJILHO C yBennueHHueM nokasarens Kq 1o 9-10 %
y BCEX HUCCIIEAYEMbIX TOIMMEPHBIX TOKPBITHH.

045 —
030 =

| }/ 3 =
020 //} ——
0 10- //, ; //I/

ool T

03 4 5 6 7 8 9 10 11 Ko, % 14
Puc. 6. Biusaue xoaudecTBa Bo3ayxa B CIIlyTHOM
MOTOKE Ha KOG PHUIHEHT adpUPOBAHUS
HaHOCHMBIX MOKPBITUI U3 MOPOIIKOB:

1 — cBepXBBICOKOMOJICKYJISIPHOTO TTOJIHATHIICHA;
2 — HOJMATUIIEHA BBICOKOTO JABJICHUA,

3 — nonmmamua [TA-6; 4 — nonusTHIeHTepedTanara
Fig. 6. Influence of air amount in the concurrent flow
on aeration coefficient of applied coatings from powders:
1 — ultra-high molecular polyethylene; 2 — high-pressure
polyethylene; 3 — polyamide ITA-6 [PA-6];

4 — polyethyleneterephthalate

OTnuune yria HakJIoOHA y Tpa)uKoB, BEPOSATHO,
CBSI3aHO C PEOJIOTMYECKHMH CBONCTBAMH >KUIKHX

[ Hayka
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MOJTUMEPOB, a TOYHEE, C BEIMYMHOW IOKa3aTels
tekyuectn paciuiaBa (IITP), xapakrepusyroriero
BA3KOCTD TOJMIMEPA B PACIUIABIEHHOM COCTOSIHHU.
Jauubiii mokaszatenb, corijacao 'OCT 11645-73,
OTIPE/CISACT, CKOJBKO TEPMOILIACTHYHOTO TIOJIH-
Mepa B TpaMMax I0JI ONPE/ICIICHHBIM JIaBJICHUEM U
IIpH 3aJlaHHOW TemmnepaType 3a 10 MHUH 3KCTpynu-
pyercs dyepe3 KaiuOpoBaHHBIH Kamwuisip. Yewm
BBIIIIC JIAHHBIA TOKa3aTellb, TeM MojuMep Ooliee
TEKY4YUi U MEHee BSI3KUH.

Y BbIOpaHHBIX IMOJUMEPHBIX MaTepHAIIOB Ca-
™Mbt Huskuit [ITP mmeer CBMIID (0,04 1/10MuH),
a cambrii BeicOkui — [IOT® (9,8 1/10MuH), 9TO
MOJTHOCTBIO COOTBETCTBYET MOJYYEHHBIM PE3yIlb-
TaTam.

OO6pazoBaHme My3bIPHKOB BO3/yXa W WX KOJIH-
YECTBO HE MOTYT HE CKa3aTbCid Ha (U3UKO-MeXa-
HUYECKHUX XapaKTEePUCTUKAX TMOJIMMEPHBIX TOKPHI-
Tui. [lns ompenencHusl NpeNeNbHBIX 3HAYCHUN
BO3/lyXa B CI[yTHOM IOTOKE, KOTOpbIC BBI3BIBAIOT
3HAYUTEIILHOC YMEHBIIICHUE MEXaHUYSCKUX XapaK-
TEPUCTUK TIOKPBITUH, BBHITOJHUIN HUCCIICAOBaHUS
aAre3ud M TBEPIOCTH a’pUPOBAHHBIX MOKPHITHIA.
Hcxons u3 pe3yabTatoB (puc. 7), MONTYYSHHBIX IS
NOJMMEPOB ¢ HamOoiee BBICOKMMH MOKa3aTels-
mu IITP (ITA-6 u IIDT®), a Takke W3 yCIOBUS
COXpaHEHWs aAre3nu MOKPHITHH He MeHee 6 Mlla,
YCTaHOBJIEHO, 4YTO 3Ha4YeHUs Kqg He IOIKHBI Ipe-
BbImate 6—7 %. Ilpu »TOM TBepAOCTH MOKPHITHUN
yMmenbiaeTcs Ha 25-30 %.
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Puc. 7. BiusiHue konuuecTBa BO3/lyXa B CIIyTHOM IOTOKE
Ha NMpo4HOCTh cuemenus (1, 2) u tBeprocts (3, 4) MOKPHITHHA
u3 nonuamuza [1A-6 (1, 4) u nonudTunentepedranara (2, 3)

Fig. 7. Influence of air amount in concurrent flow
on adhesion strength (1, 2) and hardness (3, 4) of coatings
from polyamide TTA-6 [PA-6] (1, 4)
and polyethyleneterephthalate (2, 3)

Onenka nemngupyomux
CBOMCTB MOKPBITHHA

Kak mokazanu wccienoBaHus JEKpEeMEHTa 3aTy-
XaHUS KOJICOAHMH CTATEHBIX 00Pa3IioB, TOTUMEPHEIC
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MOKPBITHST MOTYT O0ECTIeUMBATh 3HAYUTEILHOE O~
BBIILIICHUE AeMII(DUPYIOIINX CBOUCTB (Tall. 2).

Tabauya 2
3aBHCHMOCTB ICKPEMEHTA 3aTyXaHUs KoJe0aHuii
OT TOJILIUHBI IOTUMEPHBIX NOKPBITHH

Dependence of oscillation damping decrement
on polymer coating thickness

Marepuan Tommmua  |[IekpemeHT| OQPPEKTUBHOCTD
MOKPBITHS | TOKPBITHS, MM | 3aTyXaHus | AeMngupoBanus, %
bes

MOKPBITHS 0,0063

0,5 0,0074 17,5
11I9BA 1,0 0,0082 30,2

14 0,0099 57,1

0,5 0,0077 22,2
II9TD 1,0 0,0086 36,5

14 0,0103 63,5

HccnenoBanne M3MEHEHUS JEKPEMEHTa 3aTyXa-
HUsL KonieOaHuid y 0Opa3loB ¢ adpUpOBaHHBIMHU MO-
KpPBITHSIMH  TOJMIITMHON 1 MM mokazano (puc. 8),
YTO TIpH yBENMYEHHH Kod(uimenTa aspupoBaHus
or 0 mo 0,18-0,20 norapupmuueckuii IeKpeMEHT
3aTyXaHUsI KOJIeOaHWI TPOTIOPIIHOHATBFHO TTOBBIIIIA-
ercst Ha 18-26 %. Takum 00Opa3oM, MPeATIOKEeHHBIH
METOJl HACBHIIICHUS TMOJIMMEPHBIX MOKPBITHH BO3-
IOYIIHBIMA Ty3bIPbKaMH TIO3BOJISIET 3HAYUTENIHHO
TOBBICHT MX AEMII(HUPYIONIYIO CIOCOOHOCTb.
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Puc. 8. BnusiHue cTenieHl a3pupOBaHHs MOKPBITHHA
n3 nonmyTHIIeHTepedranara (1)
1 TIOJIMATHIICHA BBICOKOTO IaBJICHHUS (2)
Ha JIOTapH()MHIECKII IeKPEMEHT 3aTyXaHHs KojaeOaHui

Fig. 8. Influence of aeration degree of coatings
from polyethyleneterephthalate (1)
and high-pressure polyethylene (2)
on logarithmic decrement of oscillation damping

BBIBO/IbI

1. C nomoripio 0co0EHHOCTEH KOHCTPYKIIUH TT0-
JMMepHOro TepMopacnbumTend moaenn OUM 050
MOKa3aHa BO3MOJKHOCTH YIIPABIIIEMOTO HACHIIIE-
HHUS BO3AYIIHBIMH ITy3bIpbKaMH (23PHPOBAHUS)
HAIBUISIEMBIX TIOJIMMEPHBIX TIOKPBITHIA.
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2. OmpeJieNieHo, YTO HACHIIEHHE My3bIPhKaMu

Bo3ayxa B konmmuectBe 15-20 % ot obmero o0b-
eMa IOJIMMEPHBIX IOKPBITUM I03BOJSIET COXpa-
HUTb BEJIMYMHY MX AATE3UH CO CTaJbHBIMH IOJI-
noxkaMu 10 6 MIla U yMEHBIIUTH TBEPAOCTh HE
6onee uem Ha 30 %.

3. yCTaHOBIIeHO, 4YTO CTCICHb a3pupOBaHUA

MNOKPBITUM MPU MPOYHMX PAaBHBIX YCIOBHSAX MPSIMO
MIPONOPIMOHANBHO 3aBUCHT OT IIOKa3aTess TeKy-
YeCTH pacIliaBa UCIOJIb3yEMOr0 OJIMMeEpa.

4. Vicrionp3oBaHne adpupoBaHus Tpu (popMupo-

BaHWU [IYMOMODIONIAIONINX TOKPHITHA Ha CTalb-
HBIX 00paslax IMO3BOJISET YBEIUYNUTh WX Jiorapug-
MHUYECKHI JeKpeMeHT 3aTyxanus Ha 18-26 %.
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Pa3paboTka n 000cHOBaHMeE IBYXAMCKOBOI0 pado4yero opraHa
CeJIbCKOXO0351iICTBEHHO MAIIUHBI 1JIs1 00PA00TKH MOYBbI

Kamnpa. Texs. Hayk, aou. A. C. Heanos?, M. C. Hy3blpeB1),
KaH/. TeXH. HayK, aou. E. M. UYnkumres?

1)1"ocy;[apCTBeHHLH71 arpapubiii yauepcuteT CeBepHoro 3aypanbs (Tromens, Poccuiickas ®enepanms),
I TroMeHCKHit WHAYCTpHAIbHBIA yHUBepcUTeT (TromMenb, Poccuiickas ®enepanms)

© Benopycckuii HalMOHAIBHBIA TEXHUYECKUI yHUBepcureT, 2021
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Pedepar. OnHa u3 ruaBHBIX MPoOIeM MpH MPOEKTUPOBAHUM CENTLCKOXO3AHCTBEHHBIX MAIINH, B TOM YHCIIE TOYBOOOpadaThI-
BAIOLIMX, — 00ECIIEUYEeHNE ONTHMAILHOW SHEPrOEMKOCTH BBIMOIHEHUS PA3IMYHBIX TEXHONOTHYECKUX omepaiuit. KoHcTpyk-
THBHBIE, KHHEMATHUECKUE U TEXHOIOTHYECKHE TapaMeTPhl POTAIIMOHHBIX MOYBOOOPAOATHIBAIOIINX MAIIHH OKA3bIBAIOT CYIIE-
CTBEHHOE BJIMSHUE Ha MOKa3aTeNn YHEProeMKOCTH Mpoliecca U KauyecTBO 00paboTku mousbl. K 3THM mapameTrpam OoTHOCSATCS
JuameTp pabodero opraHa CeJIbCKOXO3SHCTBEHHON MAIMHBI, YIJIOBas CKOPOCTh M YacTOTA BPAIICHUS JUCKOB, KOJINYECTBO
PEXYIINX 3JIEMEHTOB, MOCTYNATeNbHas CKOPOCTh pabodero opraHa, BEICOTa 0OpasyeMoro mpu o0paboTKe MOUYBBI TpeOHS,
TOJIIIMHA CPe3aeMOH CTPYKKH. BaykHOH arpOoTeXHHYECKOH XapaKTEepPUCTHUKOI MOYBO0OpadaTHIBAIOIIEH POTAMOHHONW MAaIlIi-
HBI SIBIISIETCS TPEOHUCTOCTE AHA O0po3abl. BeicoTa 0Opa3zyembix rpebHel nomkHa ObTh MeHee 20 % riryouHbI 0OpabarsiBae-
Moii mouBkl. B HacTosmee Bpems a1 obecreueHnst TpedyeMoi BEICOTHI IpeOHEN B KOHCTPYKIMSAX POTAILMOHHBIX MAIIMH HMe-
eTcsl pAJl OTPaHUYEHUH, KOTOpbIe 00YCIOBIMBAIOT PEXKUM PabOThl M MapaMeTPhI arperaTos. B mponecce uccnenoBanuii ome-
HUBAJIH CTETICHb BIMSHUA MApaMETPOB Pa3pabOTaHHOTO pabovyero opraHa U 3aTpaurBaeMOM SHEPTUU Ha Ka4eCTBO 00PabOTKH
1mo4Bbl. OTIBITH MIPOBOJIMIN HA YCTAHOBKE, BKIIIOUABIIEH pabodnii opraH, CHIOBOH arperar, PerylIupyoyio 1 KOHTPOJIbHO-
U3MEpUTENIBHYIO anmaparypy. B kadecTBe CHIOBOI 4acTH HMCIOJIB30BAIN AJIEKTPOABUTATENIN IEPEMEHHOTO TOKa ¢ (pa30BBIM
POTOPOM, MOIITHOCTh KOTOPBIX cocTaBisiia 0,75 u 1,50 kBT, a wacrora Bpamenus — 920, 1500 u 3000 06/mMuH. Y cTaHOBIICHBI
napaMmeTpel, mo3osisttomye Ha 11-17 % yMeHBIIUTH 3aTpaThl SHEPTHU Ha 00pabOTKY ITOYBHI IO CPABHEHHUIO C CYLIECTBYIO-
NIMMH MalllAHAMU U 00ECTICUUTh BRIpaBHUBaHUE JTHA 60po3.b 10 80 %.

KnroueBble ciioBa: mouBooOpabaThiBaroIias MalliHa, IByXAUCKOBbIA paboumii opraH, KayecTBO, JHEPIrOEMKOCTb, 00paboTKa
TIOYBEI

Jas uurupoBanusi: sanos, A. C. Pa3paboTka u 0600CHOBaHHE IBYXIMUCKOBOTO paboyero opraHa CelnbCKOXO3SHCTBEHHON
MaumHel 1yt 06padotku noussl / A. C. MBanos, M. C. Ily3sipeB, E. M. Yukurues // Hayka u mexuuka. 2021. T. 20, Ne 5.
C. 383-389. https://doi.org/10.21122/2227-1031-2021-20-5-383-389

Development and Rationale of Two-Disk Operating Body
of Agricultural Machine for Tillage

A.S. Ivanov”, M. S. Puzyrev”, E. M. Chikishev?

YNorthern Trans-Ural State Agricultural University (Tyumen, Russian Federation),
2Tyumen Industrial University (Tyumen, Russian Federation)

Abstract. One of the main problems in the design of agricultural machines, including tillage machines, is to ensure the opti-
mal energy intensity of various technological operations. The design, kinematic and technological parameters of rotary tillage
machines have a significant impact on the indicators of the energy intensity of the process and the quality of tillage. These
parameters include the diameter of the operating body of the agricultural machine, the angular speed and rotational speed of
the disks, the number of cutting elements, the translational speed of the operating body, the height of the ridge formed during
soil cultivation, the thickness of the cut chips. An important agrotechnical parameter of a rotary tillage machine is
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the ridging of the furrow bottom. The height of the ridges formed should not be less than 20 % of the depth of the cultivated
soil. Currently, in order to ensure the required height of the ridges in the designs of rotary machines, there are a number
of restrictions that determine the operating mode and parameters of the units. The degree of influence of the parameters of
the developed operating body and the energy consumption on the quality of tillage has been assessed in the process of the
research. The experiments have been carried out on an installation that included an operating body, a power unit, control and
instrumentation equipment. As the power section, AC motors with a phase rotor were used, the power of which was 0.75
and 1.50 kW, and the speed of rotation was 920, 1500 and 3000 rpm. The parameters have been set that allow to reduce the
energy consumption for tillage by 11-17 %, compared to existing machines, and ensure the alignment of the furrow bottom
by up to 80 %.

Keywords: tillage machine, two-disk operating body, quality, energy intensity, tillage

For citation: lvanov A. S., Puzyrev M. S., Chikishev E. M. (2021) Development and Rationale of Two-Disk Operating Body
of Agricultural Machine for Tillage. Science and Technique. 20 (5), 383-389. https://doi.org/10.21122/2227-1031-2021-20-5-
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BBenenne

KadecTBO TeXHOIOTHYECKUX OIepaIuii u odec-
NeYeHre ONTUMAJIbLHON SHEPrOeMKOCTH — OJHU W3
TJIaBHBIX MpoOJeM Hpu pa3paboTKe KOHCTPYKLMI
MMOYBOOOPA0ATHIBAIONINX — CEIIbCKOXO3IHCTBEHHBIX
MarmuH. COBEpIIEHCTBOBAHNHE KOHCTPYKIHHA 000-
pyIOBaHUs, KaK MpaBWJIO, HANpaBIIEHO HAa TOBBI-
nieHue 0e30TKAa3HOCTU M HaJleKHOCTH B MpOLEcce
paboTHI, pecypca caMHX MallWH ¥ UX pabodnx op-
raHoB, Ha pecypcocOepexeHre B Xo1e 00paboTKn
MOYBBI ¥ yBEJTMUCHHE TPOU3BOAUTEIEHOCTH.

KoHcTpyKTHBHBIE, KHHEMAaTHYECKHE U TEXHO-
JIOTMYECKHE MapaMeTphl POTALIMOHHBIX CEJIBCKOXO-
3SIMCTBEHHBIX MAIMH OKAa3bIBAIOT CYILIECTBEHHOE
BJIMSIHUE Ha MOKa3aTeH HEPrOeMKOCTH Mpolecca
U KadecTBO 0OpaboTku mouBbl. K TakuM mapamer-
paM OTHOCSITCA OuaMeTp paboyero opraHa Marlu-
HBI, yIJIOBasi CKOPOCTh M 4acTOTa BPALICHUS AMC-
KOB, YMCJIO PEXKYIIUX DIEMEHTOB, MOCTyMaTeNbHasI
CKOpOCTh paboyero opraHa, BBICOTa 00pa3yeMoro
npu 00paboTKe MOYBHI TPeOHs, TOJIIMHA Cpe3ae-
Moit cTpyxku [1-9]. BaxHoW arpoTexHWYecKOU
XapaKTepUCTUKOW MOYBOOOpadaTkiBatolIlel poTa-
HHOHHOﬁ MalllUHbI ABJIACTCA FpC6HI/ICTOCTI) JHa
6opoznel. [Ipu aTom BeIcOTa 00pa3zyeMbIx TpedHel
nomwkHa ObiTe MeHee 20 % riyOuHbl 00pabaThiBa-
€MOH MouBbl. B CBsI3u ¢ 3THUM UMeeTCs psij orpa-
HUYEHHH, KOTOpbIe O0OYCIOBIMBAIOT PEXKUM Pado-
Thl U TapaMETPhl pOTAHMOHHBIX MAaIllMH.

Ilenp wuccnenoBaHWii aBTOPOB — YCTAHOBUTH
3aKOHOMEPHOCTH BIUSIHMS KHHEMAaTHYECKUX U
KOHCTPYKTHUBHBIX IapaMeTPOB ABYXIUCKOBOI'O PO-
TallMOHHOTO pabodvero opraHa Ha KauecTBO U
SHEPrOeMKOCTh OOpaOOTKM IMOUYBBL. OJTH 3a4a4u
pelaiuch B MpoIecce pe3aHusl MOYBbl AKTUBHO-
IMaCCUBHLIM pPOTAallMOHHBIM pa60‘-II/IM OpraHom.
OHpeI[eHCHbI BJIUAHUEC YCTAHOBOYHBIX HW KOH-
CTPYKTUBHBIX XapaKTEPUCTHK IBYXIMCKOBOTO PO-
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TAIlMOHHOTO paboYero opraHa Ha SHEPrOEMKOCTb
ero pabouero mporecca, CUIOBbIE XapaKTEePUCTHKU
pabovero opraHa, NPUBOASAIIAE K pa3pylICHHUIO
rpeOHst 1Ha Oopo3nbl. JlaHa OlleHKa SHEpreThye-
CKUX IapaMeTpoB paboyero mporecca KOMOMHHU-
POBAHHOTO JIBYXTUCKOBOT'O Pab0Overo opraua.

MeTtoauka uccjaeaoBaHui

B mporecce BBIMONTHEHUST UCCIEIOBAHUN OITpe-
Jensid npoguin U pa3Mepsl rpebHel aHa 60po3-
Ibl U MOTCHIIMA CHUHXPOHU3AIUN Pa0bOThl aKTHUB-
HOTO M TIACCHBHOI'O JMCKOB, BBISBISUIA PEKUMBI,
obecrieunBaronie poBHoe AHO Ooposnel. Kpome
TOTO, YCTaHABIIMBadl KWHEMAaTHYECKHE U KOH-
CTPYKTHUBHBIE MapaMeTphl IBYXAUCKOBOTO padboye-
ro OpraHa, Ipu KOTOPHIX oOecrieYnBanach ONTH-
MaJIbHasi SHEProeMKOCTb Mpolecca.

UccnenoBannsa mpoBOIUINCH B IOYBEHHOM Ka-
nHasie Muctutyta arponmxenepun KOYpI'AY (Poc-
cus). TBepaOCTh OYBBI ONPEICIISATIACH B TPEX TOY-
Kax C TPEeXKPaTHOH MOBTOPHOCTHIO MPHU TOMOIIX
tBepaomepa Ha rryoune 0,00-0,10 u 0,10-0,20 m
cornacuo 'OCT 29269-91 [10]. KonuuecTtBo 3a-
MepoB 20 B pa3HBIX ydacTKax SIIMKa C TOYBOM.
BraXHOCTh MOYBBI MU3MEPSTH B COOTBETCTBHU C
T'OCT 28268-89 [11] B mepuox IpoOBeIcHHS Jia-
00paTOPHBIX UCCIEAOBAHUIT 110 TOPU3OHTAM B IISTH
TOYKAaX KaHala W SIIUKA C TPEXKPATHOW MOBTOP-
HOCTBIO 110 K&KAOMY TOPHU30HTY.

[TockombKy OCHOBHBIM OTpaHHYEHHEM B HC-
ciemoBaHUAX pabodero mporiecca MouBoobOpada-
THIBAIOIIMX OPYJUH SIBJISETCS CE30HHOCTh MPOBE-
JICHUsSI OIBITOB, TO IS TOTO, YTOOBI OOECIEYHTH
MpHOJIKEHHEe K pPeaTbHBIM YCIOBHSIM B OCEHHE-
3WMHUH TIEPUO/I, BRIEMKY 00pa3I0B MOYBHI IIPOU3-
BOJWJIU TIPEJBAPUTENIBHBIM OTTAaMBAHHEM Ha TIIy-
OuHy mpomMep3aHus (10 mepexoaa MOYBbI U3 Mep3-
JIOTO COCTOSIHUS B TUIACTHYHOE) Oe3 HapyIIeHus ee
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€CTECTBEHHOI0 CIOKeHHs. [loYBY yKIJIaabIBaIn
B JICPCBSHHBIC SIIUKH C TabapUTHBIMH pa3Mepa-
Mu 200x200x1500 MM Ha rnyouny 20-22 cwm.
SIUKK ¢ TOYBCHHBIMU 00pasaMy yCTaHABIHMBA-
JIK B TIOYBEHHOM KaHaje Ha YPOBEHb JHEBHOW MO-
BEPXHOCTH.

IIpu6Gops U 06opynOoBaHME

OneITEl POBOAMIN HAa YCTAHOBKE, BKIIIOYAB-
meii paboumii opraH, CHJIOBOHM arperaT, peryJiu-
PYIOLLYI0 U KOHTPOJIbHO-U3MEPUTEIbHYIO ammapa-

Typy (puc. 1).

e (0

> o e

543 2 1

Puc. 1. CTpykTypHas 1 IPUHIUAIHNAIBHAS CXEMbl YCTAHOBKHU:
V3 — ynpasnstomuii 3neMenT; PO — perynupyrommuit
anemeHT; M3 — pabounii oprat, HCIIOMHSIOINI dJIEMEHT;
BD — BocnipuHKuMaromuii anement; BB — unTepdeiic
BBIXOJHOM BeNU4MHBI; 3B — anexTpoasuraressp,
3JICMEHT 3aJaloNIeii BeIMUNHbI; 1 — TOYBEHHBIN KaHa;
2 — YiccneIyeMBlit MacCHUB IPYHTa; 3 — ABYXIMCKOBBIH
pabounii opran; 4 — IIOCKOpEMeHHasI Tepeaya;

5 — MexaHU3M peryInpoBaHus TITyOHHBI X YCTOWYHBOCTH
X0Ja; 6 — TeNexKKa; 7 — pama yCTaHOBKY;

8 — snekTpoaBHUraTeNb; 9 — YSPBIUHBIA PEIYKTOD;

10 — cucTemMa aBTOMAaTHYECKOTO YIIPABICHHUS;

11 — KOHTPOIBHO-U3MEPHUTEIBHBIE TPUOOPHI

Fig. 1. Structural and schematic diagram of the installation:
V3 - control element; PD — regulating element;
1D — pabouwnii opran, executing element;
BD - receiving element; BB — output quantity interface;
3B - electric motor, reference variable element;
1 - soil channel; 2 — investigated soil mass; 3 — two-disc
operating body; 4 — flat belt transmission;
5 — mechanism adjusting depth and stability of course;
6 — cart; 7 — installation frame; 8 — electric motor;
9 — worm gear; 10 — automatic control system;
11 - instrumentation

[ Hayka
wrexHuka. T. 20, Ne 5 (2021)

B kayecTBe CWJIOBOM YacTH HCIOJIb30BAIN
anekTpoasurateny cepurt AUP-80 nepeMeHHOTo ToKa
¢ (ha30BBIM POTOPOM, MOIITHOCTh KOTOPOT'O COCTAB-
asma 0,75 u 1,50 kB, yacrora Bpamenus — 920,
1500, 3000 06/mMuH. Pabounii opran COCTOSLT U3 ABYX
JMCKOB C PEeXYIIMMHU >JeMeHTamu (puc. 2) [12]:
OJIMH ECTKO 3aKperieH Ha Baly OOJTOBBIM CO-
¢JMHEHHWEM, BTOPOM CBOOOIHO BpAaIIAJICS B IMOJ-
IIUITHAKE. Perynupyromryro 1 B TO xe BpeMs Ipu-
BOJSIIIYIO POJIb BBIMOJHSIT 3JIEKTPOABUTaTENb C
ABTOMAaTUYCCKUM YIIPABJIICHUEM YaCTOThI Bpalic-
Hus Baja ot 0 10 900 00/MHH ¢ MTOMOIIIBIO YaCTOT-
Horo npeobpazoarens E-MINI LP7 (puc. 3).

Puc. 2. O6muii BUA IBYXIHCKOBOTO pabodero oprana

Fig. 2. General view of two-disk operating body

Puc. 3. YcTanoBka Ais IpoBeieHHS IKCIIEPUMEHTA
C aBTOMAaTH4ECKUM NPeoOpa3oBaHUEM
4acTOTHI AJeKTpoBuraresst Ha ocHoBe E-MINI LP7

Fig. 3. Experiment setup
with automatic frequency conversion
of electric motor on the basis of E-MINI LP7

B mporpamme uccnenoBaHuii B KauecTBE KOH-
TPOJBHO-U3MEPUTENBHOM YacTH MCIONBb30BATIH LIU]-
poOBO#T M3MepuTeNh TepeMeHHoro toka MD-1614B
C BO3MOKHOCTBIO TIepeAaud JaHHBIX Ha TMepPCOHAb-
HbIi KommbioTep. LludpoBoit n3MepHTens BKIIIO-
Yai BOJLTMETP, aMIIEPMETP, BATTMETP CTPEIIOYHOTO
THMa. M3Mepsiin akTHBHYIO MOIIHOCTB, MOTpeOIisie-
MyIO U3 ceTd. YacToTy BpaleHus padounx OpraHoB
m3mepsiii - pororaxomerpom DT-2234A. Kanu6-
POBKY TaxoMeTpa IPOBOAWIIA YACOBBIM TaXOMET-
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pom T410-P ¢ xmaccom tounoctu 1,0. B xauecTBe
PEXYIIMX 3JIEMEHTOB HCIIOJL30BAIM TMPSMBbIC HO-
KU Pa3NUYHON KOHQUTyparuu. 3HA4YEeHUS YTIIOB
MPUHAMAIKNCh WCXOM W3 MHUHHMAIbHO JIOMy-
crumbix: v = 20% v, = 22°% oy = 25°% a, = 45°
oz = 30° (y — yrox 3aTouku HOXeif; oL — yroi, Ha
KOTOPBI M3MEHSET CBOIO TPACKTOPHIO HOX pado-
yero oprana). Marepuan Hoxei — cranp Cr45.
B kadectBe ocHOBaHHUS pabodero opraHa OBLIH
BBIOpaHbl IUIOCKHE JUCKH 3C€PHOBOU  Cesii-
ku C3-3,6. g uckimodeHus: 3a0MBaHUSA MOYBOM
3a30pa MEXIy AWCKaMH MPUMEHSIN BBIPE3HON
IJIOCKHUHU JUCK.

Pe3yabTarhl ncciiegoBanmnii

B pabotax Takmx y4eHsx, kak 0. M. Marts-
muH, 1. M. I'punuyk, I'. M. EropoB u npyrue, uc-
CJIETOBaHbl YaCTHBIE CIy4daW OOIIMX YpaBHEHUH
JIBUKCHHUST PabOYMX OPraHOB POTAIMOHHBIX T0Y-
BooOpabaTeIBatomux mamuH [13]. [ns onmcanus
TPACKTOPHUH JBIKEHUS aKTUBHOTO AWCKA TPHUMEM
CIIeTyIOIIre MapaMeTphl: MPUBOJA OT Baja oTOOpa
MOIITHOCTH TpaKToOpa, MWIMHAPUISCKH OapadaH,
0Chb KOTOPOTO pacrojokeHa (HpOHTAIBHO U TOpPH-
30HTAJIBHO:

x=R(a/LFsina);
1)
y=R(1-cosa),
rae o = ot — yroia, Ha KOTOPBIH M3MEHSET CBOIO
TPAGKTOPUIO paboumil IHCK, paj; ® — YIJo-
Basi CKOpPOCTh pabodero oprana, pan/c; t — Bpe-
Msl, 3aTpadyMBaeMoe Ha IOBOPOT paboduero Iucka
Ha yroi o, ¢; R — paxuyc OKpy>XKHOCTH LWJIMHIPH-
yeckoro OapabaHa, M.
JIns macCUBHOTO JIUCKA:

x=R(a-sina);
)
y=R(1-cosa).

PaccMmoTtpum o0lilee BIUSIHUE 3JEMEHTAPHBIX
CHJI CONIPOTHBJICHUS HA YMEHBINICHUE YaCTOTHI Bpa-
HICHUS MACCUBHOTO Jucka. [1o 3ajaHHBIM ypaBHe-
HUSIM TIOCTPOUM TPACKTOPHIO JBUKCHHUS KOHIIC-
BBIX TOYCK HOXCEW NpHU CIEIYIONUX Tapamerpax:
KWHEMAaTHYeCKUI ToKas3aresib A = 3; paguychl 1Mo
KOHLIaM Hoxel d; = dy, = 0,2 M.

TpaekTopusi TIepeIBIKCHUST KOHIIEBBIX TOUYEK
HOXEH IBYXJIUCKOBOTO pabodero opraHa mokasaHa
Ha puc. 4. VI3 pucyHka BUIHO, YTO 3a OJMH 000POT
MACCHBHOTO JINCKA COBEPIIAIOTCS TpH 000poTa
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BTOPOT'0 aKTUBHOTO JIMcKa. Takas pa3HUIA HaOIO-
JlaeTcsl BCIIEJCTBUE 33JJAHHOTO 3HAYCHHS KUHEMa-
THYECKOTO TIoKasareniss A = 3. Ha mpaktuke sTa
pa3sHUIA MEXAY TOJOXKCHHEM HOXEH oTInYaeTcs
OT TEOPETUYECKOH, MMOCKOJILKY BPAIlEHUE ITaCCHUB-
HOTO JIUCKA OCYIICCTBIISICTCSI 32 CUET pPEaKIUuH
MOYBEI HA HOXX M YacTH JHCKa Ha MIyOWHy oOpa-
0otku. [Ipu 3TOM peakiys MOYBHI Ha MACCHBHBIN
JIVICK 3aBHCHT OT KOHTPOJIMPYEMBIX, HO HE PEryJiu-
PYEMBIX U CIy4aillHBIX (aKTOPOB, KOTOPHIE JOCTA-
TOYHO TPYJHO YCTAaHOBHTH B PEIKUME aBTOMATHYEC-
CKOTO DPEryJUpOBaHUS TpOIecca, a B HEKOTOPBIX
CUTYyallUsiX — HE MPEJICTABISIETCS] BO3MOXKHBIM.
0,40
v |
0,301
0,251
0,20
0,15}
0,10
0,05}

0 ‘ . . . . L
-05 0 05 10 15 20 25 30 35Xx40

Puc. 4. Tpaexkropus nepeiBUKEHHSI KOHLEBBIX TOYEK HOXKEH
JIBYXIMCKOBOTO pabodero opraHa: 1 — IacCHBHOTO JANCKa;
2 — akTUBHOTO JHicKa; X, Y — paccTosiHUE, Ha KOTOPOE
MepeMeNIaeTcsl KOHIEBask TOUKa HOKa B TOPH30HTaIbHON
U BEPTHKAIBHOH INIOCKOCTAX COOTBETCTBEHHO

Fig. 4. Trajectory of end point movements
of two-disk operating body knives: 1 — passive disk;
2 — active disk; X, Y — distance by which the end point
of the knife moves in horizontal
and vertical planes, respectively

IIpu dpesepoBanun GapadaHOM IO XOAY JBH-
JKEHMs MaIuHel i1 yenoBuid v = 0, B = 0 BeicoTy
IpeOHST MOXXHO BBIYHCITUTH MO (HOPMyIaM:

n/m=Asina, ¥ a,; 3)
h,/R=1-cosa,. (4)

[Ipy gBWXKEHUH MO MOJIO TPAKTOpa C POTALH-
OHHOW TMOYBOOOpadaTHIBAIOIEH MAIIMHOW HPOWUC-
XOJUT TOCTYIATSIbHOE JBWKEHHUE (Iogaya S) pa-
Oouero oprana. B cmyuae, korga Ui HoXKa mac-
CHBHOTO JIMCKa JIByXJHCKOBOTO pabouero opraHa
KOHIIEBas TOYKa B pacronaraercs B HHTEpBaJe
MEXIy HOKaMHd aKTUBHOTO AWCKa IPH €ro mofa-
ye S; u ycmosuu hy, — 0 (puc. 5), Oymer uMeTsh
MECTO cJeIyIomIasi 3aBUCUMOCTD:

Be[x; X +5S]. (5)
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OT moJ1a4u MacCUBHOTO JIUCKA 3aBHCUT YacTOTa
HaXOXJIeHUS ToUku B B uHTEepBaie S;. [lockompky
KHHEMAaTHYECKUI moKa3aTelnb A, < 1, 3TO 03Haya-
€T, YTO TPaeKTOpPHUS JBIKEHUS KOHIIEBHIX TOYEK
HO’Ka MACCUBHOTO JTUCKA UMEET OTJINYKE OT TPacK-
TOPHHM JABIKEHHS aKTHBHOTO IHCKa (puc. 5).

F(t)

— |
1 1
1 1
— ' . 0
t ! 1
IS | -1 -a
h(x),
h
— ./\< 0
Xn X+ S; X

Puc. 5. [lnanazon rpebHe0OpazoBaHus
AKTUBHBIM PabOYMM JIMCKOM

Fig. 5. Range of ridge formation
by active operating disk

Hcxonst U3 TOTO, 4TO OT PeakiMu MOYBHI 3aBU-
CHT 4aCTOTa BPALICHHS MACCUBHOTO JTUCKA, MOXKHO
clienaTh BBIBOJ, YTO B 0Opa3oBaBLIEMCs JHE 00-
PO3IIbI KOHIIEBbIE TOYKH JAHHOTO JUCKa OYIyT
pacrpenensTbes 0 aHAIOTHH HEeNPEPHIBHOTO YBe-
JIMYCHHUS U YHUYTOXKEHUS, OTMHCHIBAEMBIX B Map-
KOBCKHX Tpolieccax. A eciii KOHIIeBas TOYKa JIFO-
00oro HOXka HE IOMANACT B MHTEPBAJ IOJAYU Sy,
BIIUSIHUAC CWJIBI pPe3aHus Ha TpeOeHb OyneT He3Ha-
YUTENHHBIM WIIH paBHBIM HyI0 [14]. OTcroga ode-
BUJIHO, YTO YacTOTa II0/Ia4d JUCKOBBIX HOXEH
OyIeT HampsIMylo BJIHMATH Ha CTEHCHb Pa30OHeHHs
rpebHs 00po3Abl, a MPOLECC YHUITOXKEHHS, OIH-
ChIBacMbIi B MapKOBCKHX THporieccax, cGopmMmu-
pPYET ONTHMAaJbHOE pacHpe/eleHue TOYeK, Haxo-

JAIIAXCA Ha KOHIIaX HOXKeW auckoB. Tpaexkropuw,
OTMCHIBAIOIINE JBIKEHHE TOYEK, HaXOJSIINXCS
Ha KOHI[aX HOXKEW JUCKOB JIBYXJIUCKOBOTO paboye-
T'O OpraHa, IpeaCTaBIeHBI Ha puc. 6 [14].
0,40
D, m}
0,30
0,25 /
0,20+
0,15}
0,10}
0,05}

I
i 4
i |

0 ‘
40 35 30 25 20 15 1,0
Puc. 6. TpaekTopun KOHIIEBBIX TOUEK HOXKEH
JIBYXAUCKOBOTO pabouero opraHa npu z; = 3,2, = 8

Fig. 6. Trajectory of knife end points
of two-disk operating body at z;, = 3,2, =8

x,Mm O

U3 rpaduueckoii 3aBUCUMOCTH pHC. 6 TpocIe-
’KMBAeTCS HEPAaBHOMEPHOCTh PACIpPEEICHUS TO-
YeK, HAXOISAIIMXCA HAa KOHIAX HOXeW aKTHBHOTO
JMCKa, U KOJIMYECTBO MOMAJAHUH COCTABISIET OT
omgHOro 10 Tpex. Iloatomy ¢ menpio obecrieueHus
ONTUMAJIFHOTO BO3JCHCTBHUSI CO CTOPOHBI MAacCHB-
HOTO JMCKa JJIsi pa3pylieHus: rpeOHs O0opo3isl
HEOOXOIMMBI COOTHOIIEHHUS] €r0 HOXEW B KOJIn4e-
ctBe 4:8, 7:7, 8:8 u 3:6. MoutHocTh (hpezepoBaHus
NpU BapbUPOBAaHUM KOHCTPYKTHBHBIMU M KHHEMa-
TUYECKUMH MTapaMeTpaMH MpuBeeHa B a0 1.

Jnst ycraHOBJICHUS BIHsIHUS Koddduimenrta
paspymenus rpebHs 60po3abl Ha U3MEHEHHE KH-
HEMAaTUYECKOTO TIOKa3aTellsi aKTUBHOTO pabouero
JMCKA BBITIOJHUIM HECKOJBKO OIBITOB. Pe3ynbra-
ThI MO/JICJIMPOBAHUS TIPEJICTABIICHBI B Ta0MI. 2.

ociz Tabruya 1

MomHocTh Gpe3epoBaHus NPU BAPbUPOBAHMH KOHCTPYKTHUBHBIMY H KHHEMATHYECKHMHU apaMeTpaMu
Milling power with varying design and kinematic parameters

Vron araku [TocrynarensHast Kunematnueckuit MoutnocTs pesepoBanus, KBT
HOXeil, rpaj CKOPOCTB V,,, M/C MOKa3aTelb A n, n, N, Ne, =
0 1,0 4,1 0,45 0,50 0,55 0,50 0
15° 1,0 2,7 0,49 0,34 0,50 0,44 0,299
15° 1,5 2,7 0,30 0,54 0,70 0,51 0,202
20° 1,0 4,1 0,15 0,20 0,35 0,23 0,156
20° 1,5 2,7 0,30 0,35 0,25 0,38 0,346

Mpumeuanue. BraxuocTs nousst 15-18 %, nnotrocts 1,545 kr/m®, riy6una o6pabotku 10-12 cm.
Oo0o3navenus: Ny, Ny, N3 — NOPAAKOBBIA HOMEP U3MEPEHHUS MOIIHOCTU (pe3epoBaHus; Ny, — CPEIHEE 3HAYEHHE MOIIHOCTH

2
@pe?;epOBaHI/ISI; G; — CPCAHCKBAIPATUYHOC OTKIIOHCHUE 1P U3MEPCHUU.
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Mannua IVIAHUPOBAHUA U Pe3yjibTaT MOAEIMPOBAHUSA
Planning matrix and simulation result

Tabauya 2

Howmep COOTHOIIICHHE HOXKEH aKTUBHOTO Koaddumment Kunematnyeckuii Nokasaresib akTHBHOTO JMCKA
OKCIICPUMEHTA | M [IACCHBHOIO AMCKOB X (IUT.) | PaspyLICHUs IPEOHS X2 |  sKCIEpUMEHTANBHBI A MHHAMAJIBHBIHA Amin

1 1(3:3) 0,3 0,972 3,24

2 0,428 (3:7) 0,5 0,726 2,42

3 0,714 (5:7) 0,7 1,260 1,80

4 1(3:3) 0,5 1,620 3,24

5 0,428 (3:7) 0,7 1,690 2,42

6 0,714 (5:7) 0,3 1,540 1,80

7 1(3:3) 0,7 2,270 3,24

8 0,428 (3:7) 0,3 0,726 2,42

9 0,714 (5:7) 0,5 0,900 1,80

K aktuBHBIM pabouymM oOpraHam IOYBOOOpada-
TBHIBAIOIIMX POTAIIMOHHBIX MAIIIMH MIPEABSIBISIOT PSIIT
KOHCTPYKTHBHBIX TpeOOBaHMIA, MO3BOJISIOIMX OLle-
HUTH 3P EKTUBHOCTh UX PaOOTHI, CAMOE BaXHOE M3
KOTOPBIX — 3HAUYEHNE KHHEMATHIECKOTO MOKa3aTels.
Onertet 1, 2 1 9 (Tabn. 2) CBUACTEIBCTBYIOT O TOM,
YTO JAHHBIN MOKa3aTeNb sl pa3paboTaHHOTO opra-
Ha MEHBIIIE JIOMYCTHMOTO 3HaueHUs. Pe3ynbrarhl
IKCIIEPUMEHTOB 3, 4, 5 (TabJ1. 2) MOKa3bIBaIOT, UYTO B
HHUX OBUIO JOCTHUTHYTO ONTHUMAIIBHOE BO3/IEHCTBUE
(HanMeHblllee 3HAYCHHWE Y/ICIBHOW DHEPrOeMKOCTH
MOYBOOOPAOOTKH) CO CTOPOHBI MACCHBHOTO JIHCKA
IUIsL pas3pyLleHust TpeOHsi 00po3Ibpl IPH COOTHOIIE-
HUW HOXKeH B kojmdecTBe 3:3, 3:7 u 5:7. Uto kacaet-
Csl ONTUMAJIBHOW BEJTMUMHBI KO3((UIMEHTa pa3py-
HIeHUs] TpeOHs, TO ero 3Ha4yeHHE pPacIoiIaracTcs
B quanasone ot 0,5 10 0,7.

Pesynbrat onpeneneHus pa3HUIIBI 3aTpaT dHEP-
rud npu (Gpe3epoBaHUH W POTAIIMOHHON 00paboT-
K€ JIByXJMCKOBBIM pabOYMM OpPraHOM IIPEJICTABICH
Ha puc. 7.

CpaBHI/ITCJ'IBHaH XapaKTEpUCTHUKA 3aTpaT SHEPTUU

BBIBO/JbI

1. OKcriepuMeHTaNbHbIE HCCIEIOBAHHUS TOJI-
TBEPAWIN aJICKBATHOCTh MAaTEMAaTUYCCKOW MOJIEITH
peaTbHOMY TIPOLIECCY, O YEM CBHJICTEIbCTBYET
CXOJIMMOCTbH COIIOCTaBJICHHSL.

2. OnpenenieHbl PEKUMBI U KOHCTPYKTHBHBIC
napameTpbl, oOecrieYrBaloNIfe YMEHBIICHHE PO-
TaIIMOHHON O00paOOTKH NBYXJAMCKOBBIM pPabOduM
opranoM o 20-30 % mo cpaBHeHHIO C (pe3epo-
BaHHUCM.

3. HalineHbl kuHEMaTHUYECKHUE U KOHCTPYKTHB-
HBbIE TIapaMeTPhl, IPU KOTOPHIX HAOIIONACTCS BhI-
POBHEHHOCTH AHA O0po31bl 10 80 Y.

4. ObocHoBano ymeHblienne Ha 11-17 %
YENBHOM 3HEPTOEMKOCTH (ppe3epoBaHHMs 10 CPaB-
HCHUIO C CepHﬁHBIMH MalllnHaMu.
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Thermodynamic Estimation of the Parameters for the C—H-O-N-Me-Systems
as Operating Fluid Simulants for New Processes
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Abstract. Over the past few years, a group of new processes was developed for high-temperature, including plasma electric
arc spraying (at ambient pressure) and spheroidizing of some ceramic and metal powder materials with the use of gaseous
hydrocarbons in the heat carriers as well as with feeding of organic additions into a high-temperature jet, in particular, poly-
meric ones, to control porosity of sprayed metallic functional coatings. The paper considers the possibility to modify such
technological processes by introducing solid fuel additions of a polymer type into the operating fluid of an apparatus for gas-
thermal (plasma or other) treatment, which provides melting of metal or oxide powders. For this, with the help of thermody-
namic analysis, the processes have been evaluated at temperatures (300-3000) K for the set of such reacting five component
systems as C-H-O-N-Me (at ambient pressure 0.101 MPa) with five variants of Me — aluminum, titanium, chrome, copper,
nickel. This makes it possible to consider these systems as simulants for potential technologies for the treatment of oxide
powders (Al,O3, TiO,, Cr,03) as well as metallic ones (Cu, Ni and their alloys). In order to obtain high exothermic contribu-
tion to the heating of powders, the combination “air + polymeric addition (polyethylene) of LDPE grade” was chosen as mixed
heat carrier (operating fluid) for the basic version of simulated process. During the analysis of equilibria for the considered mul-
ticomponent systems (17 variants), a set of following parameters has been used to characterize the energy intensity of the target
powder heating process: the equivalence ratio for reacting mixture and its adiabatic temperature; the energy efficiency of material
heating with and without taking into account the effect of fuel addition; specific energy consumption for the powder melting; auto-
thermicity degree of the process during the combined heating (electrothermal heating by the arc of plasma torch and heat flux from
the “air + solid fuel additions” mixture) of refractory powders. As a result of the assessment, the preferred (from thermodynamic
standpoint) regimes of the considered processes have been found and the possibility to realize an energy-efficient heating of these
oxide and metal materials (without oxidation of the latter to CuO,, NiO) with a reduced part of the electric channel of energy trans-
fer, resulted from the carrying out of appreciable effect of the fuel-initiated mechanism of heating in the analyzed C-H-O-N-Me-
systems, has been shown in the paper.

Keywords: multicomponent C-H-O-N-Me-systems, thermal spraying, spheroidizing, ceramic and metal powder materials,
aluminum and chromium oxides, titanium dioxide, copper, nickel, fuel additions, polymers, polyethylene, thermodynamic
equilibria, adiabatic temperature, energy efficiency, energy consumptions, autothermicity degree of heating
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M METaJUTMYECKUX MOPOIIKOBBIX MATEPHAIOB KaK C HCIOJIL30BAaHHEM YIIICBOJOPOAHBIX T'a30B B KaUeCTBE TEIIOHOCUTEINEH,
TaK ¥ C BHECEHHEM B BBHICOKOTEMIIEPATYpPHYIO CTPYIO OPTaHHIECKHUX H00aBOK (B 4aCTHOCTH, ITOJMMEPHBIX) IS PEryIHpoBa-
HHS TIOPUCTOCTH HANbUIIEMBIX METAIIMYECKHX MOKPHITUH. B cTrathe paccMoTpeHa BO3MOXKHOCTH MOJU(UKALINM TPOIECCOB
JAHHOM TPy 3a CUET BBOJA TBEPAOTOILIMBHBIX 0OABOK MOJMMEPHOTO THUIMA B pabodylo cpeay ammapara s ra3oTepMu-
yeckoil (I1a3MeHHOW WIM JIpyroif) oOpaboTku, obecneyuBarolIell IUIaBIeHHE METAIMYECKUX WM OKCHUAHBIX TOPOIIKOB.
s 3TOro ¢ MOMOIIBIO TEPMOJIMHAMHUYECKOTO aHajlu3a MPOBEAEHa OIEHKa MpoleccoB mpH Temmeparypax (300-3000) K
Jutst Habopa pearupyronyX MITHKOMITOHEHTHBIX cucteM Tra C—H-O-N-Me (npu nasnenun 0,101 MIIa) ¢ nsaTeio BapuaHTa-
MH Me — aJlfOMUHHH, TUTaH, XpOM, MeJlb, HUKEb. JTO MO3BOJISIET PacCCMAaTPUBATh JaHHbBIE CHCTEMBI KaK MIMUTATOPEI IS T10-
TEHI[HAIBHBIX TEXHOJIOTHI 00paboTku kak okcuaHbiX (Al,O3, TiO,, Cry,03), Tak u Metammueckux (Cu, Ni 1 UX CIUIaBsI) 1M0-
pomkoB. C HeNbIo TOJIy4eHHsT BEICOKOTO SK30TEPMHYIECKOT0 BKJIAJla B HArpeB IOPOIIKOB B KAYECTBE CMECEBOTI0 TEIIOHOCH-
Tess Ui 6a30BOr0 BapHaHTa MOJIEIUPYEMOTO Mpoliecca BEIOPaHO COUETaHUE «BO3AYX + MonuMepHas a00aBKa (IOJIMA3TUIICH
mapku LDPE)». B xone ananu3a paBHOBECHH B paCCMOTPEHHBIX MHOTOKOMITIOHEHTHBIX cucTeMax (17 BapHaHTOB) AJIs Xapak-
TEPUCTHKU SHEPTOEMKOCTH IIEIEBOTO IMPOIECcca HarpeBa MOPOIIKOB HCTOIb30BaIM HAOOp MapaMeTpoB: (akTOp SKBHBAICHT-
HOCTH PEaKIMOHHOM CMeCH M ee aanabaTHdecKyro Temrepatypy, sHeprerndeckuii KI1J] Harpesa marepuana ¢ yuerom u 6e3
ydeTa BKJIaJla TOTUIMBHOM OOABKY, yIeIbHBIE SHEPro3aTparhl Ha IUIaBJICHHE MTOPOIIKA, CTENeHb aBTOTEPMUYHOCTH IIpoIiecca
TIpu KOMOMHHPOBAaHHOM Harpese (3JIEKTPOTEPMHUIECKOE HarpeBaHHe depes AYTy INIa3MOTPOHA M TEIUIOBBIIEICHHE OT CMeCH
«BO3IyX + TBEpAOTOILIMBHAS 100aBKay) TYrOINIaBKHUX MOPOIIKOB. B pe3ynpTraTe mpoBeaeHHON ONEHKN HaHICHEI IPEAIOYTH-
TeNbHBIE (C TEPMOJMHAMUYECKUX MO3UINI) PEXUMBI PACCMOTPEHHBIX IPOIECCOB M IIOKA3aHA BO3MOXKHOCTH PeaIH3aIin
9HepProd(HeKTHBHOrO HarpeBa JAaHHBIX OKCHAHBIX M METAIUIMYECKUX MaTepraios (6e3 okucienus mociaenuux 1o CuOy, NiO)
C TOHIKEHHOM J0JIel 3/eKTPHUYECKOT0 KaHajla 3HEpProlepeHoca 3a CYeT CYIMIECTBEHHOTO BKJaJa TOIIMBHOTO MEXaHH3Ma
HarpeBa B C—H-O-N-Me-cucremax.

KnroueBblie cioBa: MHOrokoMmoHeHTHbIe cucTeMbl C—H-O-N-Me, razorepmudeckoe HambuICHHE, ChEpOUIH3AIM, Kepa-
MUYECKHE U METANIMYECKHE IOPOIIKOBBIC MaTepUaibl, OKCHJbl AIIOMUHUS U XpPOMa, AUOKCHJ TUTAHA, MEAb, HUKEIb, TOI-
JMBHBIE JTOOABKH, ITOJIMMEPHI, ITOJIMITHIEH, TEPMOJIMHAMAYECKHE PAaBHOBECHS, aanabaTHdeckas TeMIepaTypa, SHepreTide-
ckuit KI1/I, yaensHbIe 3HEpro3aTpaTsl, CTENEHb aBTOTEPMUYHOCTH HarpeBa

Jas nutupoBanusi: TepMmonunaMmudeckas omeHka napamerpoB cucteM C—H-O-N-Me kak mmuratopoB pabodueii cpemsl
B HOBBIX ITPOLECCaX [A30TEPMHUYECKOr0 HambUICHUs U chepounusaruu nopowkos / A. B. TopOyHoB [u np.] / Hayka u mex-
nuxa. 2021. T. 20, Ne 5. C. 390-398. https://doi.org/10.21122/2227-1031-2021-20-5-390-398

Introduction

Over the last 5-10 years, specialists in a number
of countries (at University of Toronto, Canada, and
others) have been intensively developing a group of
new high-temperature technologies, including elec-
tric arc spraying (at atmospheric pressure, APS) and
melting/spheroidizing several ceramic (Al,Os, WC,
Zr0,) and metal (copper and its alloys for antibacte-
rial coatings, nickel-based superalloy Inconel 625)
powder materials, both using hydrocarbon-based
gases (including (CH4 + COy)-mixtures), and with
feeding of solid or liquid organic additions to high-
temperature jet [1-8]. Some polymeric materials can

a
DC plasma torch Metal
Polyester powder substrate

Composite
coating

Inconel 625 powder

be used as these additions in order to control porosity
and microstructure of sprayed metal and composite
functional coatings (including transpiration cooled
ones for heat-resistant blades of gas turbines) [1].
A schematic diagram of a thermal spray system of
this type is shown in Fig. 1a.

In this regard, the opportunity to modify the
processes of this group is obvious by using the
feeding of solid fuel additions (SFA) of polymeric
type (which are typically low cost ones) into the
operating fluid of these apparatuses for thermal
(plasma or other) treatment, purposed for melting
of metal or refractory oxide powders under the
conditions of gas-powder flow.

b

Gas Substrate
Fuel + metal powder

; Hot jet
Torch Electric arc

Fig. 1. Variants of schematics of the systems for high temperature processing of metal and ceramic powders,
using the polymeric particle additions: a — on the technical description [1] for the process of electric arc plasma spraying
of metal/alloy powders; b — analyzed by authors schematic diagram for potential technologies for thermal plasma spraying
or spheroidizing of oxide and metal powders with additional feeding of SFA-addition in the processing zone
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At the same time, it seems acceptable to con-
sider (initially, at a theoretical level) the case of air
heat carrier (it acts simultaneously as an oxidizer).
It was efficiently used during the recent few years
by Russian group [9, 10], based on new arc plasma
torches with a power of up to 52 kW for powder
spraying of some alloys, oxides and cermet com-
positions, and, as one of the variants, this techno-
logy was used with the combination of air with
injection of hydrocarbons (propane-butane or me-
thane) additions into the torch. The chosen variant
of the process to consider is schematically illus-
trated in Fig. 1b.

To execute this task, at the first stage it is ex-
pediently to use only thermodynamic analysis
of energy consumption parameters of chosen vari-
ant of the thermal process. As the simulants of ty-
pical thermal treated powders in a high tempera-
ture flow, it is suitable to consider a set of three
oxide compounds — Al,Qs, TiO,, Cr,0; and two
metals — copper and nickel. These substances are
widely used in conventional industrial technolo-
gies [11] as well as newly developed ones for
spheroidizing and plasma spraying of powder
materials [1, 2, 4, 8-10, 12].

Methodology of analysis

We used the variant of thermodynamic method,
which is based on finding the maximum of entropy
of reacting system (i. e. minimization of the Gibbs
free energy/thermodynamic potential) in the con-
sidered equilibrium or quasi-equilibrium systems
at specified pressure and temperature regime at the
inlet, using such code for chemical thermodyna-
mics analysis as TERRA, developed at Bauman
MSTU, Moscow [13, 14]. An algorithm for calcu-
lation of thermodynamic states in multicomponent
systems with organic and inorganic components is
based on the equations:

TdS>dU+8A or TdS—dU — pdv>0; (1)

< \ . RyTh;
S:Z:Si(pi)ni +.Sn :Z(Sio ~RyIn Ov ']ni +
i=1 1=1 i=1
L K+l (2)
+>°8/n U+ > Uin =0;
1=1 i=1

k+L

~U+> Un =0; 3)

U, = [CadT +AH(Ty); (4)

To
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b,=>a;n, j=12 .., m (5)
i=1
Kk
D 20 =0; (6)
i=1
k
pv=R,T Y n;, (7)

i=1

where T — temperature, K; S — total entropy of
the mixture, J-kg-K™; U — complete internal
energy, J-kg; A — pressure-volume work of the
system, J-kg™; p — pressure, Pa; v — specific vo-
lume, m*kg™; Si(p‘) — entropy of gas phase compo-
nent at the partial pressure which it will have in an
equilibrium condition; k — quantity of components
of the gaseous phase; L — quantity of condensed
phases accounted at calculation; n; — concentra-
tion of the i" component of the mixture, mol-kg‘l;
S, — entropy of the i" component of the mix-

ture, J-mol™K™; S — standard entropy of gas phase
component at temperature T and p = 0.101 MPa;

Ry — the universal gas constant, JmoltK™ C,; —
specific heat capacity of the i" component of mix-

ture at v = const, J-mol™-K™; H?— standard en-

thalpy of the i component of mixture, J-mol™; b; —
mole content of the j" chemical element at the
system, mol-kg™:; a;i — stoichiometric coefficient,
i. e. numbers of atoms of chemical element j
in substance i.

During the analysis of thermodynamic equili-
bria in the multicomponent systems (17 of their
variants were considered), a set of the following
parameters was used to characterize the energy
intensity of desired process of heating and melting of
metal-containing powders: the equivalence ratio (ER)
of the reacting mixture and its adiabatic tempera-
ture T, such output parameters as the energy
efficiency EnE of the material heating (in various
versions — with and without taking into account the
contribution of the fuel addition to the efficiency),
specific electrical energy consumption for the
heating and melting EC, the degree of autothermicity
(in a variant on temperature AD; and in a variant
on enthalpy ADy) for total allothermal process of
combined heating of refractory powders (electro-
thermal heating through an arc of plasma torch
and heat transfer from the oxidizing mixture
“air + SFA”). Part of these parameters was tested
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earlier for characterization of processes of ther-
mochemical and plasma assisted pyrolysis, gasifi-
cation and combustion of a number of industrial fuels
and wastes, including solid ash-rich fuels [15-21].

The temperature T,q for mixtures with estab-
lished components of equilibrium system was
found based on the following dependences derived
from the law of conservation of energy [21]:

Ipr (Tad): Iin (TO); (8)

1 (To) = 2 (M;AHY) (9)

]

L e (Tad):Z(MiAf Hi0)+

+Z[Mi TCpi(T)dTJ, (10)

where 1,(Taq) — sum of the standard enthalpies of
formation of obtained products AH;’ (with taking
into account theirs fractions M; in the product
mixture) and the enthalpies of theirs heating from
initial temperature Ty = 298.15 K to adiabatic Tqg;
lin(To) — sum of the standard enthalpies of for-
mation for the initial components Aij0 (with ta-
king into account theirs molar fractions M; in the
initial mixture); C,; — specific heat capacity for the
products.

First variant of the energy efficiency was
determined on the basis of the first law of thermo-
dynamics, by analogy with the dependence pre-
viously used to describe a similar efficiency
(which coincides with CGE (cold gas efficien-
cy)) [16] for plasma gasification of fuels [15-18]
with syngas production (based on CO and H,)
as the main product

LHVg

EnE = —
LHV, + Electricity

11)

where LHVsg, LHVE — lower heating values for the
main product and for the initial fuel; Electricity —
total electrical energy consumption in this process
during the operation of arc plasma torch and
auxiliary electrical equipment. To determine Elect-

ricity, the calculated difference (H7, —H; ),

was used (it was assumed to be equal to the
required power of the torch Pp) between total
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enthalpy of the main product at desired operating
temperature T, and the enthalpy of the product at T,g.

For the currently considered case of heating
of metal or ceramic powders in (11) was modi-
fied by introducing into the numerator (instead
of LHVss) the quantity of difference of the

enthalpies AHye = (HY, — H%g)ye, Which is re-

quired to heat the metal or oxide from the
temperature of its standard state T, to the desired
specified temperature 7>, which exceeds the
powder melting temperature 7; by the variable
(that characterizes the degree of overheating of the
reacting system beyond 71, given below in Part 4),
approximately representing the degree of non-
adiabaticity of real thermal apparatus in quasi-
cylindrical zone between the plasma torch noz-
zle and the end of the powder heating area (i. e. the
substrate in a case of spraying process). The mo-
dified expression was established as the following:

Gy AH,,. X
(GeaLHVe, )+ (Py /(mamyr )+
Gy AH,,,
+(Naeq Img )’

where Gpye, Gea — mass flow rates of the metal
(ceramic) powder and fuel addition; LHVg, — lower
heating value of the fuel addition; Py — electric
power on an arc of plasma torch; N,q — power
of the auxiliary electrical equipment (in this case,
an air compressor); n, — thermal efficiency of the
torch (assumed equal to 0.80 based on aggregated
data for non-transferred arc plasma torches,
including ones for thermal spraying [22]); ne —
energy efficiency of commercial-scale solid fuel
power plants CPP (it was chosen as 0.393 accor-
ding to the actual reference data from DOE/NETL
of USA) [23]. The thermodynamic properties of
the reagents (in particular, AHy.) were determined
using the NIST’s thermodynamic database [24].

The calculated values for the case of the energy
efficiency EnE;z (assuming a zero contribution of
the “fuel term” to the efficiency value) represent
one of the feasible scenarios in which the cost of
the consumed fuel addition will be close to
negligible level, that will ensure an increase of the
EnE; efficiency magnitude in the considered
regime of combined heating.

Eng, =

(12)

393



Mawiunocmpoenue u mawiunogedenue

Moreover, the equivalence ratio for the mixture
was used (that contains a fuel addition, which is
decomposed in a redox reaction during the heating)
as a useful initial parameter to characterize
oxygen-containing reacting mixtures [19]

_ G, 1G4

ER —R (13)

st

where G, /G — ratio of the mass flow rates of
oxidizer and fuel for the analyzed reacting mixture;
Rst — ratio of the flow rates of these reagents in
the stoichiometric mixture, which is sufficient for
complete fuel oxidation.

The calculation of energy consumption during
the operation of a low-pressure compressor for air
blowing into the thermal treatment system (in this
case, to the plasma torch) was carried out accor-
ding to the conventional method [25], at the value
of polytropic index of 1.40. Also, for the “basic”
(further labeled as “bas”) modes (in the N, envi-
ronment, that simulates the regimes of industrial
plasma spraying units [11] without fuel additions)
of high-temperature processing of powders, we
took into account the energy consumption in the

technological chain for producing nitrogen from
air, and by analogy with [20] it was assumed at the
level of 0.3 kW-h/kg (ignoring the contribution
of the CPP energy efficiency).

Choice of polymeric solid fuel addition
for the analyzed process

The combination of air + (polymer addition —
polyethylene (commercial LDPE grade, i. e. low den-
sity PE)) was chosen as a mixed heat carrier for the
main variant of the simulated thermal process to en-
sure high exothermic effect to the powder heating.
At the same time, it is important that reclaimed pow-
dery (dusty) polyethylene of technical purity, accor-
ding to the environmental classifiers of some regions
(e. g. CIS countries), belongs to non-hazardous
industrial wastes [26] and is typically supplied from
petrochemical (organic synthesis) plants to large-
scale consumers at prices close to zero. Tab. 1
demonstrates the characteristics of this variant of
polymer addition in a comparison with the properties
of some related substances to illustrate the preference
of LDPE as a potentially better solid fuel.

Table 1

Composition and some thermodynamic properties (standard enthalpy of formation AH°,
lower and higher heating values LHV, HHV) for typical calorific polymeric materials in a comparison
with simple ordinary fuels (the values are shown on dry and ash free basis)

Formula;
mass fraction
of non-carbon part

Material or compound
(commercial grade)

HHV, MJ/kg

LHV, MJ/kg AH®, MJ/kg

Polystyrene (PS, PS-waste)

(CgHg)n: 0.077 | 40.00-43.65 [27-28] |38.30-41.96 [27-29] (1)| -1.18 (at HHV = 40.0 [27]),

and the close value on [30]

Low density polyethylene (LDPE,
LDPE-waste)

(CoHy)n; 0.144 | 46.00-47.74 [27-29] | 42.8-44.6 [27-29] (1)

~2.073 [31]

Polyamide oxygen-containing
polymer (polycaprolactam

(CeH1:NO),; 0.363| 30.0-30.9 [28, 32]

28.8[28, 32] ~2.911 (on the data [24])"

grade, PAG)

Cellulose (CgH1O0s)n; 0.556 17.5 [33-34] 16.0 [35-36] (1) -5.95 [37]
Graphite C;0 32.8[24] 32.8[24] 0
Methane CH,; 0.251 55.5 [24] 50.0 [24] -4.67 [24]

* Data for monomer.

Symbol: t — calculated on the equation: LHV = HHV — 0.21978H [38] (H - hydrogen fraction in the compound, wt. %).

Results of thermodynamic modeling

The obtained results for the energy consump-
tion parameters of the heating (with melting of
processed oxide and metal powders) for different
variants of the C-H-O-N-Me systems (Me = Al,
Ti, Cr, Cu, Ni; and the minor fraction of Ar was
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also taken into account (as air component) for all
systems) are presented in the Tab. 2, and the
examples of calculated data on equilibrium chemi-
cal composition of products during heating of the
systems of this class (in a temperature range up
to 3000 K) are shown in Fig. 2-4 (condensed phases
are indicated by the symbol “c”).
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Table 2
Established energy consumption parameters for heating of different variants
of the C-H-O-N-Me-systems (Me = Al, Ti, Cr, Cu, Ni) at pressure p = 0.101 MPa
of Q o -
o = e} =] zZ
Number of calculated " o (@) - < [ O |
reacting mixture and heated Q Q B Q N o) ! S R = = = =
ceramic/metal powder ) @) 3 < 3 = 3 @) @ | | | S
I I =2 I = I = | L= o o ~ -
— N o < [Te] (] ~ [ee] » — — — —
Initial parameters
Operating gas / use of fuel
addition in the mixture Air/+ [ Air/+ | Na/— | Air/+ | No/—= | Air/+ | Npo/—= |Air/+| Na/—|Air /[ +|Air / +|Air/ +| No/ -
Mass fraction of (MeOx/Me)-
powder in the mixture 0.584 | 0.483 | 0.667 | 0.483 | 0.667 | 0.483 | 0.667 |0.631|0.800 |0.358| 0.317 | 0.323 | 0.800
Mass fraction of fuel addition
in the mixture 0.027 | 0.034 0 0.034 0 0.034 0 0.024| 0 |0.042|0.048 |0.136| O
Melting point of (MeOx/Me)-
powder 71, K 2708 | 2708 | 2708 | 2328 | 2328 | 2130 | 2130 | 1359 | 1359 | 1729 | 1729 | 1729 | 1729
Desired specified temperature
of the powder 73, K 2850 | 2850 | 2850 | 2500 | 2500 | 2300 | 2300 | 1500 | 1500 | 1900 | 1900 | 1900 | 1900
Difference of enthalpies
0 _ g0
Hi, = Haes, MIKG Of pOWder| 5 356 | 5306 | 2.326 | 3.374 | 3.374 | 2.120 | 2.120 | 0.560 | 0.560 | 0.915 | 0.915 | 0.915 | 0.915
Equivalence ratio for redox
reaction with fuel ER 0.961 | 0.961 0 0.961 0 0.961 0 0997 | 0 |0.971]0.894|0.271| O
Output parameters
Adiabatic temperature Tag
for reacting mixture, K 1458 | 1651 300 1467 298 1616 348 | 1495 | 298 | 1895 | 1895 | 994 | 298
Condensed products in Ni(c),
the reacting mixture at 7 Cr,05(c) | Cr,04(c) | Cr203(c) | Al,O3(c) | Al,Os(c) | TiO2(c) | TiOz(c) | Cu(c) | Cu(c) | Ni(c) | Ni(c) | C(c) | Ni(c)
Degree of overheating (DOH)
of the reacting system
beyond 73, J/J 1214 | 1.244 | 1.187 | 1.113 | 1.084 | 1.072 | 1.060 |1.123 |1.120|1.104|1.098 | 1.077 | 1.111
Energy efficiency for heating
process EnEy, J/J 0.114 | 0.091 | 0.121 | 0.187 | 0.188 | 0.143 | 0.125 |0.281|0.112 {0.147 | 0.115| 0.024 | 0.124
Energy efficiency EnE;
(ignoring the contribution
of CPP’ energy efficiency), JJ| 0.244 | 0.189 | 0.278 | 0.362 | 0.427 | 0.263 | 0.282 |0.283 |0.234|0.148 | 0.116 | 0.034 | 0.276
Energy efficiency EnEs
(ignoring the contribution
of SFA enthalpy), J/J 0.127 | 0.103 | 0.121 | 0.225 | 0.188 | 0.180 | 0.125 |1.401|0.112 |0.760 | 0.636 | 0.045 | 0.124
Electric energy consumption
EC,, kW-h/kg of powder 5.094 | 6.277 | 5.332 | 4.170 | 4.995 | 3.268 | 4.728 |0.111 |1.394 | 0.335 | 0.400 | 5.645 | 2.052
Electric energy consumpti-
on EC; (ignoring the contri-
bution of CPP’ efficiency),
kW-h/kg of powder 2.002 | 2.467 | 2.096 | 1.639 | 1.963 | 1.284 | 1.858 | 0.044 | 0.548 | 0.132 | 0.157 | 2.218 | 0.807
Degree of autothermicity
of the reacting system on
temperature ADy, K/K 0.454 | 0.530 0 0.531 0 0.659 0 0996 | 0 |0.997|0.997|0435| 0
Degree of autothermicity
on enthalpy ADy, J/J 0.272 | 0.313 0 0.418 0 0.531 0 0999 | 0 |0.997|0.997|0556| O

Footnote. DOH = (Ipr(T2) — 1pr(To)) / (Ior(T1) — 15e(T0)); EC1 = (Ppi/ (Memp1)) + (Naeg/Mer) / Gme; EC2 = (Ppi/ Mpi + Naeg) / Gwme.

According to the results of the analysis of seven-
teen system variants, it was found that for the regimes
simulating the melting of metals in air-fuel mixtures
(containing mainly CO,, H,O and N, gases with
small admixture of CO and H,), the parameters
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of energy efficiency of the process, such as EnE;
and EnEz, are obviously higher, than for standard
(endothermic) modes of their processing in N,
(as, for example, on industrial plasma spraying mo-
dules of the UPU-3D type [11]).
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Fig. 2. Calculated dependences for the chemical composition of equilibrium C-H-O-N-Al (a) and C-H-O-N-Ti (b)
systems at the range of 300-2500 K (at pressure p = 0.101 MPa) at the ratio of flow rates of initial components,
corresponding to the process regimes No 4 and No 6 in the Tab. 2
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Fig. 3. Calculated dependences for the chemical composition of equilibrium C-H-O-N-Cu (a) and C-H-O-N-Ni (b)
systems at the range of 300-2000 K (at pressure p = 0.101 MPa) at the ratio of flow rates of initial components,
corresponding to the process regimes No 8 and No 10 in the Tab. 2
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Fig. 4. Calculated dependence for the chemical
composition of equilibrium C-H-O-N-Cr-system
at the range of 300-3000 K (at pressure p = 0.101 MPa)
at the ratio of flow rates of initial components,
corresponding to the process regime No 1 in the Tab. 2

The specific energy consumption for the cases
of heated metals is correspondingly lower than
for these “basic regimes” in the N,-heat carrier
gas (at the mass fraction of Me-powder in reacting
mixture of 0.800).

For the case of the considered oxide processing
regimes, their output parameters (EnEj, EnEs,
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energy consumptions EC,; and EC,) do not differ
so much from the “basic regimes” in N»-gas media,
but still exceed them in efficiency, at least at the
mass fraction of powder in the reacting mixture
above 0.58 for heating regimes of Cr,O; and above
0.48 for the regimes with Al,O; and TiO, powders.
Here, the achieved degree of autothermicity of
the system (in a variant on enthalpy) during the
heating ADy does not fall outside the range
of 0.27-0.53 for these cases.

CONCLUSIONS

1. As a result of theoretical assessment, ful-
filled for a set of C-H-O-N-Me-systems, we
found preferable regimes, from the point of view
of chemical thermodynamics method, for the group
of thermal treatment processes (for the example
of high-melting oxides of aluminum, chromium
and titanium, and copper and nickel metals), which
are interesting for technologies of powder spraying
and spheroidizing. The processes include melting
of the ceramic and metallic materials in gaseous
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media formed by the products of air oxidation of
solid fuel polymeric addition.

2. The tentative opportunity to arrange an ener-
gy-efficient heating of the considered materials
(moreover, without oxidation of the condensed
phase of considered metals to their oxides CuO,
Cu,0, NiO) was detected at the minimized electric
channel of energy transfer (in a comparison with
industrially standard (“basic”) regimes of powder
melting in nitrogen plasma jet), due to the using
the efficient fuel-derived heating channel in
these C-H-O-N-Me-systems, which contain the
fuel addition.

3. It is shown, based on the results of the analy-
sis of the selected systems, that for the modeling
regimes of the melting of Cu and Ni powders in
the air-fuel mixtures, the process efficiency para-
meters, including energy efficiency and energy
consumption per unit of the metal are signifi-
cantly better than for standard (*“basic”) regimes of
their high-temperature processing (in N, medium).
For the case of oxide processing regimes, in terms
of the calculated output characteristics of the pro-
cess (EnE;, EnEs, energy consumption), they differ
less substantially from the standard heating
regimes (in N,), but also surpass them in the effi-
ciency (the value of energy consumption EC, does
not exceed 2.0 KW-h per kg of oxide), despite the
moderate level of the found degree of autothermi-
city ADy for the process — 0.27-0.53 (in a contrast
to the ADy, which is close to one for the Cu and Ni
melting regimes in the highly oxidized gas mix-
tures at the level of equivalence ratio of the mix-
tures ER > 0.97, in which the fuel is almost com-
pletely decomposed to CO, and H,O products).
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Teopernyeckuili aHAJIN3 NepeMeleHUI
TOHKHX CTepPKHeH U30THYTOH (popMBI

Kanna. TexH. nayk, gou. B. I1. JIyronoﬁl)
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Pedepar. [IpuBeneH cpaBHUTENBHBIH aHAIN3 MEPEMEIICHUH M30THYTHIX CTEp)KHEH pa3iInYHBIX (OPM KPUBHU3HBI, KOTOPHIE
MOTYT OBITH NPUMCHEHBI B Kau€CTBE MHCTPYMEHTOB JUIA YJIbTPa3ByKOBOW 0OpaOOTKM OTBEPCTHH B XPYINKUX MaTepuaiax.
TpaauironHas 06paboTKa OTBEPCTHi yIbTPa3ByKOBBIM CIIOCOOOM OCHOBaHA Ha MCIIOJIb30BAHUHU MPSIMOJIMHEHHBIX CTEpPIKHEH:
y HUX aMIUTUTY/Ia TIepeMeIieHni Ha padodeM (cBOOOIHOM) KOHIIE COOTBETCTBYET BEJIMUMHE IIEPEMEIIEHHI B TOUKE €ro MpH-
COEIMHEHHS K KOHIICHTPATOPY YJIbTPa3ByKOBBIX KoyebaHuii. JlonoiaHenne KOHUrypary MpsMoro CTepIKHsI KpUBOJITMHEHHON
(dopmoii B BHIE TyrH OKPYXKHOCTH WM CIIHPaH, CKPYYCHHOH Ha OJWH BHTOK, IMO3BOJIUT MOJYYUTh JOMOIHHUTEIbHBIC Mepe-
MEIIeHs, BRI3BAaHHBIEC YIIPYTHMH CBOHCTBAMH ydacTKa C H30THYTOH (opMoil. PaccMOTpeHO HECKOIBKO PACUETHBIX CXEM KpPH-
BOJIMHEWHOTO CTEPXKHsI, OTPAaHHYCHHOTO YIJIaMH (b, PABHBIMH /2, T U 27, C Pa3IMYHBIM HANpPABICHHEM JICHCTBHS BHEUIHEH
cwibl. [loaydeHHbIe pe3ynbTaThl OKa3al, YTO YBEJIUUYEHHUE yIia AYTH OKPYXKHOCTH NPUBOAMT K COOTBETCTBYIOLIEMY MOBBI-
LIEHHUIO MOKa3aTeNs ynpyroro nepeMelleHus cBOOOJHOTO KOHIA CTepKHA. B 3ToM ciaydae cyMMapHbIe NepeMelIeHus CBO-
00THOTO KOHIIA CTePKHSA OyIyT ClaraThesl W3 IEePEeMEICHNH, BEI3BAHHBIX KOJICOAaHUSIMI aKyCTHYECKOI CHCTEMBI, U IepeMe-
LICHUI KPUBOJIMHEHHOI0 TOHKOIO CTEPXKHs OT BHEIIHEH cuibl. PacueTaMu yCcTaHOBIIEHO, YTO Ha BEJIMYUHY YIPYTUX IepeMe-
IIEHNI KPUBOJIMHEHHBIX CTEpXKHEil BIMAIOT (GopMa M BeJIMYMHA YIWA, HANpPaBICHWE BHEIIHEW CHJIBI, PaAuyC KPUBH3HBI,
JKECTKOCTb TIONEPEYHOro ceueHusi. PaccMOTpeHHbIE CXEMBbl TOHKHUX CTEP’KHEN ¢ KPUBOJMHEMHBIMM y4aCTKaMU MOTYT HAWTH
MIPaKTHYIECKOe TPHMEHEHHE B YIBTPA3BYKOBBIX KOJEOATENBHBIX CHCTEMaxX Uil 0OpabOTKM OTBEPCTHH Majloro AnMaMeTpa
B XpYIKHX Marepuanax. [Ipu 3TOM yBelMYMBAeTCs MHTEHCUBHOCTh KOJEOAHMH MHCTPYMEHTA M IOBBIIIACTCS MPOU3BOJM-
TEJIBHOCTb ITPOLECCA.

KniodeBble cioBa: ynpyrue IepeMelieHns, KojeOaHus, CTep)KHH H30THYTOH (DOPMEI, pacdeT, yIbTpa3ByKoBas 00paboT-
Ka OTBEPCTHH

Jas uutupoBanmsi: Jlyrosoii, B. II. Teoperuueckuii aHaan3 nepeMeICHU TOHKUX CTEpXHEH H30THYyTOH (opmbr /
B. I1. JIyrosoii // Hayxa u mexnuka. 2021. T. 20, Ne 5. C. 399-404. https://doi.org/10.21122/2227-1031-2021-20-5-399-404

Theoretical Analysis of Thin Curved Rod Displacements
V. P. Lugovoi®
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper presents a comparative theoretical analysis of the movements of the curved rods of various curvature
forms, which can be applied as tools for ultrasonic treatment of holes in fragile materials. It has been shown that the traditio-
nal processing of holes by an ultrasonic method is based on the use of straight rods, in which the amplitudes of displacements
on the working — free end corresponds to the value of displacements at the point of its attachment to the ultrasonic oscillation
concentrator. Supplementing the configuration of a straight rod with a curvilinear shape in the form of a circular arc or
a spiral twisted by one turn will allow obtaining additional displacements caused by the elastic properties of a section with
a curved shape. The paper considers several calculated schemes of a curvilinear rod bounded by angles ¢ equal to /2, = and 2,
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with a different direction of the external force action. The obtained results have shown that an increase in the circular arc
angle leads to a corresponding increase in the elastic displacement index of the rod free end. In this case, the total
displacements of the rod free end will be made from displacements caused by vibrations of the acoustic system and the
displacements of a curved thin rod from an external force. Calculations have established that the magnitude of the elastic
displacements of curved rods is influenced by the shape and magnitude of the angle, the direction of the external force,
the radius of curvature, the rigidity of the cross section. The considered schemes of thin rods with curvilinear sections can find
practical application in ultrasonic oscillatory systems for processing small-diameter holes in fragile materials. This increases

the intensity of tool oscillations and improves the process performance.

Keywords: elastic displacements, oscillations, rods of curved shape, calculation, ultrasonic processing of holes

For citation: Lugovoi V. P. (2021) Theoretical Analysis of Thin Curved Rod Displacements. Science and Technique.
20 (5), 399-404. https://doi.org/10.21122/2227-1031-2021-20-5-399-404 (in Russian)

BBenenne

TpaguioHHOE NPOIIMBaHUE (TaK HAa3bIBACMOE
CBEpIIEHUE) XPYNKUX MATEPUANOB OCYIIECTBISICT-
Csl YIBTPa3BYKOBBIM CIIOCOOOM C UCTIOIh30BaHUEM
aKyCTHUYECKOM cucTeMbI (puc. 1), KOTOpasi COCTOUT
U3 TIHE30KEPaMUYECKOr0 IMpeoO0pa3oBaTeNst 3JeK-
TPUYECKUX CHUTHAJIOB B MEXaHWYECKHE KOJeOaHus,
yCUIHTENs KojieOaHuil (T. €. KOHYCHOTO KOHIICH-
Tparopa KojebaHui) U UHCTPYMEHTa B BHJE TpS-
MOJIMHEWHOTO CTEp)KHsS (TOHKON YIIPYroul mpo-
BOJIOKH).

Puc. 1. Axyctuueckas cucreMa
UTSL yIIBTPa3ByKOBOIM 00pabOTKH OTBEPCTHIH

Fig. 1. Acoustic system for ultrasound-processed holes

OCHOBHBIMH TEXHOJIOTMYECKHMH MOKa3aTems-
MH MEXaHHYECKOH 00pabOTKH SIBISIOTCS MPOU3BO-
OUTEIBHOCTh W TOYHOCTH PasMEpPOB OTBEPCTHUS.
IIpon3BOANTEEHOCTE YIBTPAa3BYKOBOM 00paOOTKH
3aBUCUT OT aKyCTHUECKHUX M TEXHOJOTHYECKHX
¢dakropoB. K akyctuueckum Qakropam OTHOCAT-
sl 4aCTOTa, aMIUIUTYAA U TUN KoJeOaHM, a K TeX-
HOJIOTHYECKHM — POJI MaTepHaia 3aroTOBKH U HH-
CTPYMEHTa, CKOPOCTb OTHOCHUTEIBHOIO IepemMe-
IICHUS, yCWINE TPWKHUMa HHCTPYMEHTa, BHI H
pasmep aOpasWBHBIX 3€peH, KOHIIGHTpalms abpa-
3WMBa B CYCIICH3MH, INTyOMHA 00pabOTKH U yCIOBUS
CMeHseMOCTH abpasuBa. MHOTUe U3 3TUX (aKTo-
POB HaxoIsTCA B TECHOW B3aMMOCBS3H. Teope-
TUYECKH TPOM3BOJAMTEILHOCTh OOpabOTKH IIpH
HEM3MEHHOH 4YacTOTe KOJeOaHWH HHCTpyMEHTa
MOYHO OLEHHTS [ 1, 2] mo popmyne

400

Q=vy(«r,) " (1)

rae y — KodduUueHT, 3aBHCAIIMKA OT CBOWCTB
o0pabaTeiBaeMOro Marepuaia u abpasuBHOMN KH[I-
KocTH; Uy — amMIumaTyda KojeOaHwii, MKM; Pgn —
cuna nonauu, H; f — wacrora, T'; @, b — mokasa-
TEJIbh CTCINCHH, 3aBUCSIIUN OT YCJIOBUH 00paboT-
ku, a =0,5-1,0, b=0,5-1,0.

N3 (1) BumHO, 4TO pemarmuM (HaKTOPOM,
00eCreYrBaONINM TIOBBIIICHUE IPOU3BOAMUTEIIb-
HOCTH OOpabOTKH, SBJISETCS aMIUINTyna Koieda-
HUM, U NOTOMY CIIOCOOBI MOBBIIIEHUS] MHTEHCUB-
HOCTH KoJeOaHWHl 3a CYeT ee YCWICHHS HMEIOT
TEOPETHUUECKUM U TpakTudecKuid uHTepec. OmaumH
U3 TaKUX CIOCOOOB 3aKJIIOYaeTCsl B MCIOJIb30Ba-
HUH MOTEHIIMATBHON YHEPTUH YIIPYTHX 3JIEMEHTOB,
K KOTOPBIM MOXHO OTHECTH TOHKHE KPHUBOJIUHEH-
Hble cTepkHU. [lepemenieHne cBOOOJHOTO KOHIA
IPSMOr0 MHCTPYMEHTA COOTBETCTBYET aMIUIUTYIE
yIBTPa3BYKOBBIX KoJeOaHMH Ha pabodeM ToOpIE
KOHLIEHTPATOpa, T. €. Uy = acoswt.

U3 dopmyst (1) cnemyet, 4TO BEICOKasi IPOU3-
BOJIUTENBHOCTD YJBTPa3BYKOBOH OOpabOTKH NpH
HEM3MEHHON 4acTOTe KoyleOaHUM MOXKeT ObITh J0-
CTUTHYTa yBEJTMYCHHEM AaMIUIUTYABl KOJEOaHHH.
OTa Uenb JOCTUraeTcs pas3iuYHbBIMU CIIOCOOaMH,
K YHCIy KOTODBIX, KPOME II€PEUHCIICHHBIX paHee
(akTOpoB, cileqyeT OTHECTH KOHCTPYKTHBHOE W3-
MeHeHne WHcTpyMeHta. OJWH W3 TakWX CIOCO-
00B — HCIIOJIB30BaHUE MHCTPYMEHTOB C YIPYTUMH
CBOWCTBAaMH, BBIMOJHSIOMNX (QYHKIUIO HAKOIIUTE-
JIel TOTEHUUAJbHOW PHEPruu. YIPYIrMMHU CUHTa-
IOTCSI Pa3In4HbIe 3JIEMEHTBHl MALIMH U MPUOOPOB,
CHOCOOHBIE CYIIECTBEHHO Ae(hOpMHPOBATHCS MO
JieficTBUEM BHEIIHUX CHJI U BOCCTaHABJIMBATH CBOU
pazMepsl [3, 4]. OHM pa3nensAroTCs Ha CTEp)KHE-
BBI€ DJIEMEHTHI, MOJY4YEHHbIE U3 TPOBOJIOKH HIIH
JICHTHI, U O0OJOYKOBBIE, BHIIIOJHEHHBIC U3 JIHCTO-
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BOTO MaTepuana. TeopeTHYecKOMy WCCIIeI0Ba-
HUIO KOJeOaHWM YNpYyrux TeJ IMOCBSIICHBI pado-
o1 I1. Ildetipdepa [5], C. II. Tumomenko [6],
I'. C. Ilucapenko [7, 8].

Ceroans Hambonee H3BECTHBI YNPYTHE 3Iie-
MEHTHl B BHJE JAeTajeill MepBOil rpymmbl: JTUOO B
KadecTBe MPOMEXYTOYHOTO TpaHcpopmaropa Ko-
neGaHui, MO0 B BUJE YNPYroro HMHCTPYMEHTA
aKkycTu4eckux cucteM. K sremMeHTaM mepBoi
TPYNIBl OTHOCATCS YIPYTHe KOJbIla C TepeMeH-
HBIM CCUCHHUEM, BBIOJHAIONINE OJHOBPEMEHHO
(YHKIIMIO PE30HATOpa YCHIIUTENS YIbTPa3BYKO-
BBIX KoyieOaHMi akycthdeckux cuctem [4]. [Ipu-
MEpPOM MOTYT CIYXKHUTh YCTPOHUCTBO U CIOCOO 00-
pabOTKH XPYIIKUX MAaTEPUAIIOB C KOJBIICBHIM KOH-
nenTparopoM [5, 9, 10], koTopslii obecrieunBacT
MOBBIIIICHHE TPOU3BOAUTEIHHOCTH TPOIINBAHUS
OTBEPCTHI B XPYNKUX MaTepuaiax pa3imdyHON
TBEPJOCTH B JBa M Oojee pa3 MO CPaBHEHUIO
C TPAIWIMOHHBIM METOJIOM YJIBTPa3BYKOBOW 00-
pabotku. K ympyrum sjemMeHTaM BTOPOW TPYIIIBI
MOKHO OTHECTH CITUPAJbHYIO TMOJIOCY, BUHTOBYIO
NIPY>XHHY, YIPYroe KOJIBIO H IIp.

CpaBHUTeNBHBII pacueT
nepeMeleHN i KPUBOJMHEHHBIX CTEpPsKHel

W3y4uM BO3MOKHOCTH NMPUMEHEHUS! KPHBOJIHU-
HEWHOTO YIPYroro CTEPXHs ¢ MOCTOSIHHBIM ITOTIe-
PEYHBIM CEUYEHHEM, BBIITOIHEHHOTO U3 MPYKHUHHOU
HPOBOJIOKH, B KAYECTBE MHCTPYMEHTA JUIS IIPOILIH-
BaHUS OTBEPCTH. J[i1 CpaBHEHHS BEIMYUH Tepe-
MEIIEHUH CBOOOJHOIO KOHIIA CTEPXKHS PaccMOT-
PUM JBE pacueTHBIE CXEMBI TIEpEMEIICHUI KPUBO-
muHeHoro u [-00pa3Horo crepxkHei (puc. 2).

Puc. 2. Cxemsl nepemMenieHul KpUBOIUHEHHOTO
u ['-o6pasHoro crepxHei

Fig. 2. Movement diagram of curved neuro
and I'-shaped rods

CrepxHU 00pa30BaHbI U3 IBYX YacTEH: U3 U30-

THYTOW Ionepe4yHoil yacTu AB | NpOoJaOJIBHOIO
crepxast BC. M30rHyTas 4acTh BBITOJTHEHA B BUIC
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KBaJpaHTa OKPYXHOCTU C IIOCTOSHHBIM pajuy-
coM I. IlpucoenvHEHHBI K HMCTOYHUKY YJIbTpa-
3BYKOBBIX KOJICOAaHUM YNPYruii 3J€MEHT MOJy-
YaeT KWHEMAaTU4ecKoe BO30YKIEHHE BBIHYKICH-
HBIX TapMOHMYECKHX IUIOCKOMApAIIENbHBIX KO-
nebaHmii (mepeMemeHnii) B TOYKE A BeJIWYH-
HOM Uy = acoswmt.

CBoOOmHBIN KOHEL cTepkHs B Touke C moiy-
YaeT yIpyroe nepemelneHue U; oT IEHCTBUS cuU-
nel P. Cnenmaem momymmeHne 0 TOM, YTO MPSMOJIH-
HEHHBIA y4acTOK B Ipolecce KojeOaHuii He n3Me-
HSET CBOCH MepBOHAYANBHOM UMHEI |, T. €. BepTH-
KaJIbHbIE IIEPEMELICHUS IPIMOIMHENHOIO yJacTKa
B Toukax B u C OynyT onuHakoBbIMU. B 3ToMm ciy-
Yyae MepeMelleHne CBOOOAHOTO KOHIA CTEPXKHS
paBHSIETCSI CyMME TepeMeIeHnd OT KWHeMaTHhye-
CKOTO BO30YXJIEHUS Uy M YIOPYTrUX IepeMelie-
HUH Uy [7], BBI3BaHHBIX JEUCTBUEM CUIIBI P

u=u, +U,. 2

PaccMoTpuM mnepBylo cxemMy KpPHUBOJHWHEHHOTO
CTEpIKHS Ha y4yacTke AB (puc. 3).

Puc. 3. Pacuernas cxema
KPUBOJIMHEMHOTO CTEP>KHSA

3 Fig. 3. Calculated scheme
i P of curvilinear rod

KanoHnuueckoe ypaBHEHHE W3 YCIIOBUSI PaBEH-
CTBa HYJIIO yIJIa TIOBOPOTA B TOUKE 4 UMeeT BUJ [3]

X111 +8,p =0,

rae X;0;1 — B3aUMHBIA Yroji MOBOPOTa MOJ JCH-
CTBHE MOMeHTa Xj; 013, O1p — B3aWIMHBIN YToJ IO-
BOpOTa TOJ| JACUCTBUEM EIMHUYHBIX MOMEHTOB U
BHEIITHUX CHJI, KOTOPHIE MO>KHO HAWTH C IIOMOIIIBIO
uHTerpana Mopa:

M2 M.M
611 = .[E—i'ds, 61P = I#ds (3)

Hsrubaromue MOMEHTEI Mp u M; OT AehCTBUS
BHEITHEN U €IMHUYHOMN CHJI 3alUIIIYTCS B BUJIE:

Mp =Pr(1-cosg); M, =-1, 0<o<n/2.

Torna:

17 Pri(n
81p = ! [Pr(l—cosw)(—l)]rd(pzﬁig—lj;

401



Mawiunocmpoenue u mawiunogedenue

HaxonanM Hen3BeCTHBIN MOMEHT

X, = Pr(l—fj ~0,36Pr.
dip 2
CyMMapHbIi U3rU0AIUH MOMEHT
M =M; + XM, =Pr (0,64 -coso).

B mpou3BOIBRHOM CEYEHWUW W3THOAIONIMI MO-
MeHT Tipu P = 1 onpenenuTcs U3 ypaBHCHUS

M =r(0,64—cos¢).

BeruucnuB uHTerpan Mopa, moiiyduMm Imepe-
MEIIeHNE B TOUKE

n/2 3 3 (4)
Pr 2 Pr
= | —(0,64—cosp) dp=—-.
j El ( 0) de El

0

Kak BugHO U3 dopmyinsl (4), OCHOBHBIM Hapa-
METpPOM, BJIHMSIOIIMM HAa BEIUYMHY YIPYIrOro Ie-
peMeleHns CBOOOAHOT0 KOHIIA CTEPIKHS, SIBIISIETCS
paanyc KpUBU3HBI M30THYTOW HacTH AB. YBenu-
YEHWIO 3HAYEHHs TEPEeMEIIeHHsS CII0COOCTBYET
TaKk)Ke YMEHBIIIEHHEe MoKa3aTelsl KECTKOCTH IoTe-
pedYHOTO ceueHus cTepKHs El.

Jnst cpaBHEHUS TIOTYYEHHBIX PE3yIbTaTOB pac-
CMOTPUM HACHTHYHYIO pacyeTHylo cxemy [-00-
pa3HOTO CTEpXHS, HW30THYTOTO TOJ TMPSAMBIM
yrioMm (puc. 2b). JInuHy rmieya Ha TOPU30OHTAIb-
HOM YYaCTKE NMPUMEM PaBHOW pajNyCy KPHUBU3HBI
W30THYTOI'O CTepXKHS paamycoM h =71, a mimHy
BepTuKaigbHOro ydactka (I +r). Benuuuny mnepe-
MEIICHNS Ha KOHIE TOPU30HTAIEHOTO y4acTKa BBI-
gucisieM 1o ¢hopmye [8]

3
w~017" ©)
El

CpaBuenue ypaBHeHuit (4) m (5) mosBossier
clleNlaTh BBIBOJI, UYTO KPHUBOJWHEWHBIM CTEPHKEHb
JTAeT BO3MOXHOCTH IMOJyYUTh CPABHUTEIBHO 0OJTh-
niee mepeMelieHue CBOOOJHOTO KOHIA, YeM H30-
THYTBINA CTEPKEHb BTOPOTO THUIIA.

Jns BU3yallbHOW OLIEHKH M CPaBHEHHUSI WHTEH-
CHUBHOCTH KOJIeOaHUI PacCMOTPEHHBIX CXEM Ipo-
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BEJICHbl 3KCIIEPUMEHTHl C MCIOJIb30BAaHHUEM M30-
THYTOM TMPYKUHHOM MPOBOJIOKH, H3rOTOBJIEHHOM
W3 cTanmu Mapku 6517, ¢ KpyTibIM TOTIEPEYHBIM Ce-
yeHneM auaMerpoM 1 mm. KocBeHHyI OILEHKY
MHTEHCUBHOCTH NEPEMEIIECHUN B KPUBOJIMHEWHBIX
CTEPXKHSAX MNpH BO30YKACHUH YIbTPa3BYKOBBIX
konebanuil narot Guryps! Xnaanu. [ns sToi nenu
B TIPOBOJIOKE, TMPUCOECTUHEHHON K KOHHYECKOMY
BOJIHOBOJy  YJIBbTPa3ByKOBOTO  IpeoOpa3zoBaTes,
BO30Y)KIATMCh YIIBTPA3BYKOBBIC KOJCOAHHUS YacTo-
tot 21 kI'm. Ilpu 3TOM cTOsIYME BOJIHBI PETHCTPH-
PYIOTCSI Ha KOJEOMIoLecsl TUIaCTHHE ¢ OOCHIIaH-
HBIM MEJIKHM IMOpOIIKOM. B pe3ynprare mopomox
CMEIIaeTcsl U3 MyYHOCTeH KojeOaHui ¢ HauOoIb-
LIel aMIUIMTYZO0N KosieOaHUi B y3Ibl, TAe KojeOa-
HUS OTCYTCTBYIOT. Ha puc. 4a mpuBeneHa ¢oto-
rpadus purypsr Xiagau, obpazoBanHoi [-00pas-
HBIM CTep)kHEM, a Ha puc. 4b — obGpasoBaHHOI
KPUBOJIMHENHBIMU CTEPKHIMH C PAa3IUYHBIMHU Pa-
JycaMy KPUBU3HBIL.

a

Puc. 4. dororpaduu ¢puryp XnaaHu, nosydeHHbIE
pu KoJieOaHNU CTep KHEll: a — KpUBOIMHEHHOI 1 [-06pa3Hoit
bopm; b — ¢ pasnMIHEIME paguycaMi KPHBH3HEI

Fig. 4. Photos of Chladni figures, obtained when rods vibrate:
a — curvilinear and I'-shaped forms;
b — with different radii of curvature

W3 puc. 4 BUAHO, YTO KPUBOIHMHECHHBIC DIIEMCH-
Thl BBI3BIBAIOT 0OJiee WHTEHCUBHBIE KOJIEOaHMUS,
yeM MpsaMoJinHeiHble. [Ipuuem yBenuueHue pa-
JIMyca KPUBHU3HBI COTPOBOXKAACTCS ropasio OOb-
IIUMH [TEPEeMEIICHUSIMA CBOOOTHOTO KOHIIA CTEPIK-
us (puc. 4b).

Ha puc. 5 npuBeneHsl CXeMbl ¢ JBYMS pasiidy-
HBIMH TIOJIOXKCHUSIMU KPHUBOJMHEHHOTO CTEPIKHS
¢ yrioMm ¢ < 1. BepTukanbHoe niepeMeInieHue KOoH-
I1a KPUBOJIMHEHHOTO CTEPXKHA (B TOYKE B) MOKHO
OTpEJICINTh, BBIOMHUB UHTerpan Mopa. Haiinem
MepeMeNICHHe TOYKH B I pacdyeTHOW CXEMBI
(puc. 5a), TONCTAaBHB BEIWYMHBI H3THOAIONTHX
MOMEHTOB OT JACHCTBUS BHEIIHEH M E€AUHUYHOMN
cwi g yrna 0 < ¢ < B uHTEerpan Mopa:
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Mp =—Prsing; M; =(=1rsine;

T 5.3
U = IMds :iJ'P—rlsin2 do =

El Ely E ©)
_Prim_ P
El 2 7 El
a b
,
¢
B 71 /,UOL
~ A
C
i P

Puc. 5. Cxembl KpUBOIHHEHHBIX CTEpKHEH
B ()opMe TyT'H MOIyOKPYKHOCTH

Fig. 5. Schemes of curvilinear rods
in the form of semicircle arc

JIisi KpUBOMMHEWHOTO CTEPXKHS, MOKa3aHHOTO
Ha puc. 5h, nzrubaronme MOMEHTHI OT CHIT

M, =Prsing; M, =r(1-cose)(0<¢ <n).

Breruucnus uHTerpan Mopa, onpenenuM Belu-
YUHY BEPTUKAIBFHOTO MTEPEMEIIeHHS B ToUke B

MM 1 Tiop
U zj#dszaj(msm ¢)(L—cosp)ds =
0

_P_r3 1-cos +1sin
El PrIne )

IIpu ¢ = n monydnm

3
U, = 2P_r. @)
El

Ha ¢ororpapusx puc. 6 HEeMOHCTpUPYIOTCS
¢burypsl XnamHu, MOTyYeHHBIC IS PUBEACHHBIX
BHIIIIE BapHaHTOB. B mepBoM cilyyae 30Ha C
HanboJjiee MHTEHCHBHBIMU KOJEOAHUSIMH DPAacCIO-
JIOKEHA TI0 TEPUMETPY KPUBOJIMHEHHOTO y4acTKa,
a BO BTOPOM — KoJieOaHHsI KOHLEHTPUPYIOTCS Ha
CBOOOTHOM KOHIIE CTEPIKHSI.

PaccMmoTpuM elie ofIMH BapHaHT CXEMBI C KpH-
BOJIMHEWHBIM  CTEp)KHEM, OTPaHUYCHHBIM  yT-
JoM ¢ < 27, KOTOPBIi nMeeT (opMy HE3aMKHYTOTO
KOJIBIIA, T. €. IPYKUHBI C OJTHAUM BUTKOM (pHC. 7).

Hayka
wrexHuka. T. 20, Ne 5 (2021)

Puc. 6. ®urypsr Xnaauu (¢ = )
Fig. 6. Chladni figures (¢ = m)

=

17

Puc. 7. HezaMkHyTOE KOJIBIIO:
a — pacyeTHas cxema; b — purypa Xnanguu
Fig. 7. Open ring:
a — calculated scheme; b — Chladni figure

[ToactaBum B uHTEerpan Mopa BeTUYUHBI U3TH-
OaroIMX MOMEHTOB OT JEHCTBUS BHEIIHEH W €IM-
HruyHO cmn Mp = Pr(l—cose) u Mp; = 1rsing
O<op<m

M .M, Pr? 2
= = 1— =
Uy J' £ ds = l'( cose) de

:%(3(p—4sin(p+ sinpcosg).

BeprukansHoe nepeMelnieHue CBOOOAHONO KOH-
1a MPY>KUHHOTO KOJNbIa, U30THYTOrO Ha yroi ¢ = 27,
OTIPEETNUTCS U3 BBIPAKEHUS

3
0 ~9,420 ©)
El

Takum 00pa3oM, TEOPETHUYECKH MMOKAa3aHO, YTO
OpyU ACUCTBHM CTaTUYECKOW CHIIBI HauOOJbIIHUE
yIpyrue InepeMenieHns CBOOOMHOrO KOHIA KpH-
BOJIMHEHHOTO CTEPKHS MOYKHO IMOJYyYUTh IO CXE-
Me, IpeACTaBIeHHON Ha puc. 7a. OgHaKo cienayer
y4ecTb, 4YTO YIPYIHe IEepPEeMEIICHUs CIUpallb-
HOM TPYXWHBI COMPOBOXKAAIOTCS OJHOBPEMEH-
HBIMH pPaJUaJIBHBIMH TEPEMEIIEHUSIMH, KOTOpBIE
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Mpu pacueTe HE ObBUIM y4YTeHBI. DUTYpBI XIaaHU
MpU HAJOXEHWH YIbTPa3BYKOBBIX KoJeOaHWi
K 3aKpy4YCHHOW CHHMpalid MOKa3aHbl Ha pHc. 7b.
MoskHO Tosarath, 4TO MOJIa ¥ BEJIMYMHA YIIPYTHX
nepeMenieHnid CBOOOMHOTO KOHIIA CTEepPXKHS, 3a-
KPYYE€HHOT'O B MPY>KUHHYIO CIIUpallb, B AUANa3oHe
YIbTPa3BYKOBBIX YaCTOT MUMEIOT CIOXKHBINA Xapak-
TEP U 3aBUCAT OT psJa JOIMOJIHUTECIIBHBIX q)aKTOpOB
(nUHBL MPSAMOMMHEWHBIX YYacTKOB JI0 W IIOCIS
CIIUPAJH, PE30HAHCHBIX Pa3MEpPOB CIUPAIH U TIp.),
KOTOpbIe TPEOYIOT MOATBEPKICHHSI SKCIEPUMEH-
TaJIbHBIMH UCCJICAOBAHUAMU.
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K peieHHI0 KOHTAKTHOM 321a4M U1 YIIPYTO#l MOJIY0J0CHI

JlokT. TexH. Hayk, npo¢. C. B. Bocakos”

1)]3enopycc1<1/1171 HaIlMOHAJILHBIA TeXHUYECKU yHUBepcuTeT (MuHCK, Pecriybnmka bemapych)

© benopycckuii HallMOHAIBHBIN TEXHUUECKUH yHUBepcHuTeT, 2021
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Pedepar. KonTakTHBIC 3a7auy Uil yIpyrod HOJIOCH! AOCTaTOYHO XOPOIIO HCCIIENOBAHBI U OCBEILEHBI B OTCUECTBEHHOM
Hay4HOI nuTeparype. OT4acTH 3TO BEI3BAHO TEM, YTO B HOPMATHUBHBIX JOKYMEHTAX 10 ()yHIaMEHTOCTPOSHHIO PeKOMEHTyeT-
Cs ICTIONB30BaTh 3Ty MOJIETb YIPYroro OCHOBAaHMS ISl MOJAEIHUPOBAHUS CHCTEMBI «COOpYKEHHE — QYHIAMEHT — TPYHTOBOE
ocHOBaHMEe». OOBIYHO pacCMaTPUBAIOTCS JBA BAPUAHTA FPAHUYHBIX YCIOBHIl Ha KOHTAKTE TOJYNOJIOCH C )KECTKMM Henedop-
MHpYeMbIM ocHoBaHueM. IlepBoe rpaHmuHOe ycnoBue oOpallaeT B HyJb BEPTHKAJIbHBIE MEPEMENICHHS U KacaTelIbHbIE
HAMpsDKEHUs], BTOPOE — BEPTUKAIbHbIE U TOPU30HTAIbHBIC NEpEeMELICHUs. 3HAUUTEIbHO MEHEe HCCIIE0BaHbl KOHTAKTHBIC
3aauyd Al yOpyroil Hoiynosockl. B craTbe paccMOTpeHa 3Ta KOHTAKTHAas 3a/a4a IPU BBIIOIHEHHH NEPBOrO IPaHHMYHOIO
yCJIOBHS OOpallleHns! B HyJIb BEPTHUKATHLHBIX ITEPEMEIIeHNI U KacaTeNbHBIX HaNpsHKeHUH Ha KOHTAaKTE MOJYIIOJIOCH! C JKEeCT-
KUM Hene(hopMupyeMbIM OCHOBaHMEM. [Ipn mpoBeneHHM pacueToB B TPAJAWIMOHHOW ITOCTAHOBKE Oe3 ydeTa KacaTeNbHBIX
HanpsDKeHUH B KOHTaKTHOM 30He ucmoisb3yercs crocod b. H. JKemoukuHa, KOTOpBIH CBOAWT pelIeHHe KOHTAKTHOW 3aadu
MEXaHHUKU TBEPAOTO Ae(pOpMHUPYEMOro Tea K PEIICHUIO CTaTUYEeCKH HEOMpeaeTMMON 3aa4i CMEIIaHHbIM METOJIOM CTPOH-
TeAbHON MeXaHMKH. [103ToMy BHaudasne HaliieHbl NTEpEMELIEHUs BEPXHEN IPaHU MOJIYIOJOCH OT PABHOMEPHO PACIpENENIeH-
HOMH 110 y4acTKy rpaHM eIUHUYHOI Harpy3ku. [lomyueHHOe BBIpake€HHE UCTIONB3YETCS Ul COCTABICHHS CHCTEMBI ypaBHEHHIH
criocoba JKemoukuHa. PaccMOTpeH citydaif OCTYNaTeNbHOTO NEpeMeIeHHUsI ITaMIIa, IPUBOUTCS IpaduK paclpeneneHus
KOHTAKTHBIX HallpsKeHUH MO IOAOIIBON IITaMIIa.

Knrwuesble ciio0Ba: KOHTaKTHas 3ajava, mTamii, crocoo )KeMO‘{KHHa, ToJIymnoJioca

Jns nurupoBanusi: bocakos, C. B. K pemennio koHTakTHO# 3axaun 1uist yrnpyroi nosynosocst / C. B. bocakos // Hayka
u mexnuxa. 2021. T. 20, Ne 5. C. 405-409. https://doi.org/10.21122/2227-1031-2021-20-5-405-409

To Solution of Contact Problem for Elastic Half-Strip
S. V. Bosakov”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Contact problems for elastic stripes have been well studied and published in domestic scientific literature. This is
partly due to the fact that normative documents on the foundation structure it is recommended to use this elastic foundation
model for simulation of a “structure — foundation — soil foundation” system. Two variants of boundary conditions at the con-
tact between a half-strip and a rigid non-deformable base are usually considered. The first boundary condition nullifies the
vertical displacements and tangential stresses, the second one nullifies vertical and horizontal displacements. Contact prob-
lems for an elastic half-strip are much less investigated. The paper considers this contact problem when the first boundary
condition for zeroing of vertical displacements and tangential stresses at the contact of a half-strip with a rigid, non-
deformable base. When performing calculations in the traditional formulation without taking into account tangential stresses
in the contact zone, the Zhemochkin method has been used, which reduces the solution of the contact problem of solid me-
chanics to the solution of a statically indeterminate problem by the mixed method of structural mechanics. Therefore, at first,
we have found the displacements of the upper edge of the half-strip from the unit load uniformly distributed over the edge
section. The resulting expression is used to compose a system of equations for the Zhemochkin method. The case
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of translational displacement of the die has been considered, and the graph of contact stress distribution under the die's sole

has been given in the paper.

Keywords: contact problem, stamp, Zhemochkin method, half-strip

For citation: Bosakov S. V. (2021) To Solution of Contact Problem for Elastic Half-Strip. Science and Technique. 20 (5),
405-409. https://doi.org/10.21122/2227-1031-2021-20-5-405-409 (in Russian)

KonTakTHbie 3a1aun 111 ynpyroi moJjiockl npu
Pa3IUYHBIX YCJIOBUSX €€ ONMPAaHUS PEIIeHBI pa3-
HbIMH aBTOpami [1-4]. OxHako kpaliHe orpaHuye-
HO YHCJIO OITyOJIMKOBAHHBIX Pa0OT IO PEIIeHUI0
3a1a4 JUIs YOpyrod MOJyMoJIOChl NPU Pa3IndHBIX
TPaHUYHBIX YCIOBHUSX Ha €€ TOPIE U MPOAONBHBIX
rpassax [5, 6]. PaGoTel MO pemieHnt0 KOHTAKTHBIX
3aja4 JUIsl YOpyroil MOIynoJochl TaKKe HEMHOIO-
9HUCJICHHEI [7, 8]. ABTOp CTaThH Mpeajiaraet perie-
HUE KOHTaKTHOH 3aJauyu Ijsl yOopyrou moyynosio-
ChbI TIPU 3arpy>KE€HUU €€ MPOAO0JbHOW I'PaHU IITAM-
MIOM C TUTOCKO# moomBo# (puc. 1).

T

a b E, v

<

:
|
! h
|
|
I

Puc. 1. llltamn Ha ynpyroi noiymnosnoce
MO/ AEUCTBUEM BEPTHKAJIILHOM HArpy3Ku

Fig. 1. Stamp on elastic half-strip
under vertical load

[MpuarMmaeM ycioBue, 9TO Ha KOHTAaKTe MOIY-
MOJIOCHI U KECTKOTO OCHOBAHHsI OTCYTCTBYIOT BEp-
TUKAJIbHBIC TEepPEeMEIIeHUs] U KacaTelbHble Halps-
KeHus. BHagane paccMOTpHM pelieHre BCIIoMOTa-
TEJIbHOW 3aJadd MpU JSHCTBUH Ha TMOJYNOJIOCY
paBHOMEpPHO pacrpeseleHHoi nmo ydactky (0, b)
Harpy3ku q (puc. 2).

y q

0 . X

I S A A

L S L S S

Puc. 2. JleiicTBUEe PaBHOMEPHO PACIPEACICHHON Harpy3Ku
HA BEPXHIOIO IPaHb [OIYIIONOCH

Fig. 2. Action of uniformly distributed load
on upper edge of half-strip
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OueBuiHO, YTO IEpeMELIEHUs I'paHU IOJIyIO-
Jgockl Y = h oT JelcTBHS ATOH Harpy3ku OyayT
paBHBI NEPEMELICHUSIM T'paHH IMOJOCkl Y = h oT
JIEHCTBUS DPABHOMEPHO pPacCHpelIeICHHOW Harpys-
ku ( Ha yuyactke (b, b) (puc. 3) 3a BbiueTOM me-
pEeMeEIIEHUI TOW IrpaHu OT JEUCTBUS CaMOYpPaBHO-
BEILICHHONM HOPMAaJIbHOM Harpy3KH, MPUIOKEHHOMN
K TOpIy MOJYIOJIOCH, U BBI3BAHHBIX JeHCTBHEM
Ha TI0JIOCY PaBHOMEPHO pacIpeeIeHHON Harpys-
ku ( Ha yuactke (-b, b).

y q

‘ ¥ ¥ § ¢ ¥ ¥ vy vy N
! b b i
; o)) i
| o7 Ev |}
; X
1 ' |h
_ b

S S N, N N N . N Y N W) T

q

Puc. 3. JleficTBue CUMMETPUYHOM HArpy3KH Ha MOJIOCY

Fig. 3. Symmetrical load action on strip

Bripaxxenue mjis camMOypaBHOBEIIEHHON TOp-
[IEBOM HATrpy3KH MOJIYYEHO Ha OCHOBAHUH PE3yib-
tatoB pacueroB f. C. Ydusuana [9]

y y y
o chp—p-2shu shu- —shu chu =
_4q W Chp = shyshue—shy chu

o, (y X
X( ) Ty sh2u +2u 1)
sin uE
X h dp.
1
HetpyaHo npoBepuTs, 4T
h
[o(y)dy=o. @)
-h

OYHKIUIO HANpHKEHUH N7 pacyeTa MOJIOCHI
C TOpLEBOM CaMOypaBHOBEIICHHOW Harpy3kou
npumeM B Buge [10]
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—tg(-a, tib, )cos(w y} +

y . (—amiibm j '
+=sin| —1L—Ty
h h

rie am, by — KOpHHU ypaBHEHHUS
2(a, +ib, )+sin(2a, + 2ib, ) =0. (4)

YucreHHbIe 3HAUCHUS am, Dy puBeeHs! B [8, 9].
IIpu BeImoHEHWM (4) CTaTHYECKHE KpaeBhIE YCIIO-
BHS Ha MPOAONBHBIX TpaHsx Y = h momymoso-
Chl aBTOMATHYECKH BBITIOIHSIOTCS. BBIMOIHEHHE
TPaHUYHBIX YCIOBUU Ha TOPIE MOJYIOIOCH
mpu X = 0 IPUBOIUT K IBYM YPAaBHEHUSIM:

y y y

© 1 chp — pu-=shp shu-=—shu chu =
y®:_igli W pe shushp - —shy uhx

2 sh2p +2
i e (5)
sinug 2
x hdu; acI)=0.
U oxoy

YMHO)kaeM 00e 4acTu NepBOro ypaBHeHHS (5)
Ha Cosnn%dy U MHTETpHPYEM 1O Y B TMpele-

aax (-h, h). Bropoe ypaBHenue (5) ymHOXaem

y

Ha Sinnnﬁdy W WHTETpHpPYEM MO0 Y B TMpene-

nmax (-h, h) (n=1, 2, 3, ...). IIpu 3TOM IMOMEHsIEM
OYEPEIHOCTE HHTETPHUPOBAHHUS W HCIIOJIb3YEM
UHTErpa

h
y y y y
chu —pu=shu shu=—shu chp [=cosne=dy =
J.(H u “h u “h u “jh ﬂh Yy

-h

n_2 MSh},l (6)
24(—1) T ﬁ
(n T4 )

I[JI}I BBIYHCIICHHUS] HECOOCTBEHHOT'O HHTCTrpaia

y y y
o chy —p-shu shu > —shu chu >
wehp = shshy - —shu uhx
sh2u + 2u
° (7)
sian
X hdl,l
9

npuMeM anmpoxkcumarmio [11]
2
L(u)=—jﬁii—-=é{1—eﬂ“—lueﬁ“} 8
sh2u+2u 2 2
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ITorpemHocTh TakoW anmpoKCHUMAallid MOXHO
oLeHHUTh 1o Tpadukam Ha puc. 4. Cienyer oTMme-
TUTH, YTO TTOTPENTHOCTH BBHIYUCICHHS (7) C yU4eTOM
MPUHATON anmpoKcHManuu OyneT MeHbIe Io-
TPEUIHOCTH amnpoKcuManuu (8) B pe3ynbrare MH-
TErpUPOBaHUS KaK I MHTETPATLHON BETMIUHBI.

1,0 —reeme
==
L(w) o
06
1
04 /
02+ A
1 2 3 4 u 5

Puc. 4. Tounoe (1) u annmpoxcumupoBanHoe (2)
BbIpaxkeHust 1u1st L (1)

Fig. 4. Exact (1) and approximated (2)
expressions for L(p)

[IpencraBienue (6) MO3BOMNSAET BHIYMCIUTD HH-
terpast (7) ¥ ONMpeNeNuTh CBOOOJHBIE WICHBI CH-
CTEMBI JIMHEHHBIX aJreOpandecKux ypaBHeHul (5),
KOTOpasi pelanack crocobom yceuenus [12].
Takum obpazom ompemenmsumucek A; u Bi B (3).
[To ¢pynkumm Hanpspkenuit (3) onpenensinch Bep-
TUKaNbHBIEe TiepeMerieHust V(X) rpanu Y = h momy-
MOJIOCHI OT CaMOYPaBHOBEIIEHHOW TOPLIEBOM Ha-
rpy3k# (1).

OKOHYaTeNbHO BEPTUKAIbHBIE IEPEeMEIICHUS
IPaHu MOJYIOJOCH Y = h OT paBHOMEPHO pacrpe-
JeneHHow mo yuactky (@, b) marpysku ( ompene-
nsTCs GOpMyIIOi

B qh(l—vz)‘*’

V(x) n—E.([L(u){sin(ub;hxj— o
_sin(u%ﬂdu +V;(x),

rae @, b — rpaHuIBl NPHIOKEHHUS pPaBHOMEPHO
pacnpezieieHHON Harpy3KH 10 TPaH! MOTYTIONOCHL;
Vi(X) — rpomMo3/1KOoe BBIpaKEHUE, KOTOPOE OIpee-
JIeT MEepeMELIEHHs] BEPXHEHN TI'paHu IMOJIYNOJIOCH
OT TOPLIEBOM CaMOypaBHOBEILIEHHON HATPY3KHU.

[Tpu onpenenennu V(X) Takke UCIOIb30BaIACh
armpokcumarus (8). Ha puc. 5 npuBenens! rpadu-
KU BEPTUKAJIBHBIX MEPEMEIIEHU BEepXHEW TpaHu
TMIOJTYTIONOCHI IPU HEKOTOPBIX MOJOKEHHUSIX PaBHO-
MEpPHO PpACIpPEACIICHHON Harpy3kd Ha BepXHeEi
TpaH! TOJIYIOJIOCH.
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‘ Lx/h
2,5 3,0

-0,1
-0,2
03/
-0,4
05
0,61/
07

Puc. 5. BeprukanbHble epeMelleHNUs BEpXHEN rpaHu
IOJIYIOJOCHI IPU HEKOTOPBIX MOJIOKEHUAX
PaBHOMEPHO paclpeeIeHHOM 110 y4acTKy IpaHHU Harpy3Ku

Fig. 5. Vertical displacements of upper edge
of half-strip at some positions
evenly distributed over section of load face

PaccmoTpum mTamn, BraBiuMBaeMblii 0e3 Tpe-
HUS BEPTUKAIBHON HArpy3kod B BEpPXHIOIO I'paHb
noxynosnocsl (puc. 1). CraBuTcs 3amava omnpene-
JUTh PACTIPEICICHUE KOHTAKTHBIX HOPMAaTbHBIX
HanpspkeHuit. Pemmum ee cocodoom b. H. XKemou-
kuHa [13]. st aToro pazodbem 067aCTh KOHTAKTa
Ha YYacTKH PaBHOW JUIMHBI M B LIEHTPE KaXKIOTO
ydacTKa IMOCTaBUM JKECTKHH CTEp)KEHb, depe3 KO-
TOpPBIA OyAET OCYHIECTBIATHCS KOHTAaKT IITamMIla
¢ momymnosiocod. IlomyyeHHyI0 cTaTMYECKH HEOll-
peAEeIUMYI0 CUCTEMY pEIlaeM CMELIaHHBIM METO-
JIOM CTPOUTENbHON MeXaHukH [14], mpuHsB 3a He-
M3BECTHBIC YCHJIUS B CBS3SIX JIMHEWHOE M YTIIOBOE
MepeMenieHns BBEACHHOTO Ha Kpaio IITaMma 3a-
memieHus (puc. 6).

A
y $o A \L m
AXIE § %

8.CpCrcCy b Ev

=

0 X

S D S S A D 0 S S

Puc. 6. OcHOBHAs CHCTEMa CMEIIAaHHOTO METOIa
CTPOUTENIFHON MEXaHUKH JJIs pacyeTra IuTamiia
Ha yIpyrou noiymnosoce

Fig. 6. Basic system of mixed method
on structural mechanics for die calculation
on elastic half-strip

Cucrema KaHOHHMYECKHX YpPaBHEHHUH CMeIIaH-
HOTO METOJIa CTPOUTEIILHON MEXaHHUKHU NJIsl pacye-
Ta [ITamIa UMEeT BUJI:

408

Oy Xy 4.+ 8y X + U —%(po =0;

81Xy + ot By X +Ug —(2m—1)%(p0 ~0; (10)

m
=> X, +R=0;
=1

m
S 20 Lex +Rey =0,
2

n=1

rjie M — 9UCJIO y4acTKOB JKeMOUKHMHA Ha IITaMIIE;
Xi — ycunue B cBsizu JKeMoukuHA ¢ HOMEpPOM |
R, Rey — paBHOmEHCTBYIOIAs BHEITHEH HArpy3Kd
W €e MOMEHT OTHOCUTEIBbHO 3allleMIICHUS; Ojkx —
MepeMenieHne IeHTpa ydacTtka JKeMOodknHa Ha
MOJIYTION0CE ¢ HOMEPOM | OT ACHCTBHS CIUHUIHOMN
CWJIBI, PABHOMEPHO PACIPEEICHHOW 10 Y4acTKy
¢ Homepom K.

[ocne perienus cucreMsr (10) 0OBIYHBIMU Me-
TOJaMU CTPOUTEIHLHOW MEXaHWKH ONPEICIISIOTCS
M3rubaroIe MOMEHTHI U MOTIePEYHbIE CUIIBI B Ce-
geHusX mramma. OcoObIii MHTEpEC MPEeACTaBISICT
CJly4all TIOCTYIIATEIIEHOTO IMEePeMEIIeHUs [ITaMIIa.
ITpu stoM @ = 0 u B cucreme (10) mpomanaror
MOCEeTHUHA CTONOEN W TOCIEeAHss CTpoka. Benu-
YHHA PACCTOSHUS OT 3aIEMJIEHUS O TOYKHU IPH-
JIOXKEHHUSI PaBHOJEHCTBYIONIEH, BBI3BIBAIOIICH I1O-
CTYTATENBHOE MIEPEMEIICHHE IIITaMIIa, OTPEACITUT-
cs 13 GopMyITBI

1. 2n-1
e=—>» X C. 11
R; "o (11)

Ha puc. 7 npuBeneH rpapuk pacrpeacacHus
KOHTAKTHBIX HAIPSDKEHUH TOJ| HITAMIIOM TIPU €ro
MOCTYTIATEIBHOM TepeMernennn mpu a = 0 u b = h.
Take mnonyueHo e =0,6539h. TIlpu pacuete
HITaMI pa30UBaNICs Ha JACCATh YUACTKOB.

R

h

s /
——3,0 /
—25 /
20 /
71’5 /
10 /

0,2 0,4 0,6 0,8 «x/h
Puc. 7. Pactipenenenne KOHTaKTHBIX HAIPSXKEHUH
MO/ IITAMIIOM TIPH €r0 MOCTYNATEIbHOM NepEMEICHUH

Fig. 7. Distribution of contact stresses
under stamp during its translational movement
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BBIBOJ]

[IpemioskeHa HecnoXHas METOJUKA pacyera
HmITamMna Ha ynpyroi nosynonoce. OHa OCHOBaHa
Ha crocobe b. H. XKemouknHa u mo3BoisieT pac-
CUMTHIBATh TaKke OaJKM KOHEYHOW >KECTKO-
CTH, PAacHoOJOKEHHBIE Ha YNPYro MOJIYyHoJoce.
Jns 3TOTO B BBIp@XKEHUAX I KOIPPHUIHUEHTOB
1 CBOOOIHBIX WieHOB crucTeMbl (10) HEoOXommMo
M00aBUTH CllaraeMble, YYHUTHIBAIOIIEE H3THOHYIO
skecTkocTh Oanmkn [13]. TlomydeHHbIE pe3ynbTaThl
MOT'yT HaWTH MNPUMCHCHHUC B MAllIMHOCTPOCHUU.
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OcHOBBI pacyeTa ¥ NIPOEKTHPOBAHNS
JABYXKOJIOHHBIX IBYX(HWILTPOBBIX BOA03a00PHBIX CKBAKUH
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Pedepat. [Ipusenen 0630p U3BECTHBIX KOHCTPYKIMH BOZ03a00pHBIX CKBaXHH. IIpeanoxeHa HOBas KOHCTPYKLHUS IABYXKO-
JIOHHON NBYX(HIBTPOBOH BOA03a00PHOI CKBa)XKMHBI, B KOTOPOH (PUIBTPBI yCTPAUBAIOTCS B JjBa SIPYCa, YTO TO3BOJIUT TOBBI-
CHUTh BOJO03aXBaTHYIO CIIOCOOHOCTH M YMEHBIIHTh CKOPOCTH (DMIBTPAIMM HA MOAXOMAe K (HUIbTpaM. JTO, B CBOIO OUYepelb,
CO37IaCT YCJIOBHS I CHIDKEHHS IOTEePh HAllOpa M YMEHBIICHHS OHIDKCHHS B CKBaXXHHE, 00ECIIeUHBasi CHIDKEHHIE ce0eCTOH-
MOCTH J100bIBaeMOil BOIbI. JlaHHas KOHCTPYKLUsS COBMeENIaeT B cebe OAHOBPEMEHHO pabOodyl0 M PE3epBHYIO CKBaKHHBL,
HaXOoJSIIHECS] B OHOM OypOBOM CTBOJIE, YTO MOBBIMIAET €€ HAJEKHOCTh, JIOATOBEUHOCTh U OeCrepeO0HHOCTh MOJadH BOJBI
norpeduremo. [IpexcraBnena MeToauka paciera 'HAPABINIECKHX NTapaMETPOB JABYXKOJIOHHOH NBYX(MIBTPOBOH BO03a00p-
HOU CKBaXXMHBI, KOTOpast 6a3upyercs Ha 3aBHCHMOCTSX JUIS pacdeTa OCHOBHBIX I'€OMETPHYECKHX Pa3MepoB IIPH 33TaHHOM
MPOEKTHOM IeOUTE U TMAPOTeOJOTHUECKUX XapaKTePUCTUKaX BOJOHOCHOTO IUIACTa, a Takxke (GopMysax Juisl ONpeAeNeHUs
MOHIKEHHSI B CKB)KMHE HA 3aJaHHBINA CPOK AKCILTyaTaIluu MpU paboTe OJHOTO U ABYX HACOCOB OJHOBpEMEHHO. M3mokeHbI
OCHOBBI IIPOCKTUPOBAHUS CKBa)KUHBI IIpeAIaracMod KOHCTpyKuuH. PaccMoTpeH mpumep pacuera Ui HOBOM KOHCTPYKLIUH
CKBaXXMHBI B3aMEH CHU3HBIIIEH CBOH yJeIbHBIN NEOUT CYIIECTBYIOMIEH THITOBOH CKBAKHHBL

KiroueBbie ciioBa: B0OJ03a00pHAsi CKBOKWHA, KOJBMATaIWsl, BOAOCHAOKCHUE, MPUPIIBTPOBAs 30HA, TaMIIOHAX, TUAPO-
JMHAMHKa

Jas uutupoBanus: OCHOBBI pacyeTa M MPOEKTUPOBAHUS JBYXKOJOHHBIX ABYX(GHIBTPOBBIX BOJ03a00PHBIX CKBAXHH /
B. B. UBameukun [u ap.] / Hayka u mexuuxa. 2021. T. 20, Ne 5. C. 410-419. https://doi.org/10.21122/2227-1031-2021-
20-5-410-419

Basics of Calculation and Design of Two-Column Two-Filter Water Intake Wells
V. V. Ivashechkin®, J. A. Medvedeva®, A. N. Kondratovich?, E. S. Satsuta”

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper provides an overview of the known designs of water wells. A new design of a two-column two-filter
water intake well has been also proposed, in which the filters are arranged in two tiers. This will lead to an increase in water
intake capacity and will reduce the filtration rate on the approach to the filters. This, in turn, will create conditions for redu-
cing head losses and will make it possible to reduce drawdowns in the well, ensuring a reduction in the cost of produced wa-
ter. This design combines both working and reserve wells located in one borehole, which increases its reliability, durability
and uninterrupted water supply to the consumer. A method for calculating the hydraulic parameters of a two-column two-filter
water intake well is presented in the paper. It is based on dependencies for calculating the main geometric dimensions
for a given design flow rate and hydrogeological characteristics of an aquifer, as well as formulas for determining a decrease
in a well for a given period of operation when one and two pumps operate simultaneously. The basics of designing a well
of the proposed design are outlined in the paper. The paper considers an example of calculation for a new well design instead
of an existing typical well that has reduced its specific flow rate.

Keywords: water well, colmatation, water supply, near-filter zone, grouting, hydrodynamics
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BBenenne

Bono3abopHbie CKBaXXUHBI SBIISIOTCS HAaUOO0IEe
pacipoCTpaHEHHBIM THIIOM BOJONPHUEMHBIX CO-
opyxeHui Bo BceM mupe. OCHOBHBIE TPeOOBAHMS
K CKBa)XHMHE 3aKJII0YaloTca B ciieaylomeM. Bogo-
MPUEMHAsl €€ YacTh JOJDKHA OKa3hIBaTh HAUMCHb-
II1ee COMPOTHUBIIEHNE IIPH BXOJ€ BOJABI B CKBAKHUHY
13 BOJOHOCHOTO IIIACTa; QPHIIBTP HE JOJKEH OBITH
MOJIBEP)KEH MEXaHUYCCKOW WM XUMHUYECKOU
KOJIbMATaIuH, a TAKKE JIOJDKCH ObITh YCTOHYHUBBIM
MIPOTUB KOPPO3HH.

M3BecTeH psi TUIOBBIX KOHCTPYKIMI BOAO3a-
O0opHbIX ckBaxkuH [1-3]. KOHCTPYKTHBHO THITOBas
CKBa)XMHA Ha BOAY COCTOUT M3 OJHOM SKCILTyaTa-
[MUOHHOW KOJIOHHBI, KOHAYKTOpPa, TEXHUYECKHIX
KOJIOHH TpyO, HEMEHTHOW 3amuThl u (QrisTpa.
OTH 3IEMEHTHI PUMEHSIOT B TOM WX WHOM COYe-
TaHUM B 3aBHCHMOCTH OT BBIOpaHHOTO crocoba
OypeHHs, TIIyOWHBI CKBa)XXHHBI, THAPOTEOIOTHYE-
CKHX YCIIOBHA MECTHOCTH, TPEOOBAHM JKCILTya-
Tallid M CAaHUTAPHOHM 3alllUTHI, a TAKXKE IIEJICBOTO
HA3HAYCHUS CKBAKUHBI.

IIpu uHTEeHCHBHOU pabote Bozjo3abopa (GuibTp
CKB&KHMHBI C TEYEHHEM BPEMEHH HauMHAET KOJIbMa-
TUPOBAThCsl. OCOOCHHOCTH MPHUTOKA BOJBI B (PHIILTP
B0J103a00pHON CKBa)KHHBI, CBSI3aHHBIE C HEpPaBHO-
MEPHOCTBIO Harpy3KH €ro BOJONPHEMHOH MOBEpX-
HOCTH TI0 BBICOTE, IIPEIONIPEACITAIN HEOOXOTMMOCTD
TaKOr0 KOHCTPYKTHBHOTO WX BBITIOTHEHHUS, KOTOPOE
B ITOJTHOHM Mepe oOecreurBaio OBl KalTaXX BOJIOHOC-
HOTO ITacTa Mo BCeH MOIITHOCTH.

Jns  wHTeHCH(UKanMKU BOJOOTOOpPA, KOTAA
TpeOyeTcs MONyYUTh MAaKCHMAaIbHYIO MPOU3BOIM-
TEJILHOCTh B 33JJaHHOW TOYKE BOJOHOCHOTO ILIa-
CTa, a TaKXe BBIPOBHATh HArpy3Ky Ha (QUIbTP
Mo BCEH ero BBICOTE, MpEeUIOKEeHa pazpaboTaH-
Hasg B. Il. TkaueHKO CKBa)XXMHAa JBYXKOJOHHOM
KoHCTpykimu [4]. HemocratkomM paHHON KOH-
CTPYKIIUH SIBJISETCS TO, YTO MPHU KAIUTAILHOM pe-
MOHTE TaKOW CKBXKHHBI HEBO3MOXKHO W3BJIECUYh U
3amMeHuTh ee GuibTp. [losToMy B ciyuyae 3HAYH-
TEJILHOTO CHIKCHHUS MPOU3BOJUTEIHHOCTH, KOTJIA
TEKyIFe PEMOHTHI OKa3bIBAtOTCS Hed(P(EeKTUBHBI-
MH, 3Ty CKBOXHUHY TaMIIOHHUPYIOT U mepeOypuBa-
10T, YTO CY>KaeT 007acTh e MPUMEHEHHS.

Jns  BogOCHAOXXEHUST MOTYT TPUMEHSTHCS
Takxke OecpUIbTPOBbIE MHOTOCTBOJIEHBIE CKBAXKHU-
HbI, OCHOBHBIM KOHCTPYKTHUBHBIM OTJIMYHEM KOTO-
pBIX SBISETCS HAJIM4YUEe BOJONPUEMHON KaBep-
HBl [5, 6]. Ilpu skcmiyaranuu OecUIBTPOBBIX
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CKBaXMH HE00XOJIMMO YUUTHIBATH BEPOATHOCTD HX
BPEMCHHOI'O II€CCKOBaHUA B II€EpHUOA IIyCKa WA
OCTaHOBKH FHYGI/IHHI)IX HacocoB. WX Hemp3s
ycTpauBaTh HpPU NPEANOaraéMoM HpOrpeccupy-
IOIEM CHIDKEHHH MbhE30METPHUYECKHX HAaropoB
KaIllTUPYEMOI'0 BOJOHOCHOI'O IIIacTa, TaK Kak 3TO
MOJKET BbI3BaTh 00OpyleHue kposiu. Kpome Toro,
YCTPOHCTBO OecUIBTPOBBIX CKBaXXUH IO BIHSA-
HUEM CpabOTKH 3aI1acoB MOJ3EMHBIX BOJ U BBIHOCA
3HAYUTENFHBIX 00BEMOB MOPOJ MpPU pa3MbIBE Ka-
BEPHBI MOXET BBI3BAThH JIOKAJbHbIE IPOCAAKH IIO-
BEPXHOCTH 3€MJIM, YTO SABJISIETCS BechbMa HeOnaro-
NPUATHBIM IIporieccoM. Bce 3To HakmaabiBaeT psj
OTpaHUYEHUHA U CyKaeT 00JIaCTh MPUMEHEHHS Ta-
KHUX CKBAXHH.

Cpok ciry>kObI CKBKHH HAIIPSIMYIO 3aBHUCHUT OT
CyMMapHOTO KOJHMYEeCcTBa MpOLICALEH uepes
¢wieTp Boapl. HecMoTpst Ha mpHMeEHEHHE Mepo-
HNPUATHH [0 pereHepanuu (QUIbTPOB, OTIOKEHUS
HaKaIUTMBAIOTCS W HE yIAJAIOTCS Ipu 00paboTKax.
Brimeantyro u3 cTposi CKBaXMHY TaMIIOHHPYIOT,
COOPY’KAIOT HOBYIO, @ B 3KCILIyaTHPYEMOM IIOJI-
36MHOM T'OpPHM30HTE OCTAIOTCS KOPPOAUPYIOLIUE
METAJUIOKOHCTPYKIMHU. OTO YKa3blBaeT Ha HEIO-
CTaTOYHYIO 3PPEKTUBHOCTh HMEIOMINXCS METOJIOB
pereHepanyy u HeIOJITOBEYHOCTh CYLIECTBYIOIINX
THUIOBBIX KOHCTPYKUMH CKBaXHH. lloaromy st
MOBBIILIEHHUS HAAEKHOCTH U JOJIFOBEYHOCTH BOJO-
3a00pOB MOJ3EMHBIX BOJ U o0ecredyeHus Oecnepe-
OOIHOM TOJa4M BOJIBI TIOTPESOUTEITIO YacTO TPEeAy-
CMaTpPUBAIOT YCTPOMCTBO IBYX BOZ03a00PHBIX
CKB)XWH — OCHOBHOW M PE3epBHOM, pabOTAIOINX
noouepeqHo W Onarogapsi 3TOMYy HMEIOUIMX TIO-
BBIIICHHBIN CPOK CITYKOBI [1].

B BHTY pazpaboraHna KOHCTPYKLHUS IBYXKO-
JIOHHOHM JBYX(HJILTPOBOM BOJ103a00PHON CKBaXH-
HBI TIOBBIIIEHHOW HaJieKHOCTH [7]. B ornuuune ot
W3BECTHBIX [IByXKOJIOHHBIX CKB)XMH IIpeJyiarae-
Masi KOHCTPYKITUSI UMeeT ABa (GUIbTpa M crocoOHa
COBMeIaTh B cebe OJHOBPEMEHHO padovyIo U pe-
3epPBHYIO CKB)KMHBI, HAXOJSIIUECS B OHOM Oypo-
BOM CTBOJI€, YTO IOBBIIIAET €€ Ha/lIeKHOCTh, JO0JI-
TOBEYHOCTh W OecrepeOOoiHOCTh TOJIaYd  BOJBI
norpeburemo. llpuMeHeHne KOHCTPYKLUMH ABY-
CTBOJIBHOM CKBaXXMHBI IO3BOJISET:

— YBEIIMYUTH CPOK CIYKOBI paboueit u pe3eps-
HOW CKBaXWH 3a c4eT () (EeKTUBHON pereHepanuu
X (QUIBTPOB, pa3MENIeHHBIX B OIHOM OypOBOM
CTBOJIE BMECTE€ C UHUPKYJSIHOHHBIMH TPyOKamu,
KOTOpBIE CITy>Kat Jyisi o0ecriedeHrs IMPKYIISIIIHOHHO-
peareHTHO 00padoTKH;
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— OCYIIECTBIIATEH OecTiepeOOMHYIO IToady BOIBI
MOTPeOUTENI0, UMesl B KaXKIOM CTBOJIE OTAETHHBIN
3IIEKTPOHACOCHBIH arperar;

— YCTaHOBUTH B CKBaXMHE JIBa HACOCHBIX arpe-
raTa, KOTOpbleé MOTYT MMETh Pa3HylO0 MPOU3BOIM-
TEJIBHOCTh, TEM CaMblM oOOecreuuBas BO3MOXK-
HOCTB CTYIIEHYATOTO PETyINPOBaHUS;

— YMCHBIIWTL IUIOMIAAN OTUYXOAAa€MBIX I10[]
CTPOUTENLCTBO 3€MEllb, TaK Kak pabodas U pe-
3epBHAasI CKBaXXHHBI COOPYXAIOTCS B OJIHOW CaHU-
TapHOMU 30HE;

- 06eCHe‘II/ITI) CHIDKEHHE KaIlUTAJIOBIIOKECHUI
M0 CPaBHEHUIO C COOPYKEHHEM JBYX OTAEIHHO
PacCIiojIOKCHHBIX CKBAaXXHUH (OZII/IH IIaBUJIBOH BMC-
CTO JIBYX, OJIHA OypoBas IUIONIAJKa BMECTO JIBYX,
MEHbIIIAs JJIMHA KOMMYHHKAIUHA U T. 11.).

B nureparype oTCyTCTBYeT METOJMKA pacueTa
JIBYXKOJIOHHBIX JIByX(UIIBTPOBBIX BOJ03a00PHBIX

CKB&)XWH, 4YTO CHEPKMBAECT MX IPUMEHEHUE Ha
npakTuke. I103TOMy LEIbI0 UCCIEIO0BAaHUN SIBIIS-
jachk pa3paboTKa OCHOB pacyeTa M NPOEKTHUPOBa-
HHS OJ00HBIX CKBaKHH.

KoHcTpykuust cKBaKHHbI

CkBaxwuna, pazpadorannas B BHTY (puc. 1),
COCTOMT HU3: KOHIOYKTOpa C 3aTpyOHOIl LieMeHTa-
[UEH; IepBOro CTBOJA, UMEIOLIETO B CBOEM COCTa-
BE€ DKCIUTyaTallHOHHYIO KOJIOHHY, GUIBTp ¢ pado-
Yel 4acThl0 M OTCTOMHHMK; BTOPOTO CTBOJIA, WMeE-
IOLETO B COCTaBE HKCIUIYaTALIMOHHYIO KOJOHHY,
¢uIIbTp ¢ paboueit YacThi0 U OTCTONHHK; BEPXHETO
W HIDKHETO COCTUHHUTENILHBIX MaTpyOKOB; TPaBUi-
HOM OOCBINKH, IMECYAHOW 3aCBHIIKK, TJIUHIHOIO
3aMKa; 3aKa4HBIX TPYOOK c mepdopaiueil, BhIIo-
HEHHBIX HAIPOTHB pabovell 4acTH QUIIBTPOB.

o%

AR

"L/
SS

b-b
15 19
& @
14 17
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15 19
& @
w (1T e
%\

Puc. 1. KoHCTpYKIUS ABYXKOJIOHHOH IBYXYPOBHEBOI BOJJ03a00PHON CKBAKUHBL: 1 — KOHIYKTOD; 2 — 3aTpyOHast IEMEHTAIVS;
3, 6 — 3KCIUTyaTallMOHHAs KOJIOHHA IIEPBOTO U BTOPOTO CTBOJIOB; 4, 7 — pUIITp IEPBOTO M BTOPOTO CTBOJIOB C paboueil 4acThio;
5, 8 — OTCTOMHHK IIEPBOTO ¥ BTOPOro cTBONOB; 9, 10 — BepXHUil U HUKHHUN cCOeAMHUTEIbHbIC NaTpyOKu; 11 — rpaBuiiHas oOcChInKa;
12 — necuanas 3acpInka; 13 — rIMHAHBI 3aMoK; 14-19 — 3akaunble TpyOKH; 20 — nepdoparms

Fig. 1. Construction of two-column two-level water well: 1 — conductor; 2 — annular cementation;
3, 6 — production casing of the first and second wellbores; 4, 7 — filter of the first and second wellbores with working part;
5, 8 — sump of the first and second wellbores; 9, 10 — upper and lower connecting pipes; 11 — gravel packing;
12 — sand filling; 13 — clay lock; 14-19 — injection tubes; 20 — perforation
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B ckBaxxnHE CMOHTHPOBAaHBI JBa Hacoca IO
OJHOMY B KaXKJIOM 3KCIUTyaTallHOHHON KOJIOHHE.

Mg mpoBefeHust NEKOIbMATAIMKM KAXKIOTO W3
TpaBUHHBIX (HUIBTPOB MPEIYCMOTPEHA CHUCTEMa 3a-
TpyOHOH pereHepanyy, BKIIOYAMONas HarHETaTelh-
HBIC TPYOKH JJIS CO3JJaHUS ITUPKYJISIIIAY PEearcHTa.

OcHOBHBIE PacCu€THbIC 3ABUCUMOCTH

Onpedenenue Oaunvl paboueil yacmu Guiom-
pa. Ucxons u3 Toro, 4to 00a (UiIbTpa TUAPABIIN-
YEeCKH CBS3aHbl MEXIy COOOH C IOMOIIbIO BEpXHEe-
IO W HIDKHETO COCIAMHUTEIbHBIX MaTpyOKOB, MpHU
WHAUBHIyabHOW paboTe Ir000r0 W3 HACOCOB
Oynyt paborath 00a (uiabTpa. DTO 3HAYUT, YTO
paboyvas qmHa GuibTpa |, Tpu MHANBHTYaTBHOM
paboTe Hacoca ornpenenuTcs o popmyse

1y =1y + 1y, )

rae lgi, lgo — nmuna Quastpa nepsoro u BTOpOro
CTBOJIOB.

Jnuny pabodeil yacTu QUIBTpa MPHHUMAEM U3
yCIIOBUSL 00ECIIEUCHUsT TOMYCTUMON CKOPOCTH BO-
JIbl HA BXOJIE B HETO Vg 5on M ONPEJIEISAEM 10 3aBU-
cuMocTH [3]

o = @
70 Ve on

rne Q. — pacueTHas TPOWU3BOJUTEIHHOCTh CKBa-
JKUHBI, M3/cyT.; dy — BHEIIHMI IHaMeTp TpaBHitHO-
ro QuIbTPa CKBAKHUHBI, M; Vg ,on — JOIMyCTHMAs
CKOPOCTBH BOJBI HA BXOJIE€ B (DHIIBTP, M/CYT.

IIpu OTCYTCTBHH JOCTOBEPHBIX AAHHBIX O CO-
CTaBe BOJOBMEUIAIOLINX MOPOJ JOMYCTHMYIO CKO-
pOCTh Ha BXOJZle¢ B (PMIBTP OMPEIEISIIOT 1O TPH-
ommxennoit popmyne C. K. Abpamona

Vi zon = 65K, ©)

rae K — koo duimenT GuIbTpaME BOTOHOCHBIX
MTOPOJI TIIacTa, M/CyT.

st TpaBUiiHBIX (DUIBTPOB MCIOIB3YIOT 3aBH-
CUMOCTD

dcp.rm
Vipnon =1000K | —— 1|, (@)
cp.obc

rae Aepus Aeposc — CPEOHUN THAMETP YaCTHIL IUIA-
CTa U OOCKIIKH.
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Pacuem nonuoicenust ypoers 800vt 6 cxgaicumne
npu pabome 00Ho20 Hacoca. [loHWKEeHUE B CKBa-
JKUHE C TIOCTOSIHHBIM JICOMTOM MOKHO OIPE/IEIUTh
o popmyne [8]

R
Qc In?+C1+C2
0

27km

So = , ®)
rae fo — paanyc CKBaXHHBI, R — paauyc BiIusSHHS
CKB@)XHHBI, KOTOPBIA B MpEIBapUTEIbHBIX pacue-
Tax MPUHUMAETCS B 3aBHCUMOCTH OT KPYIHOCTH
YJaCTHI[ BOJOHOCHBIX IMOPOJ IUIACTa: JJIsl TecKa:
menkoro (d = 0,10-0,25 mm) R = 50-100 M, cpen-
meit kpymuoctu (d = 0,25-0,50 mm) R = 100-300 M,
kpymHoro (d = 0,5-1,0 mm) R = 300-400 M, rpaBe-
gucroro (d = 1,0-2, 0 mm) R = 400-500 ™m; mis
rpasust: Menkoro (d = 2,0-3,0 mm) R = 400-600 M,
cpemrero (d = 3,0-5, 0 mm) R = 600-1500 M, xpym-
Horo (d = 5,0-10,0 mm) R = 1500-3000 m [3]; 1 —
MOMpaBKa HA HECOBEPIICHCTBO CKBAXKHMHBI IO CTE-
neHu Bekpeitus miacta (ly/m); &, — To xe mo xa-
pakTepy BCKpPBITHsI TUIACTa, YIUTHIBAKOIIAS JOTIO-
HUTEIbHOEC (PUIBTPAIMOHHOE COMPOTUBIICHHE;
M — MOIIHOCTH TIACTA.

B [8] mpuBenmens! 3HaueHus: mompaBku (; =
= f(lo/m; m/re) xkak misa cimydaes, Korga BOIONPH-
eMHasl 4aCTh CKB)XHHBI IPHUMBIKAET K KPOBJIC MU
MOIOIIBE TJIACTA, TaK W ISl CIyYacB PacrojioKe-
HUSI TPUEMHON Y4aCTH MPHOIU3UTENBHO OCPEINHE
mwracta. IlompaBka £, MokeT OBITH TPUONMKEH-
HO oOmpelelieHa M0 MpeoOpa3oBaHHON (opmy-
ne C. K. A6pamona [3]

0,2Ak%m
QZ = Q Y, SOVc[).}.Ion ! (6)
c

rae A — mapamerp (QUIBTPAIIMOHHOTO CONPOTHUB-
JICHHsI, KOTOPBIA MOXET MPUHUMATHCS B Tpeae-
nmax: 6—8 — ans OpIpyaThIX M LIENEBBIX (WIIb-
TpoB, 8-10 — s KapKacHO-CTEPKHEBBIX (UIIb-
TPOB C IPOBOJIOYHOW OOMOTKOW W TpaBUHHOU
oOcpimkoit, 10-15 — ansg ¢uneTpoB M3 mrammo-
BaHHOTO JIUCTa C IE€CYAHO-TPAaBUIHON 0OCHIII-
KoM, 15-25 — i ceTuaThix pUIBTPOB.

HauanbHplii IUHAMUYECKUH YpOBEHb BOJBI
H 120 B CKBOXHHE TIPH 3TOM OyIET HaXOOUTHCS
Ha riryOuHe
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H}ZlI/IH.Ha'-I = HCT + SO! (7)

rae H.; — craTiueckuii ypoBeHb BOJIbI B CKBaKHHE.
IIpu mmrensHOW paboTe CKBaKHHBI C TOCTO-
STHHBIM JIEOMTOM €€ paJinyc BIUSHIS BO3pAcTaeT 3a
CYeT CpabOTKH 3allacoB MOJ3EMHBIX BOJ| B ILJIACTE.
ConpoTHBIICHUE IIIaCcTa, XapaKTepPU3yeMOe BEIH-
yuno# IN(R/ry), MOCTOSHHO YBENMWYMBAETCS, TO-
3TOMY TUHAMHYECKUH YPOBEHb B CKBaKHHE OyaeT
noHmxkaTscs. Ilpu pacdere AOMOTHUTENHFHOTO TIO-
HIDKEHHS YPOBHS Soi B HECOBEPIIEHHOW CKBa)KHHE
Ha 3aJaHHBIA CpPOK JKcruryatamum (I = 25 jeT)
OTPAaHUYMBAIOTCS OLIEHKOH COMPOTUBICHUS TOJIHKO
Mo cTereHu BCKphITUsA miacta (C; = 0) 1 ucmonb-

3y10T (hopmyiy [8]

_ Qc ( RcO + Cl)
ot = Arkm ®

rae Re — 6e3pa3sMepHOE COMPOTHUBIICHUE TIPH JIEH-
CTBUU COBEPIICHHOW CKBaXKIHBI.

Bemuunay  Ge3pa3MepHOTO  CONPOTHBICHUS
HAXOMT 1o hopmyIie

Ry =2Ino, )
fo

rae I, — mapameTp, 3aBUCSIIHNA OT BPEeMCHH,

r. =15at, (10)

rae a — ko3 (QUIMEHT MbE30IPOBOTHOCTH TIIACTA,
a = km/p; p — koadpuumeHT ynpyroit BogooTna-
4y;  — CPOK IKCILTyaTallui CKBaKHHBI,

Koneunslii tuHaMu4YecKuid ypoBeHb MPU 3TOM
OyJeT HaXOUThCS HA TTTyOUHE

HHI/IH.KOH = HHI/IH.Ha‘I + SOt' (11)

[Ipu M3BECTHBIX THIPABIMYECKHUX TapamMeTpax
OTIOPHBIX CKBaXUH B pallOHE CTPOUTEIHCTBA pac-
YeTHOE pabouce TOHKEHUE ONPEILIITIOT Yepe3 UX
CpEeTHHI YACIBbHEIN NeOuT (|

5 =Q./q. (12)

Pacuem nonuicenust yposHs 600bl 8 CK8ANCUHE
npu 00Ho8pemenHou pabome 08yx Hacocos. Ecin
JIBa Hacoca paboTalOT OJHOBPEMEHHO, KaXIbIH U3
CTBOJIOB pabOTaeT KaK CaMOCTOSTENIbHAS CKBAXKH-
Ha. CTBOJI ¢ BepXHMM (WIBTPOM B JalbHeHIem
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OylmeM MMEHOBAaTh BEPXHEH CKBAXKHMHOW, a CTBOJI
C HIKHUM (UIBTPOM — HIDKHEH. XapaKTepUCTH-
KaM BepXHEW CKBaXWHBI TNPHUCBOUM HWHACKC I,
a HmxHer — wHnmekc Il ns pacdera moHmke-
HUH S| U S); B 00€MX CKBaO)KWHAX MPU OJHOBPEMCH-
HOW paboTe ABYX HacocoB ¢ momadamu Q, m Q
COOTBETCTBCHHO TPHUBEACM IPEIaraeMyr KOHCT-
PYKITHIO K pacueTHOU cxeme (puc. 2), TIe YCIOBHO
puMeM, 9TO (QWIBTPEI O00OMX CTBOJIOB HMEIOT
00IITyI0 BEPTUKATLHYIO OCh.

Qi+ Qu
i
ojst i
4 @ | —
\ %
S
__(din
5 T R
! Q
o
-Q= —
i £
Qu ®
M Bogoynop

Puc. 2. PacueTHas cxema IByXypOBHEBOI CKBaKHHBI

Fig. 2. Design scheme of two-level well

Koryia BOJOHOCHBIM MiacT MMEET BOJOYIIOP,
T. €. 1Ba (hUiIbTpa paboTaroT B OJHOPOIHOM BOO-
HOCHOM IIacTe, MOHWKEHNE YPOBHS BOJBI B BEPX-
Hell CKBa)XXMHE, B TOM YHWCIIE TIOJl BIUSIHAEM pabo-
THI HIDKHEH, MOXeT OBITh MPEICTaBICHO B CIEIy-
forem Buze [9]:

Q R
=—LIn—+¢ +o, | 13
> km ro G +oy (13)

S
rae rp — paguyc GuibTpa;  — HONOIHUTENLHOE
CONMPOTHBJIEHHE HAa HECOBEPIIEHCTBO BepXHei
CKBAKHHBI; @y — KOO((HIMEHT, CBA3aHHBII C BIIH-
SIHHEM HIKHEH CKBa)KUHBI.
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I[OHOJIHI/ITCJII)HOC COITPOTHUBJICHUEC

-1 |
CI:_. In——S y (14)
c Iy
m-b |
rae = f (b} 1); b'= Lol'=-"L; b =c +I, -
m—I,
pacCTOsSIHUE HIDKHETO KOHIA BEPXHEro (UIIbTpa OT
. C+
KpOBJIM II1aCTa, C =——0.
C

Ilpunss z =b,, 3HaveHue @) NpeacTaBUM B
CIIEIYIOIIEM BHIE:

1,15( m R?

bt log— |, 15
Oy ~ L Cy + gBu (15)

b2_b2
pie By =(2m-b)(m+b); Gy =logt— L+

n =9

2m-c, —b
+|092|’n_—b::_b:’ b” :C“ +|” (pI/IC 2)

Ecnmu pnuHa (UIbTpa HIDKHEH CKBaXKMHBI |
HEBEJIMKa 10 CPaBHEHHWIO C MOIIHOCTHIO BOJO-
HOCHOTO TITacTa, BTOPBIM ClIaraeMbIM B YpaBHE-
HUU 10 ompeaeneHuio C; MOXHO mpeHeOpedb,
T. € C —|09M
.e. g, = TR

Ci —by

Takum oOpasoMm, ¢opmyiaa aeOuta BepxHEH

CKBQKMHBI 3aITUIIETCS B CIIEAYIONIEM BHIE:

2nkms,

QI = R (16)
2,3log—+¢, + 9,
r-O
AHaJ’IOFI/I‘-IHI:IM HyTeM MOFyT 6I>ITB HOJ'Iy‘-IeHI:I
(hopMyIibI JJ1s pacyera [eOuTa HUKHEH CKBaXKUHBI

U MMOHWXKXCHUS YPOBHA B HEIi:

2nkms
Qu = R ! ; (17)
2,3log—+¢, + 0o,
fo
R
S :% 213|OQE+CM +o | (18)

rae {; — IOTOTHATENHHOE CONMPOTHBIICHHE Ha HECO-
BEPIICHCTBO HIKHEH CKBKUHBI; () — KO3 uimenT,
CBSI3aHHBIN C BIMSHUEM BEPXHEN CKBaKHUHBI,
2
m R
¢, =1,151 I—C, + Iog—B , (29)
|
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B, =(2m—c,)(m+c,);

2 B2
Q,zlogc” b +log

2m-c, —¢,
¢ —cf 2m-b, —¢,

Ecmu anmuna (QuibTpa BEepXHEH CKBaXXUHBI ||
MaJia 10 CPaBHEHHIO ¢ MOIIHOCTHIO BOJOHOCHOTO
IIacTa, TO BTOPBIM CllaracMbIM B ypaBHEHUH
o omnpeneneHuio §; MoxkHO nperedpeys. Tormaa

Ipumep. TpebyeTcsa 3anpoeKTHPOBATH ABYX-
KOJIOHHYIO CKBQ)XHHY B CaHATOPUHU-TIPO(UIAKTO-
puu BHTY, xortoperii mHaxomutcs Ha Oepery 3a-
ciaBckoro BojoxpaHmmiia B 10 kM oT r. MuHCKa,
BOmm3nu n. IlpuMopbe MuHCKOTO paiiona. 3aech
¢ 1966 1. ’KcIUIyaTHpyeTCcs OJNMHOYHAS THITOBAs
Boji03a0opHas ckBakuHa Ne 13642/66 mpon3Boau-
TETBHOCTHIO Q = 6 M°/d, 3HAUNTEIHHO CHU3MBIIAS
CBOU YJAEIBHBIM AEOWUT, YTO MPUBENIO K POCTY 3a-
TpaT 3IEKTPOIHEPTUU HA MOIBEM H IOJIa4y BOJIBI.
3TO BBI3BAIO HEOOXOJUMOCTH €€ 00CIe0BaHMS
C UENbI0O OLEHKH €€ TEXHUYECKOTO COCTOSHUS.
[lepcrieKTHBHBIM TUTAHOM pPa3BUTHSl CAHATOPHSA-
MPOGUIAKTOPHS TPEAYCMOTPEHO CTPOUTEIHCTBO
OacceifHa M BTOPOTO XUJIOTO KOPIIyca, 4TO MOTpe-
OyeT yBeITMYEHUS NPOU3BOAUTEINBHOCTH CKBaXKU-
Hbl W MOJEPHHU3AIMU CUCTEMbI BOJOCHAOXKEHUS
ca"atopus. [Ipon3BOANTENHLHOCTh TPOEKTUPYEMOM
CKBaKHHBI IprHAMaeM Q.= 15 m*/4 = 360 m*/cyT.

KoHCcTpyKIIMu CyIliecTBYyIOe U MPOEKTUpYE-
MO OYpOBBIX CKB)KHH TMPEJICTABIICHBI HA PUC. 3.

I'myOuHa CyIIECTBYIOIICH CKBa)XKHHBI 39,5 M.
OnHa KanTHpyeT BOMY M3 BEPXHUX YETBEPTUUHBIX
OTJIOKEHHH, IPEJCTABICHHBIX AHETIPOBCKO-COMKCKUM
BOJIHO-JICJTHUKOBEIM KOMIUIEKCOM, KOTOPBIH pac-
npoctpaneH Ha rayoune ot 12,0 o 39,5 m. Oto-
KEHHS IEPEKPBITHl ABYXMETPOBBIM CJIOEM KpacHO-
ro CyrJIMHKa ¢ BamyHamu B uHTepBasie 10-12 wm.
BoposMmeriaromuye mopoasl MpeCTaBIeHBl Pa3HO-
3€PHHUCTHIM IIECKOM C TPaBHEM M TaJIbKOW B MHTEP-
Baje 12-16 M, rpaBueM C rajabkoil M BaJlyHaMH B
uHTepBane 16-38 M, MEJIKO3EpHUCTBIMH MECKaMU
B unrepnaiue 38,0-39,5 m. BooHOCHBIN TOPU30HT
HAINOPHBINA, CTATUYECKHH YPOBEHb PACIIOJIOKEH
BBIIII€ KPOBJIX BOJAOHOCHOTO TOPHU30HTA Ha OTMET-
ke 10 m.
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Fig. 3. Geological and lithological sections of boreholes: a — existing No 13642/66; b — projected

Pesynbratel

o0ciesoBaHusl  CyILIECTBYIOIIEH

Puc. 3. Teonoro-nmTooriueckue pa3pessl 0ypoBbIX CKBaKHH: a — cymiectByromieii Ne 13642/66; b — npoekrupyemoit

q)I/IJ'II)Tp — B aBapHﬁHOM COCTOSAHUU B PE3YyJIbLTATC

CKBa)KMHBI TIPEICTABIICHEI B Ta0. 1.

3axnouenue no pezyromamam 00Cie008aHUL
ckeadicunbl. [IpOOKUTENBHOCTh PAa0OTHI CKBa-
JKMHBI cOCTaBiisieT 54 rozga, 4uro Oosiee 4yeM B JBa
pasa TpEBBINIACT HOPMATUBHBIN CpPOK JKCILTya-
TalMd TOAOOHBIX coopykeHui (25 mer). 3a 3TOT
NepUOJ| YACIbHBIH JCOUT CKBKHHBI CHH3HJICS
¢ Jo= 10,00 1o g, = 0,46 M4, T. e. B 21,7 pasa.
[Ipon3ornuto 3HAYNUTENEHOE CHUXCHHE JUHAMUYC-
CKOT'O YPOBHSI BOJIBI B CTBOJIC CKBaXKHHBI, YTO MPHU-
BEJIO K POCTY 3aTpPaT SJICKTPOIHEPTUU Ha MOIABEM
Bojibl. CkBaxkuHa paboTaeT HEAPPEKTUBHO BCIC-
CTBHE TOTO, YTO Ha HEW HE MPOBOJUIUCH Pabo-
Thl 10 BOCCTAHOBJICHUIO TPOU3BOJUTEIBHOCTH.
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KOPpPO3WH JIATYHHOTO CETYaToro MOJIOTHA, Haxo-
ISIIerocs Ha TpyOdYaTOM JBIpYaTOM KapKace.
MoXHO Takke KOHCTaTUPOBaTh, UYTO MPOBEICHUE
paboT MO BOCCTaHOBJICHHIO TPOHM3BOIUTEIEHOCTH
CKB)KMHBI B HACTOSIIEE BpeMsl HEIEIEecO00pas3Ho,
TaK KaK CBSI3aHO C PUCKOM Pa3pyILICHUSI CETUYATOTO
(¢unpTpa M3-32 €r0 €CTeCTBEHHOW KOPpO3WH 3a
BpeMms dKciulyaTauuu. JanpHeias sKciyaTauus
CKBRKWHBI CBSI3aHa C e€Ile OOJIBIIUM CHHUKCHUEM
€€ TPOM3BOJIUTENILHOCTH U3-3a MPOTPECCUPYIOIEH
KOJIbMaTaluu (UIbTPa, C BHICOKOW BEPOSTHOCTHIO
€ro paspylieHUs W BBIXOJAa CKBAXUHBI M3 CTPOS.
CkBakMHa TOJIHOCTBIO BBIpa0oTana CBOW pecypc
U TIOJIJICKUT TTepeOypPUBAHUIO.

Hayka
urexHuka. T. 20, Ne 5 (2021)
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Tabauya 1

Pe3y.]'l]>TaT]>l 06cneszaHml CKBaKUHBbI
Well survey results

l'ox crpoutenscTBa — 1966 .

Tun ¢unbTpa — ceTyarsli, ¢ rpaBuitHON 0OCHINKOM, Ha TpyOUaToM epHOpHUPOBAHHOM KapKace

Pa6ounii uHTepBan GpuiabTpa cornacHo nacnopry 29,5-37,5 m, nnuna dunsrpa ly =8 M

Juamerp ¢unsrpa — 168 MM

JlnameTp 3KcIuTyaTalluOHHON KOJIOHHBI — 273 MM

ITapamerp ITacnoprHbIe naHHBIE Pesynprar obcnenoBanus
I'myOuHa CKBaXXMHBI, M 39,5 39,5
CraTuyeckuil ypoBeHb, M 10 10
JluHamuueckuil ypoBeHb, M 12 23
Jleour, My 20 6
INonwxenue ypoBHs, M 2 13
V nenbHbI qe0UT, M/a/m gJo=10 g:=0,46
H3menenme ynensHOro neduTa, passl 21,7
Tun Hacoca OpmpT SILIB 6-6.5-55
3arpyska Hacoca, M 25,0 24,5
JlnameTp BOZONOABEMHBIX TPYO, MM 114 64
CoCTOSIHME CTaHIMY YIPABICHUS HACOCOM - Y 10BIETBOPUTENBHOE

KoHcTpyk1usi ABYXKOJIOHHON CKBAYKUHbI

Ha puc. 3b mokasan reonoro-iuTonoruueckui
paspe3 ABYXKOJOHHOW CKBaXWHBI. J[1s1 oOecmede-
HUsI OecriepeOOMHOCTH MoAaYM BOABI B MPOQHUIaK-
TOPHUH CKBa)XMHY cHaOxaeM IByMs (MIBTPOBBIMHU
KOJIOHHAaMH, B KaXIOW M3 KOTOpBIX Oyzer ycra-
HOBJIEH MOTPYXHOW Hacoc. DTO TO3BOJSET MpHU
BBIXOJI€ U3 CTPOS OJHOTO M3 HUX BKIIOYUTH B pa-
00Ty JOpyro H OCYLIECTBIATh HENPEPHIBHYIO
nojiady BOABI MOTpeduTeno. DUIbTPHl CMeEIaeM
OTHOCUTENBHO APYr Apyra, 4roObl M3 IUIacTa K
KKIOMY M3 HUX IpH paboTe cBoero Hacoca (hop-
MUPOBAJICSI OTACTBHBIA (QHUIHTPAIIMOHHBIA MOTOK.
Tak xak 00beM BBINAAAIOLUINX U3 BOABI OTIOKECHUH
MIPONOPIIMOHANIEH 00BEMY MpOIIeNIIe yepe3 rpa-
BUIHBIN (GHIBTP BOABI, 3TO MO3BOJIUT CHU3UTH MH-
TEHCHUBHOCTh KOJbMATallMd TPaBUWHOW OOCBHITIKU
HaIpOTUB KXIO0ro u3 (UIBTPOB B IpOLECcCE IKC-
IUTyaTallud M TIOBBICUTH JIOJITOBEYHOCTh CKBaXKH-
HbL. [IpH pacnionoxxeHnu QUILTPOB HAIPOTUB APYT
npyra Oymer (popmupoBatbes oOmuil GrIbTpaIy-
OHHBII MOTOK, YTO MOKET MPUBECTU K UHTEHCUB-
HOMY 3apacTaHMIO MHTEpBaja yCTAaHOBKH T'PABHMH-
HBIX (QUIBTPOB.

Hayka
urexHuka. T. 20, Ne 5 (2021)

bypenue cxeasicunvi. BHagame OypsT pasBe-
JIOYHBIA CTBOJ JMOJI0TOM auameTrpoMm D = 151 mm
Ha TIyOunHy 50 M. ['myOMHA CKBa)KMHBI IPHHAMAET-
cst 39,5 M. PaszBemounsbIii cTBON pa3dypHUBAKOT [0-
J0TOM auaMeTpoM 680 MM OT TIOBEPXHOCTH 3eMITU
IIo TIIyOWHBI 5 M. Y CTaHaBIMBAETCSl CHEMHBIN KOH-
IykTop nuamerpom 630 MM u mimuHOM 5 M. [lanee
CKBaXXHHY OypsaT Ha riyouny ot 5,0 mo 10,5 m
TPEXLIAPOIIEYHBIM JTOJIOTOM JuaMeTpoM 580 mMM.
YcTaHaBIMBAIOT U HEMEHTUPYIOT KOHAYKTOp AHa-
MetpoM 530 MM u mymHON 12 M. 3aTeM B KOHIYK-
TOp OMYCKAIOT TPEXIIApOIIEYHOE JOJOTO JUAMET-
poM 495 MM 1 OypsAT CKBaXXHUHY 10 TIIyOWHBI 39,5 M
POTOPHBIM CIIOCOOOM ¢ 0OpaTHON MPOMBIBKOH. KoH-
CTpyKuusi GUIbTpa NpUHATA B cooTBEeTCTBHU C [10].
Pabouast wacte ¢uiabTpa MNpeACTABISIET COOO0H
TpyOUJaThIii MPOBOJIOYHBIN (QUIBTP C TPyOUaTHIM
JBIpYaThIM KapKacoM guameTrpoM 168 MM c mpo-
BOJIOYHOM OOMOTKOM M3 HEpKaBEIOMICH CTaIN TOJI-
IIMHOHN PO MITbHON mpoBooku 3 MM. HapyxHbIi
nramerp pabodeii yactu ¢unetpa 184 MM, Mapka
¢unprpa OTII-168-3000 B cootBerctBuM ¢ [10],
BeimyckaeT ero OAO «3asox [IpomOypBoI».

BoOHOCHBIN TOPU30HT B BEPXHEN YACTH Clla-
raroT Pa3sHO3EPHUCTHIE MECKU C TPABHEM M rajb-
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KOH, B HWXKHEW — TpaBUHO-TaJE€YHbIE OTIIOXKE-
Hus. Cpeanuii ko3¢ uuHeHT (QUIbTpaluud BO-
JIOHOCHBIX TOPOJ] IUIacTa MpPUHUMAEM I Tec-
KOB CpeIHEH KPYMHOCTH U TPaBEIHCThIX K =
= 30 m/cyr. [8, Tabm. 111.3].

Haxoaum 3HaueHne qOMyCTUMOM CKOPOCTH

Vi on = 653k =65%/30 =357,5 m/eyr.

Jlnuny paboueit yacTi (GuIbTpa pacCUUTHIBACM
1o (2). Tak kak MPOBOJIOYHBIN HUIBTP OOCHIIAET-
Cd CHApYy)XKH TPaBUMHOW OOCBITKOHM, BHEITHUI
auaMeTp rpasuiiHoro ¢uubtpa dy = 495 MM =
= 0,495 M, Torga ero MUHMMAaJIbHAs JIJIMHA
Q. 360

Ly son = = =0,65 m.
Pl Vonon  3,14-0,495-357,5

Y4uuTeIBask HEOJAHOPOIHOCTh COCTaBa BOJIOBME-
IIAFOIINX TTOPOA W BO3MOXKHBIM KOJIBMATaX (hHITb-
Tpa W TPaBUMHON OOCHINKH, C 3allacoM IPUHUMA-
eM ly; = ly, = 4,5 M obmeit mmuHoi |y = 9,0 M. Pas-
MelnaeM nepBbiii GuiIbTp B uHTEpBane 27,5-32,0 m,
BTOpOIf — B mHTEpBaie 33,0-37,5 m.

ITonbop Martepuana mas OOCHINKH TPOH3BO-

D
JMM U3 CooTHomeHus:: —2 =812, rue dso, Dsp —
50

CpeIHUN AMaMETp 4YacTUI] COOTBETCTBEHHO BOO-
HOCHBIX IIOPOJ] U MaTepuana OOChIIIKH.

JonycTiMyro BeTMYMHY 3a30pa MEXKIY BUTKa-
MH TIPOBOJIOKH U3 OIIBITA COOPY)KEHHUSI CKBAXKHUH
¢ TpaBHUITHON 00CHITIKO onpexaersseM 1o [1].

Pacuem nonudicenus yposHs 600bl 8 CKEACUHE.
OmnpepensieM MOHWKEHHE B CKBO)XKUHE IO M3BECT-
HOMY YIEIBHOMY A€OMTYy OIOPHOW CKBa)KUHBI.
VYnenbHeli A€OUT NPUHMMAeM pPaBHBIM IACHOPT-
HOMY CKBakHHBI Ne 13642/66: q = 10 m%/4. CraTu-
YeCcKHi ypoBeHb H.,, corimacHo akTy oOciemoBa-
HUSI, HaXoauTcs Ha Timyoune 10 m.

PacuerHoe pabouee MOHMXKEHHE HPU NPOCKT-
HOM febute Q.= 15 M/4 cocTaBuT

S, =Q./q=15/10=15wm.

HauvanbHbiil JUHAMUYECKUA YPOBEHBb MPU 3TOM
OyIeT HaXOaUThCS Ha TITyOnHe

H :HCT +80:10+115=1115M‘

JIMH.Hay

Koadduument Gpunbrpanru BoIOBMELIAIONINX
mopoa kK = 30 m/cyr. [8, Tabm. I1.3]. TIpoekTHas
MOIIHOCTbH TIECKOB B pacyerax MpUHATA M = 26 M.
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Koadpdumment ynpyroit Bogootmaun pL = 4- 1072
TPUHAMAEM IS TPABEIMCTHIX meckoB [8, Tadm. 111.2].
Pacuer nmpousBeneH A HAMOPHOTO BOJOHOCHOTO
ropusonta km = 30 - 26 = 780 m%/cyr., K03 durm-
HT TIbe30MpOBOHOCTH a = km/p = 780/(4 - 107°) =
19,5 - 10* M’/cyT., pauyc CKBaXMHBI PUHIMACM
o= 0,09 M, Bpems skcmmyatamuu t= 25 ner
10* cyr., npomssomurensHocTs Q. = 15 M4 =
360 Mm/cyr. IlompaBka Ha HECOBEpIICHCTBO
CKBa)KMHBI 10 CTENEHH BCKPHITHA Iacta C; = 7,5
mpu  ly/m = 9/26 = 0,35, mir, = 26/0,09 =
=288 [8, puc. IV.10].

Torna 7ONONTHUTENBFHOE TIOHMKEHHE YPOBHS S
B TIPOCKTUPYEMOH CKBa)XKMHE Ha 3aJaHHBIA CpPOK
skcrutyaTanmu (t = 25 net) cornacHo (8) cocTaBUT

Q. (Rco + Cl)
Ankm

—_

Q

Q

Sot =

8
360| 212219510 7 5

= =1,25m.
4.314-30-26

Takum 00pa3oM, KOHEUHBIH JTUHAMHYCCKHMA
YPOBEHB B KOHIIE PACUETHOTO CPOKa AKCILTyaTallluu
MIPOEKTUPYEMOI CKBa>KUHBI

Ho oo=H._ . . +5,=11,5+125=12,75 m.

JHUH.KOH JUH.Ha4Y

[Mockonmbky Bepx (uIbTpa HAXOAWTCS HA OT-
MeTtke 27,5 M, a JUHAMUYECKUU YpOBEHb 4e-
pe3 25 neT cHU3UTCS 10 oT™MeTKH 12,75 M, pabota
CKBaXMHBI OyZeT o0ecriedueHa B HAIOPHBIX YCIO-
BHAX C 3aTOTUICHHBIM (DMIIBTPOM.

BbIBO/IbI

1. IlpeanoxeHa KOHCTPYKUUSI ABYXKOJOHHOM
IBYX(UIBTPOBOH BOM03a00pHON CKBAKHMHBI, COB-
Meniamineld B cede pabouyro M pe3epBHYIO CKBa-
KHUHBI, HaXOASIINECs B OJHOM OypOBOM CTBOJIE,
KOTOPYI0 MOXHO HIMPOKO NMPHUMEHSTH B OONACTH
BomocHaOxeHus. [1o cpaBHEHHIO C THIIOBOW CKBa-
KUHOW TpeJyiaraeMasi KOHCTPYKIUS 00JIafaeT mo-
BBHIICHHON HAJNEKHOCTBIO H JOJTOBEYHOCTHIO,
obOecnieunBaeT OecrepeOOMHOCTh TOAAYN  BOJBI
MOTPEOUTEIIO.

2. Pa3paborana MeTojuKka pacuera THJpPaBIIH-
YeCKHX TapaMeTpOB JBYXKOJIOHHOW JBYX(HIIb-
TPOBOI BOJ103a00PHOI CKBaXXHHBI IIPH PaboOTe OJ-
HOTO ¥ IByX HACOCOB OJTHOBPEMEHHO.

Hayka
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3. PaccmoTpeH mpuMep W HM3II0KEHBI OCHOBBI

MPOEKTUPOBAHUS CKBAKWHBI TpEAiaraéMoil KOH-
CTPYKIIUH.

10.

. CKBaXWHHBIE BOJ03a00pHI.
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K Bompocy o 1onycTumMoM cojepkaHuid HOHOB AMMOHUSA
B XUMHYECKHUX J00aBKaX AJI 0€TOHOB
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Pedepat. AzoTconepxamue coeAUHEHHs, KOTOPBIE IIOCTYIAIOT B GETOH COBMECTHO C CHIPbEBBIMH KOMIIOHEHTAMH, B YaCTHO-
CTH C XUMHUYECKHUMH MOoAndUKaTopaMy OCTOHHON cMecH U OETOHa, a TakkKe NPUCYTCTBYIOLIME B MOPTJIAHALIEMEHTE, CII0C00-
HBI B pe3yNbTaTe pa3IokeHus: 00pa3oBbIBaTh aMMuak. [Iporeccsl 06pa3oBaHus U 3MHCCHU aMMHAKa KaK BBI3BIBAIOT YXy/IIIe-
HHE aTMOC(EphI KHUJIbIX MOMEIIEHUH, TaK U ABISIOTCS IPHYMHON MOHMKEHUSI IPOYHOCTH M MOKa3aTeNel SKCIITyaTallHOHHON
0e30MacHOCTH JKeJIe300€TOHHBIX KOHCTPYKUUI. DTH 00CTOSATENbCTBA 00YCIOBIMBAIOT HEOOXOAMMOCTE IPOBEICHUS UCCIIEN0-
BaHMH U pa3pabOTKN METOOB OIPE/IeNICHUs OE30IIaCHOr0 KOJIMYeCTBa aMMOHMIfcoiepKamux 1obaBok B Oetone. Yaie Bcero
B A30TCO/IEPIKAIIUX COSAMHEHHIX NMPUCYTCTBYIOT H00aBKH-TIIIACTU(HKATOPEI, IPOTHBOMOPO3HEIE I KOMIUIEKCHBIE JIOOABKH, a
Taloke yCKOpuTenn cxBareiBaHumsi W TBepieHus. CormacHo M3menenmro Ne 2 CTB 1112-98 «Jlo6GaBkm st OGETOHOB.
OO0mmue TeXHIIECKHUE yCIOBHS», COlEp)KaHNe HOHOB aMMOHHS B 100aBKaxX He JOJDKHO HpeBhmaTh 100 Mr/kr (kpome ImpoTH-
BOMOpO3HBIX). BMecTe ¢ TeM HekoTopble JOOABKH, B TOM UHCIIe IUIACTH(UKATOPEI, YCIENIHO MPUMEHsIeMble He OIMH ToJ 0e3
BBISIBIICHHBIX NPOOJIEM C 3MHCCHell aMMHaka, He YKIaJbIBAIOTCA B YCTAaHOBJICHHYIO HOpMy. Ml ompeneneHus MpeaenbHO
nomyctuMbix KoHueHTpauuit (I1JIK) amMoHuMitHBIX coneld B OeTOHE HEOOXOAMMO 3HATh 3aBHCHMOCTb SMHCCHH aMMHaKa
u3 OeToHa OT pa3snM4HBIX (HAKTOPOB, B YAaCTHOCTH OT MAacCOBOTO COJAEpKaHUs cojell B OETOHeE, IUIOMAAN TOBEPXHOCTH,
C KOTOPOH OCYIIECTBISIETCS IMUCCHUSI aMMUAKa, MacChl OETOHHBIX KOHCTPYKIMI, TEMIEPATYPBI, BIAXKHOCTH M KPAaTHOCTH BO3-
IyxooOMeHa B IIOMEIICHNH. B MeHbIIeH cTeneHH Ha SMHCCHIO aMMHaka OyAyT BIMATH XapaKTEPHCTHKU OETOHA U YCIOBHS
peakIMu THApOIH3a colied B HeM. B craTbe mpuBeseHb! popMyIIsl Ul pacueTa IMUCCHH aMMHUaKa U3 OETOHA IPH BBEICHUN
pa3IMYHBIX aMMOHHIicoaepkanuxX 100aBok. [lokazaHo, 4TO, HECMOTpPSI HAa CBEPXHOPMATHBHOE COZIEPKaHHE HOHOB aMMOHHMS
B no6askax C-3, JICT u VII-4, smuccust ammuaka n3 OeToHa B psijie CllydaeB He IpeBblinaeT ycraHoBieHHbIX [IJIK. O6vem
SMHCCHH aMMHUaKa U3 0ETOHA OMpeesaeTcss He TOJNBKO KOJIUYECTBOM HOHOB aMMOHHUS B 100aBKaX, HO M B 3HAYUTEIBHOH CTe-
MEeHN KOHCTPYKTHBHO-TEXHOJOTHUECKOW CXEMOH 37aHMS M MapaMeTpamu 3arpy3ku OeTOHOM momereHus. IIpu u3BecTHBIX
ITJIK B Bo31yxe MOMENIEHHs, 33AaHHBIX ITapaMeTpax 3arpy3Kd O€TOHOM MmoMemIeH:s (popMyIIbl MO3BOIAIOT PACCUUTATH Tpe-
JIENBHYI0 KOHIIEHTPAIMIO 100aBKU B OETOHHOW CMECH, HEMPEBBIIIEHHEe KOTOpoil obecnieunt cobmoaenue I1JIK mo ammuaky
B BO3/lyXe IOMEILCHUH.

KuoueBble ciioBa: a30TcoACpIKalIUe COCAUHEHNU, NOHBI AMMOHMS, SMUCCUA aMMHaKa, IPEACIbHO AOMMyCTHMas KOHIEHTpa-
U, KOHCTPYKTUBHO-TEXHOJIOI'MYECKas CXEMa 31aHu, ITapaMETPhI 3arpy3Ku OCTOHOM TIOMCIICHHUA

Jas mutupoBanus: FOxuesckui, I1. 1. K Bonpocy o nomycTiMoM cojep’kaHUM HOHOB aMMOHHSI B XUMHUYECKHX J00aBKax
quist 6eronos / I1. W. YOxueBckuit // Hayxka u mexnuka. 2021. T. 20, Ne 5. C. 420-426. https://doi.org/10.21122/2227-1031-
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On Issue of Permissible Content of Ammonium lons
in Chemical Additives for Concrete
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Abstract. Nitrogen-containing compounds that enter concrete together with raw materials, in particular with chemical modi-
fiers of concrete mixture and concrete, as well as those present in Portland cement, are capable of forming ammonia as a result
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of decomposition. The processes of formation and emission of ammonia cause both a deterioration of the atmosphere of resi-
dential premises and are the reason for a decrease in the strength and operational safety indicators of reinforced concrete struc-
tures. These circumstances necessitate research and development of methods for determining the safe amount of ammonium-
containing additives in concrete. Most often, nitrogen-containing compounds contain plasticizing additives, antifreeze and
complex additives, as well as setting and hardening accelerators. According to Amendment No 2 STB (Standards of the Re-
public of Belarus) 1112-98 “Additives for Concrete. General Requirements”, the content of ammonium ions in additives
should not exceed 100 mg/kg (except for antifreeze). At the same time, some additives, including plasticizers, which have
been successfully used for more than one year without identified problems with ammonia emission, do not fit into the estab-
lished norm. To determine the maximum permissible concentration (MPC) of ammonium salts in concrete, it is necessary to
know the dependence of the emission of ammonia from concrete on various factors, in particular, on the mass content of salts
in concrete, the surface area from which ammonia is emitted, the mass of concrete structures, temperature, humidity and air
exchange rate in the room. To a lesser extent, the ammonia emission will be affected by the characteristics of the concrete and
the reaction conditions for the hydrolysis of salts in the concrete. The paper provides formulas for calculating the emission
of ammonia from concrete with the introduction of various ammonium-containing additives. It is shown that, in spite of the
above-standard content of ammonium ions in additives C-3, LST and UP-4, the emission of ammonia from concrete in some
cases does not exceed the established maximum permissible concentration (MPC). The volume of ammonia emission from
concrete is determined not only by the amount of ammonium ions in the additives, but also to a large extent by the structural
and technological scheme of the building and the parameters of the concrete loading of the room. With the known MPC in the
air of the room, the given parameters of loading the room with concrete, the formula allows you to calculate the maximum
concentration of the additive in the concrete mixture, not exceeding which will ensure compliance with the MPC for ammonia
in the air of the premises.

Keywords: nitrogen-containing compounds, ammonium ions, ammonia emission, maximum permissible concentration, struc-
tural and technological scheme of building, parameters of loading room with concrete

For citation: Yukhnevskiy P. I. (2021) On Issue of Permissible Content of Ammonium lons in Chemical Additives for Con-
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BBenenne

IIpu BO3BEJEHUHU KWIIBIX JIOMOB OJIHOWM M3 aK-
TyaJIbHBIX TPOOJIEM SBJISCTCS NPUMEHEHHE COBpPE-
MEHHBIX TE€XHOJIOTHI CTPOUTEIHCTBA M CTPOUTEIIh-
HBIX MaTepHaJiOB, YJOBIETBOPSIONINX TPeOOBaHU-
sM Oe3omacHocTH coriacuo TP 2009/013/BY [1].
K takum MaTepmanaM U KOMIIOHEHTaM OETOHA OT-
HOCSITCSI XUMHYECKHUE JTOOaBKH, B COCTAaB KOTOPHIX
BXOJISIT aMMOHHUIHBIE COJIH.

A3zoTcoaepxKalie COeAUHEHUS, KOTOphIE IIO-
CTYMaOT B OETOH COBMECTHO C CBHIPHEBEIMU KOM-
TMOHEHTaMH, B YaCTHOCTH C XHMHYECKHMH MOJH-
¢ukaTopamMu OETOHHOW cMecH M OETOHA, a TAKXKe
MIPUCYTCTBYIONINE B MOPTIAH/IIEMEHTE, CTIOCOOHBI
B PE3yJIbTaTe Pa3JIOKEHHUs 00pa30BhIBATh aMMHAK.
[Ipomeccer 00pazoBaHUs M AMHCCUM aMMHaKa Kak
BBI3BIBAIOT YXYAIICHUE aTMOC(HEPHI KHUIBIX TTOMe-
WIEHUW, TaK W SBIAIOTCA NPUYUHOW TOHWKEHUA
MPOYHOCTH M TIOKa3aTellel AKCIUTyaTalnOHHON
0€30MacCHOCTH  JKEJIE300CTOHHBIX  KOHCTPYKIIHIA.
Otn o0cToATENbCTBa O00YCIOBIMBAIOT HEOOXOMH-
MOCTb TPOBEACHUS HUCCICAOBAaHUN U Pa3pabOTKU
METOJIOB OTpeAeNieHus] 0e30MacHOr0 KOJIUYeCTBa
aMMOHHHCOJIepKalIiX 100aBOK B OETOHE.

B Pecnyonuke benapych aMMuak OTHOCHTCS K
BeIecTBaM 4-ro Kjacca OMacHOCTH, UII KOTOPOTO
IIPUHAT TUTMEHUYECKUI KPUTEPUI KauecTBa aTMO-
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cthepHOTO BO3AyXa: MPENENbHO JOMYCTUMAasl KOH-
[EHTpaIUs — MAaKCUMAIIbHOE Pa30BOE€ COAEpIKaHHE
ITJIK,, — 200 Mrr/® [2]. TIIK aMMuaxa B BO3Iyxe
pabodyeil 30HBI TIPOU3BOJCTBEHHOTO IOMEIIE-
Hust 20 Mr/v° [3] U B aTMOC(hepHOM BO3IyXe Tep-
PHTOPHH MPOMBIIIICHHOTO IPESANPHATHS 7 MI/M".

HevictBytonumu Hopmamu benapycu n Poccun
He ycranosiieHa [TJ[K ammuaka B BO3IIyXe MKUJIBIX
MMOMEIIEHUH, HO, COTJIACHO THTHEHHYECKUM HOP-
MatuBaM Poccuu [4], IIJIK amMuaka B atmocdep-
HOM BO3/yX€ HAacElIeHHBIX MECT COCTABIISET: CPEJI-
mecytounas I1J1K. 0,04 MF/MS; MaKCHMaJTbHas
pasosas I1JIK,, 0,2 MF/MS; [NJK B BO3myXe pabo-
qeit 30ub1 20 Mr/M° [5].

Kak nokazanu pesysbTaThl HcciaenoBanui [6—8],
OCHOBHAsl TIpUYMHA SMHUCCHW aMMHaka M3 OeTOoH-
HBIX KOHCTPYKIIMH — a30TCOJepXkKallue XHUMH-
yeckue n00aBku s OeroHOB. Yaime Bcero 3To
N100aBKH-TUTACTU(HUKATOPBI, MTPOTHBOMOPO3HBIC
U KOMIUJICKCHBIE JO00aBKHM, a TaKXe YCKOPUTEIH
cxBarbiBaHus u TBepaenus [9-11]. Croma oTHO-
cATCH:

— ammuavnas Boga NH,OH — noGaBka mpotu-
BOMOPO3HOTO JICHCTBHS, BBOJUTCS B OCTOHHYIO
cMech B KoimdecTBe 5—15 % OT Macchl BOXBI 3a-
TBOPEHHUS B 3aBUCHMOCTH OT PAacUeTHOH TemIiiepa-
Typhl TBepaeHus. Jlerko pacnagaercs Ha aMMHUaK
U BOJly, IO3TOMY O€TOHMPOBAHHE C MPUMEHEHHEM
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aMMHAYHOW BOABI BEAYT INPEUMYIICCTBCHHO Ha
OTKPBITOM BO31yXe. Peakius ruapoiau3a nporexa-
€T 110 CXEME

NH,OH < NH5?1 + H,0; 1)

— mouyeBuHa CO(NH,), — no6aBka npoTHBOMO-
PO3HOIO JEHCTBYS, BXOAUT B COCTAB KOMILIEKCHBIX
nobasok. Hampumep, nobaBka HKM (autpat xains-
musi + MOYeBHHA B COOTHOWIEHWH 1:1) BBOAMTCS
B OeTOHHYIO cMech B KonmuecTBe 6—10 % ot mac-
Chl IIEMEHTAa B 3aBUCHUMOCTH OT PacueTHOH TeM-
nepatypsl TBepaeHus; nobaBka HHXKM (awt-
PUT-HUTPAT-XJIOPUJ KaJlbLUsl C MOYEBHHOM B CO-
otHomeHnu 3:1) BBoaWTCS B OETOHHYIO CMECh
B konmyectBe 6—14 % ot maccel uemenrta. OGpa-
30BaHHE aMMHaKa U3 MOYEBHHBI MOXKHO TpeJCcTa-
BUTH PEaKLUIMU:

CO(NH,), + 2H,0 «> (NH,),COs;  (2)

Kap60HaT AaMMOHUS BCTYNACT B pCakKUIO C TUl-
POKCHUIOM KaJIbIUA

(NH,),COj; + Ca(OH), — CaCO3| +2NH,OH; (3)
UTOTOBasl peaKius

CO(N Hz)z(TB)l + 2HZO(>KPU1K) + Ca(OH)Z(P'P) «
> CaCO3(TB)l + 2NH4OH(p.p), (4)

U 3aTeM — TUJPOJIU3 THAPOKCH]IA aMMOHUS TI0 pe-
akmuw (1);

— ammoHnuitHbIe comu (HuTpat ammorust NH4NO;,
xnopucteiii ammonuit NH4Cl, okcamat ammo-
aust (NH,),C,0,4-H,0, ammonuitnas ¢popma HuTpa-
ta kameims CasNH;(NO3)11-10H,0) Bxomsar B co-
CTaB KOMIUICKCHBIX JO00aBOK B KayecTBE IPO-
THBOMOPO3HBIX WM YCKOpPHUTENIEH TBEpICHUI.
[Ipomeccer 0Opa3oBaHuMs aMMuaka Ha TIpUMEpe
XJIOPUCTOTO aMMOHUS 3aIlUIIeM CICAYIONINM 00-
pasom:

peaKkuus THaPOIH3a

NH,CI + H,0 <> NH,OH + HCI;  (5)
O6MeHHa$I peaKknuAa C THAPOKCUIOM KaJIbIHUA

Ca(OH)Z + 2NH4C| > CaC|2 + 2NH4OH, (6)

! HHZ[GKCI)I «TB», «OKUAK», «p-P» — arpe€raTHo€ COCTOAHUC
BCUIECTBA — COOTBECTCTBEHHO TBEPJAOEC, ) KUJAKOCThL U paCTBOp, —
JUIL KOTOPOro IMpUHUMAaIaCh OSHTAJIBIIUL 06pa301aaH1/I${ upu
pacueTre TerjIoBOro 3¢)¢)eKTa pCaKkuuu.
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— aMuIbl KapOOHOBBIX KHCIIOT ¢ 00mIeH ¢op-
myinoit RCONH, BxomiT B cocTaB IPOTHBO-
MOpO3HBIX JO0OABOK W YCKOPHUTENECH TBepiae-
Hus. lloTeHIMANBLHO JaHHBIE COCIUHCHHS TaK-
Ke SBISIOTCS UCTOYHUKOM aMMuaka. Tak, arera-
mug CH3CONH,, npu oOBIYHBIX YCIOBUAX SIBIIS-
IOIIHICS JIOBOJBHO CTAaOWJIBHBIM COCJAHHEHHEM,
MEJJICHHO pa3iaraeTcs XOJOAHBIMU OCHOBAHHSIMH,
a C TOPSYMMH IIEIOYHBIMH PacTBOpPaMH OBICTPO
o0pa3yeT COOTBETCTBYIOIIHE alleTaT U AMMHAK;

— aMUHOKHCJIOTBI, HAIlpUMEp aMHWHOYKCYCHas
NH,CH,COOH wu apyrue, BXoAsr B coctaB no0a-
BOK — PETYJIATOPOB TBEPACHHUS OCTOHA,

— Cynb(UpPOBaHHBIE MEIaMHHOGOPMAITBICTH/I-
HBIE CMOJIBI BXOJIAT B COCTaB J00OaBOK-IDIacTU(u-
KaToOpoB H CYNEpIUIacCTU(PUKATOPOB, OJHAKO Ha
MPaKTUKE He OTMEYCHO MPU3HAKOB HX Pa3I0KECHUS
B IIEJIIOYHOHN Cpejie MOPTIAHIIEMEHTa C BhIEie-
HUEM aMMHAKa;

— JINTHOCYNIh()OHAT aMMOHMsSI — JI00aBKa-ILIa-
ctudpukarop Il rpymmer, mocraBiasercs u3 KHP,
CoNepKuT 110 3,5 % aMMOHUITHOTO a30Ta.

[To mannbiM [12], nuana3oH 3Ha4YeHUIl coaep-
KaHUS WOHOB aMMOHHS JIJISI MPOTHBOMOPO3HBIX
no6aBok cocrtaBisier 300-24000 mr/kr, mis 1mia-
CTH(QUKATOPOB Ha OCHOBE JIMTHOCYJIBb()OHATOB —
100-152 mr/kr, misa mnacTuUKaTopoB HA OCHOBE
HadTanuacyabpoHatoB — 90-300 mr/kr, ans mo-
nmukapookcmiatoB — 50-150 mr/kr. Cormacho [13],
coJiep)KaHUEe MOHOB aMMOHHUS B JI00aBKaxX Ha OCHO-
Be Ha(TaIMHCYJIb()OHATOB OKA3aJIoCh HIIKE TIpa-
HUIl OOHApyXeHus mnpubopa, a mIa HA00aBKH
«Yuusepcan I1-4» cocraBuiio 264 mr/Kr 100aBKH.
Cornacao M3menenuro Ne 2 CTB 1112-98, co-
JiepKaHNe KOHOB aMMOHHUS B J00aBKax HE JIOJKHO
mpeBbimate 100 Mr/kr (KpoMe MPOTUBOMOPO3-
HbIX). TakuM 00pazom, HEKOTOpBIE 100aBKH, B TOM
YHUCIIe TUIACTH(QUKATOPBI, YCIEUIHO MPUMEHAEMbIC
HE OIMH ToJl 0e3 BBISIBICHHBIX MPOOJIEM C dMHC-
chell aMMuaka, He YKJIJbIBalOTCSl B YCTaHOBIICH-
Hyr0 HopMmy. Crnemyer mo0aBHUTh, 4TO B CTaHIap-
tax CHIA ASTM C494/C494M-19 u eBpomneii-
ckoMm EN 934-1 (2, 3) Ha xumMuveckue 100aBKU HE
MpUBEICHBl TPEOOBaHWS B YAaCTH COJCPIKaHUS
WOHOB aMMOHHMS WJIH a30TCOAEPKAIIUX KOMIIO-
HEHTOB.

OcHoBHasl YacTh

Kak BUIHO M3 NPHUBCACHHLIX JAHHBIX, B 00J1b-
INMHCTBC CIy4acB HCTOYHUKOM aMMHaKa B OeToHe
CIIYKUT THAPOKCHUTA aMMOHUA. Paccumraem 5H-
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TaJBIUIO €ro obpasoBaHus Mo peaximsaMm (4)—(6)
U OICHHM BEPOSTHOCTh OHMHUCCHH. Mcmomb3ys
ciencteue u3 3akonHa I'ecca [14], coriracHo KoOTO-
poMy TemioBod 3(PGEKT XUMHUYECKOW pPEeaKIuu
paBeH CyMMe TEILIOT (SHTaJbIUiH) 00pa30BaHUs
MPOJYKTOB PEAKIUU 32 BHIYETOM CYMMBI TEILIOT
(3HTanpnmii) 0Opa3oBaHUS WCXOJHBIX BEIIECTB,
MIPUMEHHUTENILHO K ypaBHEHUIO (4) 3amnwuimeM (Hop-
MyITy JUIsl pacueTa TerioBoro 3 dexTa peaxium

AH{ = (AH tcaco, T 2AH ¢ yh,0n ) -

(7)

—(AH + AH +2AHfH20).

f CO(NH,), f Ca(OH),

[Tonp3ysch MaHHBIMU CTAHAAPTHBIX TEIIOT 00-
pa3oBaHusl TPOCTHIX BemiecTB [14], B pe3ynbpTaTe
pacdeTa HoJydaeM BEJIMYUHY TEIUIoBOTO 3¢ dexra
peakiuu (4): AHy = —33 kJIx/MOJIb, peaKius K-
3oTepmuueckas. TeruoBod 3ddext peakuuu (5):
AH; = 52,83 k/lx/mMonb, a peakmuu (6): AH; =
= -9 k/Ix/moib. [Tockonbky peakius mo cxeme (6)
SIBJISIETCST DK30TEPMUUECKOM, BEPOSATHOCTh €€ MPO-
TEeKaHUS 3HAYUTEIHHO BHIIIE 110 CpaBHEHUIO ¢ (5) —
SHI0TEPMUYECKOI.

CrexnoMeTpruYecKie pacyeThl, MPOBEICHHBIE
no ypasHeHuwsMm (1), (4), (6), mokazanu, uro 1T
MOYEBHHBI CIIOCOOEH BBIIEIUTH 586 MI ammua-
ka, 1 r xmopucroro ammonusa — 318 mr ammmuaka
u | r runpoxkcuaa aMmMoHus — 486 Mr amMmmuaxa.

Hnsa onpenenenus ITJIK aMMOHMIHBIX conei
B OETOHE HEOOXOIUMO 3HATh 3aBUCUMOCTH IMHC-
CUHU aMMHUaKa 13 OCTOHA OT pa3IM4YHBIX (DAaKTOPOB,
B YACTHOCTH, OT MAacCCOBOTO COJEp)KaHUS COJer
B OETOHe, pa3Mepa MOBEPXHOCTH, C KOTOPOH OCy-
IIECTBISIETCSI SMHUCCHS aMMHaka, OT Macchl Oe-
TOHHBIX KOHCTPYKIIMH, TeMIepaTyphl, BIaKHO-
CTH W KPaTHOCTH BO3AyX00OMEHA B MOMEIICHUH.
B MeHbI1I€# CTETIeHN Ha SMHUCCHIO aMMHaKa OyIyT
BIUATh XapaKTEPUCTUKUA OCTOHA M YCJIOBHUS peak-
IIUU TUAPOIIN3A COJIei B OETOHE.

Hcxons m3 (GU3MKO-XUMHH MPOIECCOB, €cTe-
CTBEHHO TPEATNONOXHUTh, YTO OIMPEISISFOIIIMA
(hakTOpaMy KOHIICHTpAIlMM aMMHaKa B BO3JIyXe
nomeneHnii A, Mr/m, sBisoTCS:

— UHTCHCHUBHOCTH BO3/[yXOOOMEHA MOMEIICHUS
C BHEIIHEH cpeqloi, XxapakTepuzyemasi KpaTHOCThIO
BO31yX006MeHa K, 32 ¢[MHHUITY BpeMeHH, 4

— COJEpKaHWEe aMMOHHHHBIX COJICH (MOYEBHU-
Hel) B OeToHe K5, MI/KT OeToHa. KocBeHHO 3TOT

Hayka
urexHuka. T. 20, Ne 5 (2021)

MOKAa3aTeNb YYHUTHIBAET M BpeMs, MPOIIEAIIee C
MOMCHTa BO3BEACHUS OCTOHHBIX KOHCTPYKIIHIA,
MTOCKOJIBKY B pe3yNibTaTe THAPOIN3a KOHIIEHTpPa-
1Sl aMMHaKa ¢ TSYCHUEM BPEMEHHU YMEHbBINACTCS;

— yIenbHas IUIOMAAs OETOHHBIX TOBEPXHO-
CTel (BBIAENAIONMX AMMMAaK) B MOMEIIEHUH Sygy,
T. €. TUIOIIAJIh BCeX OCTOHHBIX MOBEPXHOCTEH, BHI-
XOJIINX B TIOMEIICHHWE, OTHECEHHas K 00beMy
[IOMeIIeHHUsT, M*/M° = M

— yIenbHas macca OeToHa, MPUXOAIIasca Ha
€/IMHUILy OETOHHOM IOBEPXHOCTH, Pygp, KI/M%;

— TeMIieparypa, BIaKHOCTh M TOPHUCTOCTH Oe-
TOHA.

Kax mokazamno B [15, 16], sMuccust aMMuaka u3
0eToHa CWJIIBHO 3aBHCHUT OT TeMIIepaTypsl U B
MEHBIIIEH CTEMEHU OT OTHOCUTENBHOH BIaKHO-
CTH BO3JlyXa: C HOBBIIIEHUEM TEMIIEPaTyphl oT 25
1o 40 °C smuccus aMMHaka BO3pacTaeT B TpPU-
YeThIpe pa3a M, Ha00OpOT, yMeHbIaeTcs Ha 25 %
MIPH YBEIMYCHUH OTHOCUTEIHLHOW BIAXKHOCTH BO3-
nyxa ¢ 30 mo 90 %. BaustarneM nmopucTocT 6eTOHA
mpu B/L] = 0,5-0,7 Ha SMHUCCHIO aMMHaKa MOXHO
npereOpeusb. ABTopamu [16] npemioxkena Gpopmy-
Ja JUIsl pacdeTa PaBHOBECHOUN KOHIICHTPAIMH aM-
MHaKa B MIOMEIICHUU MPH CTaHAAPTHBIX IMapameT-
pax Biaxnoctu (50 %), temmeparypel (25 °C)
Y KPaTHOCTH BO3{yXO00OMEeHa

A 0,000098281In(P,g, /12,827 K S,
- . _

BO

(8)

Jlst mometeHnii 6€3 MPUHYIUTETHFHOW BEHTH-
JSIMKA  KPaTHOCTh Bo3ayxooOmeHa K,, MoxkHO
IIPUHATH, paBHOH 0,5 4 .

B [17] mns pacdera BHIOPOCOB BpEIHBIX Be-
MIECTB W3 CTPOUTEIHHBIX KOHCTPYKIMH (aMMHaKa)
Y CTPOUTENBHBIX MaTepHaJIoB (JIETy4UX OpraHude-
CKMX COCIMHEHHI) HCIIONb30Bajach MOX0XKas
dhopmyna

C, - LSERa, ©)

n

rae C, — oxumaemas KOHIIEHTPALXs 3arpsi3HUTE-
s, MKr/M°; L — OTHOLIGHHE NMOBEPXHOCTH K 00b-
emy, M*/m>; SERa — yienbHas CKOPOCTH BBIGPO-
ca, MKT/(M%4); N — KPATHOCTB BO3LYX000OMeHa, U .
®opmyna (8) ans pacdera colepKaHUs aMMU-
aKa B BO3[QyXe MOMEIICHUH NPH CTaHAAPTHHIX Ia-
pameTpax mosiyueHa aBTopamHu [16] i mModeBH-
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HbI. PacdeTsl TEIoBBIX 3P (HEKTOB peaKIii THI-
poiM3a TMoKa3aiH, YTO BEPOSATHOCTH 00pa3oBaHUS
TUAPOKCHIAa aMMOHHS 110 PeaKIuu (4) U3 MOUYEBU-
HBI TIPUMEPHO TaKas JKe, KaK U U3 XJIOPUCTOTO aM-
MoHUS 110 (6). B TakoM citydae moctapaemcs mpo-
BECTH aHAJOTHIO JJIS PacdyeTOB COJICPKAHUS aM-
MUaKa IPY BBEJCHUU JIPYTUX aMMOHHUIHBIX COJICH.
Y4uuThIBask M3II0KEHHOE, MOJEPHU3UPYEM ee IS
Ipyrux no6aBok. PaccuntaeM HOBYIO MOCTOSIHHYIO
Bmecto 0,00009828 mist XJIOPECTOTO aMMOHUSL.
Hcxons u3 Toro, 9To TeOpeTHYeCKH | T MOYEBUHBI
BBIICNISIET 586 MI aMMHaka, a 1 T XJIOpUCTOTO aM-
MOHHMA — 318 Mr amMMmMaka, MOIy4aeM BEJIUYHHY
nocrosHHoH 0,00005333 u wuroromyw Qopmyy
s no6asxku NH,Cl

S

P, /12,827)K

K

BO

i amx0

In( son
A =0,00005333 . (10)

rae K, — comepkaHne XJIOPUCTOTO aMMOHHS B
OeToHe, MI/KI OeTOHA.

Tenepp monyunM  Qopmyny Ui J100aBKH
«Yuusepcan I1-4». Ilo pammemm [12], moGaBka

comepxur 263,16 mr/kr moHoB NH;. IToxcuwm-

TaeM, CKOJIBKO 3TO MOJXKET BBIJCIUTh aMMHMaKa
0 peaKITH

NH, + OH™ — NH;1 + H,0. (11)

B pesynbpTaTe HECIOXKHBIX PacdyeToOB ITOJIyYa-
eMm 248,54 mr/kr NH;. AHamornddbiM 00pa3oM
OTKOppeKTupyeM (opMyITy JUIsl pacueTa coaepika-
HUSl aMMHUaKa B TIOMEIICHUHU TP BBEACHUU 100aB-
ku «YuauBepcan [1-4»

P /12,827)K ;S

In
A =0,00004168 ( 1 (12)

BO

rae Kpy — comepxanne no6aBku «YuuBepcan 11-4»
B OeToHe, MI/KI OeTOHA.

ITo dhbopmyite (12) BBIOIHUM pacyeT CoAepKa-
HUS aMMHaKa B BO3AyXE MOMEIIECHUN KapKacHO-
MOHOJIUTHOTO JKHJIOTO JIoMa (Ha IMpUMepe JoMa
B paifone yn. Kpomotkmna B r. MuHncke). Kon-
CTPYKTUBHAs CXe€Ma MPEACTaBIsAeT COOOW MOHO-
JUTHBIE TUCKHA TepeKphIThil Tonuuaon 20 cM u3
oerona xmacca C25/30, MOHONUTHBIE HECYyIIUE
BEPTUKAIBbHBIC KOHCTPYKIMHA, & UMEHHO — JIECT-
HUYHBIC KIETKHU, AuadparMbl >KECTKOCTH, KOJOH-
Hbl. BeicoTa motonkoB 2,8 M. HapykHble cTeHBI
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1 BHYTPCHHHE IMEPETOPOJKH BBINOJHEHBI U3 sSUe-
HMCTOOETOHHBIX OJIOKOB.

[To HammM pacyeTam, yaelbHas ILIOMAAb Oe-
TOHHOW MOBEPXHOCTH Sy, HA EIUHHUILY O0beMa
nomeruenns cocrasisiia ot 0,45 no 0,60 M2/,
a yJenbHas Macca OSTOHa Ha SIUHUILY IUIONIA]IN
oetoHa Py, npumepHo 170 kr/m°. KpaTHOCTB BO3-
nyxoobmena mpumeM K, = 0,5 q_l, T. €. 0e3 mpu-
HyIUTEIbHON BEHTUIISIINN.

[Tpu BBeneHrm mobaBku «YHuBepca [1-4» B ko-
muuectBe 0,6 % oT Macchl 1ementa (350 kr/m’) co-
nepkaHue J00aBKH B OCTOHE COCTaBUT 875 MI/Kr
OetoHa. B cBoro ouepenn, colepikaHue aMMHaKa B
BO3/IYXE JIBYXKOMHATHOH KBapTHpsI A = 0,094 Mr/m®
BO31yXa, T. €. MMEEM KOHIICHTPAIUI0 aMMHaKa
B BO3/JyXE MCHBIIE JOMYCTHMON CaHUTAPHBIMU
HopMmamu [2, 3] — 200 mxr/v®. Tlo mamesM [12],

no6aska C-3 comepxur 304 mr/kr moHoB NHj,

JICT - 170-220 mr/kr, kapOokcunaroB — 130 mr/xr,
9TO OJIM3KO MO COAEpKaHUIO K J00aBKe «YHUBEP-
can [1-4», a ¢ yuerom comepkaHus 100aBOK B Oe-
TOHE DMHCCHS aMMHaKa B BO3JyXC MOMEIICHUS
He OyZer MpeBBIIIaTh CAaHUTAPHBIX HOPM, YTO
1 HaOJIOaeTCs Ha MPaKTUKE.

VienbHble MapaMeTpel 3arpy3ku OeToHa Syg,
U Pys, U THIOBBIX KMJBIX NMOMELICHUH B 3aBU-
CUMOCTH OT KOHCTPYKTHBHO-TEXHOJOTHYECKOMN
CXEMBI 3JIaHUs MOTYT CYIIECTBEHHO Pa3JInYaThCsl.
[IpuBeneHHBIC BBINIE PACYETH BBHIMOJIHECHBI IS
KapKacHOTO JIoOMa C MOHOJIMTHBIMHU TIEPEKPHITUSIMU
1 KoJioHHamu. J[nis oMa ¢ HEeCyIIMMH MOHOJIMT-
HBIMH BHYTPEHHHMH CT€HaMH H MEPEKPHITHAMHU
TommuHOKH 160 MM 3TH TapaMmeTpsl, 1O JaH-
HBIM [ 16], TpUMEPHO COCTABIIAIOT:

— yIenbHas IDIOManb OETOHHOW TOBEPXHO-
¢t Sygn: 1,4-1,5 MM

— yIenbHas Macca OeToHAa Ha CIUHMILY IIO-
BepxHoCcTH O6eToHa Pyg,: 180-200 Kr/M°.

ITo [17], ynenbHast mromams OCTOHHOH TIO-
BEpXHOCTH ISl CTE€H cocTamiseT 1,41 M2/M3, Io-
tonka — 0,41, kononnsl, purens — 0,24 u nBepu —
0,10 M*/v’.

PaccunraeMm conmepkanue aMMuaka B TIOMEIIIe-
HUU C HOBBIMH yNEJIHHBIMH MapaMeTpaMu 3arpys-
K OETOHOM TIIOMEIICHHS, HWCIONb3ys (GopMy-
ny (12) gns poGaBku «Yuusepcan I[1-4». Ilocne
HECIIOXKHBIX pacueToB umeeM A = 0,30 mr/m® Bo3-
Jyxa TIOMEIICHUs, WM B TpU pa3a OoIbIIEe O
CPaBHEHHUIO C JAaHHBIMHU 3arpy3Kd MOMEIIeHHs Oe-
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TOHOM JIsI AI0MA B T. MUHCKE U OOJIbIIe TOMYCTH-
Moro HopMmamu [2]. Takum 00pazoMm, KOHCTPYK-
THBHAs CX€Ma 3JaHHsA CYIIECTBEHHO BIIMSET Ha
KOJINYECTBO aMMHaKa B MOMELICHUW NPH OJHHA-
KOBOM COJIep)KaHUH T00aBKU B OCTOHE.

[Ipu u3BecTHBIX 3HAYCHUAX A (HampuMep, pas-
Helx [I/IK, ycTaHOBIEHHBIM CaHUTApHBIMH HOp-
mamu benapycu), 3a1aHHBIX Sygn, Kyo U Pyey op-
myna (12) TO3BONSET paccUUTATh MPEICIBHYIO
KOHIICHTpaIuio M006aBku B OeToHHOW cMmecH K,
HETIPEBBIIIEHNE KOTOPO OOecTednT coOIoAeHUE
IIJIK mo ammuaky B BO3IyX€ MOMEIEHUN TIPU UX
skcrutyatanmyd. Hampuwmep, s no0aBku «YHH-
Bepcai [1-4» nmeem

_ AHIIKKBO
0,00004168-In (P

yon
~ 02-0,5
0,00004168-In(200/12,827)-1,5

112,827)S,5,

K

(13)

=625 mr/xr.

[pu rwrotHocTH Getona 2400 kr/m® momyda-
eM JOMyCTHUMBIH pacxox nobasku Ha 1 M° Gero-
Ha 1,5 xr (mpw 3amaHHOM COJAEpKAHHUM HOHOB
amMmoHus 263,16 mr/kr noGaBku). Ilpu pacxome
no6asku 0,5 % ot Maccsl uemerta (300 kr/m°) co-
Jiep’KaHue aMMHUaKa B BO3JyXe IMOMEUICHUs OyaeT
B IIpEJIEIIax HOPMEI.

BbIBO/IbI

1. Kak mokazaiu pacyeThl U MpaKTHKa MPUMEHe-
HUS 100aBOK-TUIACTH(PHUKATOPOB OETOHA, HECMOTPSI

Ha TO YTO COACPKaHUC MOHOB aMMOHUA NHZ B J10-

0aBKax IMPEBHINIACT YCTaHOBICHHYIO HOpMY (M3me-
Henue Ne 2 CTB 1112-98) B nBa-Tpu pasa, SMUCCHS
aMMHaka u3 OETOHA He MPEBBIACT NpeebHO J0-
mycTHMyIo KonmeHTpammio 200 MKr/M® B BO3IyXe,
yCTaHOBJICHHYIO B PecryOnmke benapycs.

2. O0beM sMHUCCHM aMMUaKa U3 OeTOHa ompe-
JIENeTCS HEe TOJLKO KOJMYECTBOM HOHOB aMMOHUS
B 100aBKax, HO M B 3HAYHUTCIILHOW CTENICHU KOH-
CTPYKTUBHO-TEXHOJIOTUYECKOM CXEMOW 3HaHUs |
napameTpamy 3arpy3ku OETOHOM MTOMEIIICHHSL.

3. lomycTuMoe cojiep>kaHiHe HMOHOB aMMOHUS
B XMMHUYECKUX J00aBKaX MOXKET OBbITh CKOPPEKTHU-
POBaHO B CTOPOHY YBEJIWYCHUS TIOCIE MPOBEACHUS
IKCTIEPUMEHTAIIBHBIX HCCIICIOBAaHUA SMUCCHU aM-
MHaKa U3 OeTOHA JUIs pa3InYHbIX KOHCTPYKTUBHO-
TEXHOJIOTHUECKUX CXEM 3JIaHUH.
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Organization of Six-Cylinder Tractor Diesel Working Process
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Abstract. The purpose of the work is to consider the organization of the working process of six-cylinder diesel engines with
a power of 116 and 156 kW and exhaust gas recirculation. The following systems and components were used in the experi-
mental configurations of the engine: Common Rail BOSCH accumulator fuel injection system with an injection pressure of
140 MPa, equipped with electro-hydraulic injectors with seven-hole nozzle and a 500 mm® hydraulic flow; direct fuel injection
system with MOTORPAL fuel pump with a maximum injection pressure of 100 MPa, equipped with MOTORPAL and AZPI
five-hole nozzle injectors; two combustion chambers with volumes of 55 and 56 cm® and bowl diameters of 55.0 and 67.5 mm,
respectively; cylinder heads providing a 3.0-4.0 swirl ratio for Common Rail system, 3.5-4.5 for mechanical injection system.
The recirculation rate was set by gas throttling before the turbine using a rotary valve of an original design. The tests have
been conducted at characteristic points of the NRSC cycle: minimum idle speed 800 rpm, maximum torque speed 1600 rpm,
rated power speed 2100 rpm. It has been established that it is possible to achieve the standards of emissions of harmful
substances: on the 116 kW diesel engine using of direct-action fuel equipment and a semi-open combustion chamber;
on the 156 kW diesel using Common Rail fuel supply system of the Low Cost type and an open combustion chamber.

Keywords: diesel, swirl ratio, combustion chamber, fuel supply system, fuel sprayer
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Opranuszanus padovero npouecca mecTUIMINHIPOBOr0 TPAKTOPHOIO JU3eJIsl
JlokT. TexH. HayK, npod. I'. M. Kyxa eHok”,
M. Kneccoz), A. Hpezucoz), . Tearok

l)Eenopyccm/n?l HalMOHAJIBHBIA TeXHUYecKui yHuBepcureT (MuHck, Peciiybinka benapycs),
20A0 «YKX «Munckuii MOTOpPHBIH 3aBoa» (MuHCK, PecniyGnnka Benapycs)

Pedepat. Paccmorpena opranusamus pabodero mporecca MeCTHIIMHAPOBBIX Au3eneld MomHocTeio 116 u 156 kBT ¢ pe-
IUPKYJAIMEH OTpabOTaBIIMX Ta30B. B sKcrepHMMEHTaNbHBIX KOMIUIEKTAIMSAX JBUraTeNlsl MCIOJIB30BAUCh CIEAYIOLINE
CHCTEMBI M Y3JIbl: aKKyMyJISITOpHasi cuctema mnomgadu torutmBa Common Rail BOSCH ¢ nasnenuem Brpeicka 140 MIla,
OCHAIIEHHAS IEKTPOTHAPABIMICCKIME (OPCYHKAMH C CEMHCOIUIOBHIME OTBEPCTHSAMH M mpoimBoM 500 mm®; cucre-
Ma BIIPBICKA HETIOCPEACTBEHHOro AedcTBus ¢ TommmBHBIM HacocoM MOTORPAL ¢ MakcHMajbHBIM JIaBICHHEM BIPBIC-
xa 100 MIla, ocnamennas gopcyakamu MOTORPAL u A3IIN ¢ nATHCOINIOBBIME OTBEPCTHUSIMHU; KaMephl CTOPAHUS IBYX
THIIOB 06BEMaMK 55 1 56 cM° ¢ IHAMETPaMH TOPIOBHH 55,0 1 67,5 MM; TONOBKH GIIOKOB LITHHAPA, 06ECICUHBAIONIIE BHX-
peBoe oTHoIIeHue st cucTeMbl Brpbicka Common Rail 3.0-4.0, s MexaHudeckoil cucteMsbl Brpbicka 3,5—4,5. CreneHb
PELUPKYISIMN 33afaBajlach JPOCCENUPOBAHUEM OTpabOTaBIIMX Ta30B Iepel] TYPOMHOH C MOMOIIBIO 3aCJIOHKHM OPUTHHAIIb-
HOU KOHCTpYKIuH. McIbITaHus MpoBOAMINCH IO XapakTepHbM ToukaM Iukia NRSC Ha Tpex gacToTax BpallieHHs KoJeHda-
TOrO Baja: MHHHMAIBHOH XONOCTOro Xoxa 800 MHH -, MAaKCHMAIBHON KpPYTSIIero MoMeHta 1600 MHH' M MakcHMab-
HOiT MomHocTH 2100 MuH . YCTaHOBIGHO, YTO TOCTHXKCHHE HOPM BBIOPOCOB BPEAHBIX BEIIECTB BO3MOXKHO: HA IH3EIIX
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MoIHOCTHI0 116 kBT ¢ Hcnonb30BaHrEeM TOIJIMBHOM arnmaparypbl HEIOCPEACTBEHHOIO JEHCTBUS U C MOJIYyOTKPBITOM KaMepoit
CrOpaHus; Ha JU3eJsIX MOIIHOCTRIO 156 kBT ¢ ucmoib30BaHueM cucTeMmbl TorumBonogadn Common Rail tuma Low Cost u

OTKPBITON KaMepOil CropaHus.

Knawuesble ciioBa: JAn3€J1b, BUXPEBOC OTHOLICHUE, KaMEpa CropaHus, CUCTEMa TOIUIMBOIIOJa4U, pACIIbUIMTEIIb TOIIMBA

Jns nurupoBanus: OpraHusarysi pabodero mporecca MeCTULINHAPOBOro TpakTopHoro ausens / I'. M. Kyxapenok [u ap.] //
Hayka u mexnuxa. 2021. T. 20, Ne 5. C. 427-433. https://doi.org/10.21122/2227-1031-2021-20-5-427-433

Introduction

The diesel engine building is one of the main
areas of mechanical engineering developed recen-
tly in the Republic of Belarus. Minsk Motor Plant
is the oldest enterprise in the republic, which
produces multi-purpose diesel engines in a wide
power range (Fig. 1) for 56 years. The enterprise
development strategy, implemented within the
framework of plant and state scientific and tech-
nical programs, is aimed at producing competitive

=
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41. '%

products that meet modern technical requirements
of international standards and quality [1].

The technical regulations of the Customs Union
require newly manufactured or imported new
tractors diesel engines to comply with Stage 3A
environmental standards, which should increase
the demand for diesel engines of this ecological
class [2-9]. Two modifications of six-cylinder
tractor diesel engines are currently in greatest de-
mand: D-260.1S3A with a power of 116 kW
and D-260.4S3A with a power of 156 kW.

- Tracter and combine-harvester modifications
- Automobile modifications
_ Planned extension of the power range
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Fig. 1. Power range of the engines manufactured by Minsk Motor Plant: a — serial engines; b — promising
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Main part

The environmental performance of the
Stage 3A level is achieved mainly by coordinating
the combustion chamber shape, the fuel supply
equipment parameters, the intake ports swirl ratio,
the valve timing and the use of exhaust gas recircu-
lation (EGR) [1, 10-16].

D-260 engines use cylinder heads with two
valves per cylinder, which should ensure the sim-
plicity of the gas distribution mechanism design
and maintenance. The somewhat increased re-
sistance of the gas exchange channels is compen-
sated to some extent by engine boost. The inlet
channels are bifunctional — screw. When profiling
the channels, the correctness of the adopted struc-
tural decisions is checked by 3D-modeling of the
gas flow at given pressure drops (Fig. 2) with the
determination of air flow and the average angular
velocity of the air charge.
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Fig. 2. Results of the inlet channel virtual purge:
a — pressure distribution; b — velocity field in the outlet section
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The mathematical model of a viscous heat-
conducting fluid flow is based on the Navier —
Stokes equations system, combining the laws of
mass, momentum and energy conservation of a
fluid in an unsteady setting [17-21].

To control the parameters of the cast heads
inlet channels, a non-motorized purge stand with
a straightening grate is used [22]. Typically, the
data of virtual and natural purges differ by no more
than 5 %. For D-260 engines, the head designs
have been developed that provide an air swirl
generation at the inlet with a swirl ratio of 3.0-4.0
and 3.5-4.5.

Heads with a lower swirl ratio are used on en-
gines equipped with accumulator fuel systems with
high injection rates and open combustion cham-
bers (Fig. 3a) [23, 24]. Large swirl ratios are used
for engines with direct-acting fuel equipment and
a semi-open combustion chamber (Fig. 3b) [25].

The commercially available satisfying
Stage 3A environmental standards six-cylin-
der D-260 diesel engines are equipped with:
BOSCH Common Rail fuel supply system with
electronic control; pistons with an open combus-
tion chamber; a cylinder head with a screw inlet
channel providing a swirl ratio H = 3.0-4.0; un-
regulated turbo charging. Low pressure EGR is
used to reduce NO, emissions [26].

In order to increase the competitive attractive-
ness of six-cylinder engines, it was decided to use
fuel supply systems of a lower price category —
a fuel supply system with a direct-acting pump
and a mechanical regulator manufactured by
MOTORPAL. The fuel supply system layout with
a direct-acting pump is shown in Fig. 4.

b
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Fig. 3. Combustion chambers: a — open combustion chamber; b — semi-open combustion chamber
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Fig. 4. Fuel supply system layout with a MOTORPAL pump:
1 - high pressure fuel pump; 2 — speed governor;
3 — fuel filter; 4 — high pressure fuel line; 5 — injector;
6 — tube to the corrector for charge air pressure

The fuel pump 6M4330ZT (MOTORPAL,
Czech Republic) with a diameter of 10 mm and
a stroke of 14 mm of the plunger is equipped with
a mechanical governor and a fuel feed corrector
by the charge air pressure. The maximum fuel
injection pressure is 100 MPa. When developing
the working process on a 116 kW diesel engine,
three sets of hydromechanical injectors were used:

—injectors  VA70P360 with  nozzles
DOP147P528 (uf = 0.22 mm? (MOTORPAL,
Czech Republic) (Fig. 5a) (for an open combustion
chamber);

—injectors VA70P360 with sac-less nozzles
DOP140P528 (uf = 0.18-0.20 mm?) (MOTORPAL,
Czech Republic) (Fig. 5b);

2.7

— injectors AZPl 172.1112010-11.01 with noz-
zles AZPI1172.1112110-12.01 (uf = 0.23-0.25 mm?).

Matching of the combustion chamber shape
and the fuel flames location was carried out using
3D-models [24, 27]. The places where the fuel
jets axes meet the combustion chamber walls are
shown in Fig. 6.

The comparative tests (Tab. 1) for the NRSC
cycle showed the possibility of achieving emission
standards for Stage 3A. The use of sac-less nozzles
led to a decrease in fuel leakage and, as a conse-
guence, to a decrease in nozzles coking, soot
and CH, hydrocarbons emissions [12, 28]. Tests of
the D-260.4S3A diesel engine with direct-acting
fuel equipment showed a high exhaust smoke level
while ensuring the target NO, emissions (Tab. 1)
using the EGR. As a result, achieving the Stage 3A
level for particulate emissions on a D-260.4 engine
with a direct-acting fuel system with semi-open
and open combustion chambers is not possible at
this stage. Therefore, the proposed use of the type
Low Cost Common Rail accumulator system.

The schematic diagram of the type Low
Cost Common Rail system is shown in Fig. 7.
It includes:

— the fuel pump CB 28;

—injectors CRIN2 with seven-hole nozzles A433
205 533 (jet cone angle & = 147.6° and a hydraulic
flow of 500 cm®/30 s/100 bar);

—the pressure accumulator LWRN18 with
a maximum injection pressure of 1400 bar;

— the control unit EDC17CV54 with software
version P_1142.3.0.0 for the Low Cost system.

Fig. 5. Nozzle cone shapes: a — with a blind-hole (with a dead volume);
b — with the exit of nozzle holes to the surface of the locking cone (sac-less nozzle)
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Fig. 6. Determination of the points of intersection of the fuel flames axes with the combustion chambers walls:
a—AZP1172.1112110-12.01 nozzle; b - MOTORPAL DOP140P528; c - MOTORPAL DOP147P528

Table 1
Results of D-260.1 and D-260.4 diesel engines comparative tests with various nozzles
and combustion chambers according to the NRSC cycle
Diesel Options g/(?glvw-h) g/g(N\?\?fh) g/(gki;/f/‘-h) g/?ﬁ\?&ih) g?(iWh) Nes, 9HSU | gl
< Nozzles
v | AZP1172.1112110-12.01 0.48 3.43 0.240 228.4 204.9 7.9 9.1
§ Nozzles DOP140P528 0.21 3.84 0.164 229.9 204.5 6.6 4.3
& [ UNECE Regulation No 96 (02) 4.0 (NO,+ CH) 0.300 -
< Nozzles DOP140P528 - 3.42 0.360 229.3 215.6 16.5 17.8
£ | Nozzles DOP147P528,
@ | open combustion chamber - 3.46 0.338 229.2 216.0 12.8 17.6
o |UNECE Regulation No 96 (02) 4.0 (NO, + CH) 0.200 -

To increase the recirculation and turbochar-
ging units reliability, a transition to the high-
pressure EGR system, the diagram of which is
shown in Fig. 8 [26, 29, 30]. In the high-pressure
EGR system, the recirculated exhaust gases do
not pass through the turbocharging units, which
should have a positive effect on the operating

[ Hayka
wrexHuka. T. 20, Ne 5 (2021)

conditions of the charge air cooler and compres-
sor. However, in order to obtain the required gas
cooling depth, the size of the standard built into
the catchment pipe cooler is not enough. There-
fore, an additional EGR cooler (similar to the
serial one with four-cylinder engines) is included
in the experimental setup.
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Fig. 7. Diagram of the Common Rail fuel system:

1 — fuel tank; 2 — coarse filter; 3 — fine filter; 4 — fuel pump;

5 — fuel pressure sensor; 6 — fuel rail; 7 — pressure-relief valve;

8 — injector; 9 — electronic control unit;
10 - signals from sensors; 11 — signals to actuators

Tests of six-cylinder diesel engines with the
high-pressure EGR system showed the problem
of organization the EGR gas flow in the right
direction. In some operating modes, the charge
air pressure is higher than the exhaust pressure
upstream the turbine. To create the necessary

pressure difference, an additional rotary valve
was introduced into the recirculation system,
which prevents the free passage of exhaust to the
turbine. As a result of testing a diesel engine
with a Low Cost type Common Rail system and
the rotary EGR valve, the rotary valve positions
were determined and turbocharging units were
selected to achieve Stage 3A level for exhaust emis-
sions. The test results of the engine D-260.4S3A
are presented in Tab. 2.

Fig. 8. Schematic diagram of the high-pressure
EGR system: 1 — bypass valve; 2 — inlet manifold;
3 — charge air cooler; 4 — exhaust manifold;

5 — EGR cooler; 6 — rotary EGR valve

Table 2
Results of D-260.4S3A diesel tests with a Common Rail fuel system on the NRSC cycle
Cycle Point
Parameters 1 > 3 4y 5 5 7 8 Per Cycle
n, rpm 2100 2100 2100 2100 1600 1600 1600 800 -
M, N'm 706 530 353 71 899 690 460 0 -
OlEGRvalver 70 OP. 35 80 80 100 65 85 82 100 -
Jer 9/(KW-h) 2205 | 2271 | 243.4 | 4726 | 221.7 | 219.7 | 2279 - -
N, %HSU 5.7 5.7 3.9 0.8 7.2 6.8 7.2 0.6 -
Onox 9/(KW-h) 4.61 2.57 2.00 3.25 4.39 2.47 1.69 - 3.30
gsc, 9/(KW-h) 0.136 | 0.146 | 0.111 | 0.031 | 0.148 | 0.141 | 0.168 - 0.138
UNECE Regulation |gnox+cr, 9/(KW-h) - 4.0
No 96(02) Jsc, 9/(KW-h) - 0.2
CONCLUSION public of Belarus. Zhurnal Assotsiatsii Avtomobilnykh In-

Measures have been developed to organize the
six-cylinder tractor diesel engines working process
of the ecological level Stage 3A with high-pressure
exhaust gas recirculation. It has been established
that the achievement of emission standards on
diesel engines with a power of 116 kW is possible
using direct-acting fuel equipment and a semi-open
combustion chamber. To comply with Stage 3A on
156 kW diesel engines, the use of a Low Cost type
Common Rail fuel system with an open combus-

tion chamber is required.
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Pedepat. /{5 coBepiueHCTBOBaHMS BaKHEHUIIMX MapaMeTPOB pabodnX OPTraHOB TIIyIIUTEICH IyMa MPeIIokeH METOMd, OC-
HOBaHHBIH Ha UCIIOIb30BAHUU TEOPHHU MPEANIOYTUTENBHBIX YHCeN. B pe3ynabpTraTe MHOTOJETHUX HAYYHBIX MCCIIEJOBAHUH aBTO-
paMH yCTaHOBJIEHA HEU3BECTHAS PaHEE TEOPETUYECKask B3aUMOCBSI3b MEXY OCHOBHBIMHU PAIaMH MPEANOYTUTENbHBIX YHUCET,
30JI0TOH mpomnopuueil u yucaamu psina GuboHayun. PaccMoTpeHO HOBOE HampaBieHHE B Pa3BUTHU TEOPUU YHCEIl, COCTaBIIe-
Ha ee KiIaccuduKalys, BKIOYaloIas B ce0si FeOMETPHYECKYI0 TEOPHIO YHCEN, IPEATOYTUTENILHBIC YUCHIA U PSIBI IPEIIIOYTH-
TEJIBHBIX YUCEJI, COACPIKAIIast HOBBIN OCHOBHOM PAX NPEATIOYTUTEIBHBIX YUCEIT C IPUMEHEHUEM ITOCJIEA0BATEIIbHOCTHU CDI/IGO—
Hauyu. [TomydeHs! HOBEIE GOPMYIIBI TSl ONpENeNeHNs 3HaMeHaTeIeH TeOMETPHIECKIX NPOTPECCHi PSIO0B MPEANOYTHTEb-
HBIX 4HCeNl W Iomanu kpyra. OnpeneneHue IUIOMIaAN Kpyra MO HOBOH (hopMye MO3BOJSIET MONTydaTh Oojee TOYHBIE ee
3HaueHus. BriBeneHa Taroke HoBas opMyma JUIst ONIpeReNeHNs IHHBI OKPY>KHOCTH Kpyra. PazpaboTaHbsl KOHCTPYKIMH Tep-
(OpPHUPOBAHHEIX ITIEPETOPOTOK, B KOTOPHIX HCIIOJIB30BaHBI 3aKOHOMEPHOCTH HOBBIX OCHOBHBIX PSIOB HPEIITOYTHTETHHBIX
gncen. JlaHo pacdeTHoe 00OCHOBAHHE OCHOBHBIX T€OMETPHUYECKMX M KOHCTPYKTHBHBIX Pa3MepoB IIIyHIMTENEH IIyma C I10-
MOIIBI0 MaTeMaTHIECKOH MOAENU meppOopHpOBAHHON 30JI0TOI MEepPEeropoaKy M HOBEIX OCHOBHBIX PSIOB HPEIITOYTHTETBHBIX
YHCeII, TO3BOJISIONIEE MOMYyYUTh KOHCTPYKIHUIO TIIYIIHTEIeH IIyMa, 001afaloniX MHHIMAIbHO BO3MOXKHBIM a3pOHHAMHIYE-
CKHM CONPOTHUBIIEHHEM IPH MAaKCHMaJIbHO BO3MOXKHOM CHIDKCHUH YPOBHS IIyMa BBITYCKa OTPa0OTABIINX Ta30B JBHTATeNCH
BHYTpPEHHETO cropaHus. [IpennokeHa HHHOBAMOHHASsI MOJIETb TIYIIUTEIs [IyMa ITOPIITHEBBIX ABUTATeNeil BHYTPEHHETO Cro-
paHus C yIydIIeHHBIMH THAPABIMYECKIMU M aKyCTHIECKHIMH XapaKTepPUCTHKAMH Ha OCHOBE TEOPUH YHCEN. TeopHs Mmpeamo-
YTHUTENBHBIX YHCEIT IPUMEHIMA K JTI0OBIM TeXHHIECKIM YCTPOICTBaM.

KiroueBble ci10Ba: NMpeAnodYTUTENbHBIE YUCTA, PAAbI MPEANOUYTHTENBHBIX UHCEIN, 30JI0Tas MPOHOpIHMs, nephoprpoBaHHas
MepPEropojKa, TIyLIIUTeb HIyMa, OTPabOTABIIHNE I'a3bl, IBUraTelb BHYTPEHHETO CTOPAHHS, HHHOBALMOHHAS MOJENb TTyLINTe-
T IIyma

Jusi uutupoBanusi: I'pynanos, B. fI. HaydyHo-npakTuueckue moaxoisl K COBEPILIEHCTBOBAHUIO KOHCTPYKLUMH IIIyIIUTE-
Jieil IIyMa HOPIIHEBbIX JBUraTesieii BHyTPEHHEro cropanusi Ha ocHoBe Teopuu uucen / B. 5. I'pynanos, I'. U. Benoxsoctos,
JI. T. Trauesa // Hayxa u mexnuxa. 2021. T. 20, Ne 5. C. 434-444,. https://doi.org/10.21122/2227-1031-2021-20-5-434-444

Scientific and Practical Approaches to Improving Noise Muffler Designs
of Piston Internal Combustion Engines Based on Theory of Numbers

V. Y. Grudanov?, G. I. Belokhvostov?, L. T. Tkacheva®
YBelarusian State Agrarian Technical University (Minsk, Republic of Belarus)
Abstract. A methodological method based on the use of the theory of preferred numbers has been proposed in order to im-

prove the most important parameters of the working bodies of noise mufflers. As a result of many years of scientific research,
the authors have established a previously unknown theoretical relationship between the main series of preferred numbers,
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golden ratio and Fibonacci series numbers. A new direction in the development of number theory has been considered in the
paper, its classification has been compiled, including the geometric theory of numbers, preferred numbers, containing a new
basic series of preferred numbers using the Fibonacci sequence. New formulas have been obtained to determine the denomina-
tors of geometric progressions for the series of preferred numbers and the area of a circle. Determining the area of a circle
using the new formula allows to get more accurate values. A new formula for determining the circumference of a circle
has also been derived. The designs of perforated partitions have been developed, in which the laws of the new basic series of
preferred numbers are used. Determining the area of a circle using the new formula allows you to get more accurate values.
A new formula for determining the circumference of a circle is also obtained. The designs of perforated partitions have been
developed, in which the regularities of the new basic series of preferred humbers have been used. A calculated substan-
tiation of the main geometric and structural dimensions of noise mufflers is given using a mathematical model of a perfo-
rated golden partition and new basic series of preferred numbers, which allow to obtain a noise muffler design that has
the lowest possible aerodynamic resistance with the maximum possible reduction in the noise level of exhaust gases from
internal combustion engines. An innovative model of a noise muffler for reciprocating internal combustion engines with
improved hydraulic and acoustic characteristics based on the theory of numbers is proposed in the paper. The theory of pre-
ferred numbers applies to any technical device.

Keywords: preferred numbers, series of preferred numbers, golden ratio, perforated partition, noise muffler, exhaust gases,
internal combustion engine, innovative model of noise muffler

For citation: Grudanov V. Y., Belokhvostov G. I., Tkacheva L. T. (2021) Scientific and Practical Approaches to Improving
Noise Muffler Designs of Piston Internal Combustion Engines Based on Theory of Numbers. Science and Technique. 20 (5),
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BBenenne

OCHOBHbBIE HCTOYHUKH aKyCTHYECKOTO 3arpss3-
HEHHUSI — aBTOMOOWJIBHBIN TPAaHCIIOPT, CTPOUTEINb-
HO-ZIOPOXXHBIE U CETHCKOXO3SIICTBEHHBIE MAIIINHBI.
BonbIIMHCTBO TPaHCTIOPTHBIX CPEACTB 00OPYTyeT-
csi pBurarensiMu BHyTpeHHero cropanus (/[IBC),
npu paboTe KOTOPBIX BO3HUKACT IIYM BBICOKOW
MHTEHCUBHOCTH. OJTOT IIyM KaK H3Iy4aeTcs B
OKPY>KaIOIIYIO0 Cpedy, MPHUBOMAS K aKyCTUYECKO-
My 3arps3HCHHIO, TaK M MPOHUKAET B KaOWHBI,
Ha pabouue MecTa OmepaTopoB, CO3JaBas yrpo3y
3I0pOBBI0 paboTaromux. MacmTabbl BO3/IEHCTBUS
aKyCTHUYECKOTO 3arps3HEHHSI B TOPOJIaX OTPOMHBI —
ot 30 1o 50 % HaceneHus! HOABEPrarOTCs IEUCTBUIO
IIyMa, TIPEBHIIIAIONIETO HOPMATHUBHBIE 3HAYCHWSL.
IloBbIIIEHHBIA OIYM, IO JAHHBIM CIELUAIUCTOB, —
nprunHa outd 30 % 3a0oneBaHuid B TOpoIax, rae
aKyCTHUYECKOE 3arpsi3HEHUE, XapaKTePU3yeMOe dKBU-
BaJICHTHBEIM YPOBHEM 3ByKa, aocturaer 70-75 nbA
(Hopma B mHEeBHOE BpeMs 55 n1bA). To ects mpeBbI-
menne pocturaetr 15-20 nbA, unu B TpH-
YyeThIpe pa3a 0oblle 0 CyOBEKTUBHOMY OIIyIIe-
HUIO TPOMKOCTH.

TloBbIIEHHBIN TIYM, AEUCTBUIO KOTOPOrO MOA-
BEpraroTcsi OIepaTophl TPAHCIIOPTHBIX MAIITHH,
MPH JUIMTEILHOM BO3JCHCTBHU MPUBOIUT K yXYII-
HICHHUIO CITyXa (M JaKe K TYyTOYXOCTH), CHIDKSHUIO
paborocnocobHOCTH. B OHOIOTMUEeCKOM OTHOIIIE-
HUM IIyM — 3aMETHBIA CTPecCcOBBIN (hakTop, cro-
COOHBII BBI3BATh CPBHIB NPUCIOCOOUTEIBHBIX pe-
aKui. AKYCTHYECKHH CTpecc MOMXKET NPUBECTU
K Pa3HbIM TIPOSBICHUSAM — OT (YHKIHOHATHLHBIX
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HapyUIEHUW PEryJsiiuyd IE€HTpaJbHON HEpPBHOM
cUCTEeMBI A0 MOPQOIOTHYecKd 0003HAYCHHBIX Jie-
TeHepaTUBHBIX JECTPYKTHBHBIX MPOIIECCOB B pa3-
HBIX OpTaHaX U TKAHSX.

K OCHOBHBIM HCTOYHMKaM IIyMa TPaHCIOPT-
HBIX MamuH, obopynoBaHHbix JIBC, oTHocuTCs
myM Bbimycka. lllyM He3ariymieHHOTO BBITyC-
ka MoxeT mocturath 140 nbA (GomeBoit mopor),
YTO BO MHOTO pa3 MPEBOCXOUT IIYM BCEX OCTalTb-
HBIX HCTOYHUKOB. [loaTOoMy Bce 0e3 MCKIIOUeHHs
TPaHCHOPTHBIE MAIIMHBI O0OPYIYIOTCSl TIIyIIHTE-
JSMH IIyMa JIBUTATeNIell BHYTPEHHETO CTOpaHHAL.
Imymwmrenn myma — HeoThbemjieMas 4YacTh BbI-
nmyckHoi cucteMbsl JIBC. AHanu3 COBpPEMEHHBIX
TEHJCHIUNA B WX MPOEKTUPOBAHUH YKa3bIBaeT Ha
Hajn4gue OONBIIOr0 YHCIa TEXHUYECKHUX PElIeHUN
B 3aBUCHUMOCTH OT Pa3MEpPHOCTH M XapaKTepPUCTH-
ku BeImyckaembix JIBC [1].

IHocTanoBka mpo0JeMsbI

ABTOMOOWIBHEIN TIYIIUTENh BBITOIHSAET Clie-
JYIOIIIUE OCHOBHBIC (PYHKIINU:

e CHIDKACT YPOBEHb IIyMa OTPabOTaBIIUX
ra3os;

e IpeoOpPa30BBIBACT DHEPTHUIO OTPAOOTABIIHX
ra3oB, CHUKAET UX CKOPOCTh, TEMIIEeparypy, Mmylb-
caruio.

[mymuTeny mo NpUHIUIY ASUCTBUS pa3es-
I0TCS Ha!

e AKTHBHBIC (JIMCCUIIATUBHBIC), TJE 3BYKOBas
SHEPrus MPEeBpaIIacTCs B TEIUIOBYIO MPH MPOXOXK-
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JICHUH BOJIHBI Y€pe3 COMPOTUBIICHHUE (CETKH, Iep-
(hopupoBaHHBIEC JTUCTHI, 3BYKOIOTJIONIAIOIINE Ma-
tepuaiibl). OHU 3PPEKTUBHO 3arIyIIal0T BBICOKO-
yacToTHBIN myM. [Ipu 3ToM 3ddexTuBHOCTD TITy-
muTens ¢ nep(OopUpPOBaHHBIMH JINCTAMH BBIIIIE,
YeM y TIYIIUTENs CO 3BYKOIOIIIOMIAIOIINM Mate-
pHUaoM, OHAKO MEPBBIN TIAYIIUTEIh UMEET OOJb-
IIe€ COTPOTHBIICHHE;

® PEaKTHBHBIE, MPEICTABIAIONNE cO00i OmHYy
WJIM HECKOJIBKO PACIIMPHUTEIHHBIX KaMep 00 Psi
PE30HAHCHBIX Kamep, Tl aMIUINTyAa KojieOaHui
raza CHMXKAETCsl BCJIECACTBHUE PACUIMPEHUS MOTOKA
ra3a Jin00 PE30HAHCHBIX SBJICHUH COOTBETCTBEHHO.
Onu 3(QeKTHBHO 3araymarT HU3KOYACTOTHBIN
myM. Yacto rnymmrenu GOpMUPYIOT U3 3JIEMEH-
TOB 000WX THIOB. BKiIIOUeHHE B CHCTEMY ra3000-
MeHa HelTpanmm3aropa OTpaOOTaBIIMX ra3oB Tak-
Ke OJarompHusITHO BIHAET HA yMEHBIIEHHE IIyMa
BBITTYCKa.

Pazpaborka riymmreneid mryma BBITyCKa —
BaKHOE HAMpaBlICHUE IIYMO3alIUThl TPaHCIOPT-
HbIX MaliuH. Hag npoekTupoBaHUEM M MPOU3BOI-
CTBOM TIymIuTeNel paboTaoT MHOXKECTBO (pupMm u
CIeIaTUCTOB. B 23TOll 005macTH OTCYTCTBYET
CKOJIBKO-HHOY/Ib Cepbe3Has YHU(UKAIUS, MOYTH
K Ka)KIO0W HOBOM TPAaHCIOPTHON MaIlIMHE CO3acT-
cs CBOM ToymmTens. HecMOTpst Ha MHOTOOOpas3me
TEXHUYECKUX PEIICHUH, A0 HACTOSIIEr0 BPEeMEHU
HE CO3JlaHa eIWHas HAyYHO OOOCHOBAHHAs METO-
JIUKa pacuera reOMETPUYECKUX IMapaMEeTpOB Mep-
(hopanmu BHYTpEHHUX JIEMEHTOB TIYIIUTENS, YTO
CYIIIECTBEHHO YCIOXHSIET UX pa3paboTKy.

[IpoexTupoBaHue TIAYMIUTENCH Ha OOJBIIHH-
CTBE MPEANPUATUN, CHCHUATU3UPYIOUIUXCSI HAa UX
MIPOM3BOACTBE, MPOBOAMUTCS Ha OCHOBE BBINOJIHE-
HUS OSKCIEPUMEHTAIBHBIX pPadoT, CBS3aHHBIX CO
3HAYUTEIFHBIMI MaTEepPHAILHBIMU 3aTpaTaMi, KO-
raa pa3pa0dOoT4YHK, OCHOBBIBASCH Ha CBOEM OIIBITE,
W3rOTaBIMBAET HECKOJIBKO OIBITHBIX 00pa3ioB
TIYLIUTENEH, TPOBOAUT UX CTCHIOBBIC UCIIBITAHUS
M y’K€ Ha UX OCHOBE BBHIOMpAeT JTy4IINi BapHaHT.
JaHHBI MOJAXO0H JAJeKO HE BCErla MPUBOJIUT K
JKEIaeMOMY pe3yJIbTaTy, BCIEACTBHE YEro MOATro-
TOBJICHHBIE K IPOW3BOJCTBY TIIYIIUTENA B OOIb-
LIIMHCTBE CIIy4aeB HYKJIAlOTCS B JlalibHEMIIel no-
pabotke. Takum 00pa3oMm, CICp)KUBACTCS CO37a-
HUE TMEpPCHEKTUBHBIX MOJENEH Ha MOAYJIBHOM
MPUHIUIE KOHCTPYUPOBAHUS, 3aTPYIHSIOTCS CTaH-
JapTU3anys U yHUDUKAIUS TIYIIUTEeH.
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HecMmoTpss Ha moOBceMeCTHYIO 3KCIITyaTaIHio
rrymuTenei myma s JIBC pasnudHbIX BUAOB
(peakTHBHBIX, OTpa)KaTeJbHBIX, PE30HATOPHBIX,
IUCCUTIATUBHBIX, OCOOCHHO OUCCHUIATHBHO-PEaK-
THBHBIX) [2], mpolecc CHMKXEHHsI YpOBHS Iyma
BBIMIyCKa OTPa0OTaBIIMX Ta30B HE ABISETCS CO-
BEPILCHHBIM W CBSI3aH C BBICOKHMH 3HEprosatpa-
TaMH, BBI3BIBAIOIIMMHU TajicHue 3ddexTuBHON
MOIITHOCTH aBuratens. Kpome Toro, maxe c yue-
TOM pa3iIH4HBIX HccienoBanuii [3, 4], no Hacros-
LIET0 BPEMEHHU HET €ANHOW HayYHO 0OOCHOBaHHOM
METOAOJIOTUYECKOW OCHOBBI AJISI pacdera, MpOeK-
TUPOBaHHUS H KOHCTPYHPOBaHUS TIyHIHTENCH
myma. [Ipu HanuYuKu OTPOMHOTO KOJMYECTBA HX
KOHCTPYKIIUH CcO3/laHHe OCYIIECTBISETCS Oeccu-
CTEMHO, 10 YacTHBIM SMIHPHUECKUM HWHKEHEp-
HBIM METOJMKAM C NPUBJICYCHUEM OOJIBIIOTO
KOJINYECTBA IONPABOYHBIX KO3()(UIMEHTOB, He
OTpaXKaroIMX peanbHble Padoune MpPOLECcCHl, Mpo-
SIBIISIIOIIMECS, HATPUMEp, B JAMCCHUIIAIUN SHEPTUU
JBM)KEHHS Ta30B — MPOIECCE pacCeMBaHUS YacTH
MEXaHMUUECKON SHEPrUU W MPEBpAIICHUS €€ B Tell-
noty Tpenusi. HambGomee OMU3KUMH K PELICHUIO
MOCTaBJICHHON MPOOIEMBI SBISIIOTCS TEXHUYECKHUE
npoekTel rinymurened myma JBC, mokazaHHble
Ha puc. 1, 2 [5, 6].
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Puc. 1. IlpuHIMNNATBEHO-KOHCTPYKTHBHAS CXeMa
peakTuBHOrO rimymmrens myma [5]: 1 — kopmyc; 2, 3 — cTeHKa;
4,5, 6, 7 — xamepa; 8, 9 — npoosibHAsL U TTONIEpeYHas
nieperopoky; 10 — Tpyda c-o6pazHoit hopMsr;

11 — pnanneBoe coeaunenue; 12 — orBeperue nepdoparuy;
13, 14, 15, 16 — pacmmpuTensHas KaMepa;

17 — npsiMoyronsHOE OKHO; 18 — mepeMbIKalomui KaHa;

I | — JUTHHA pacIIMPUTENBHON KaMephl U EPEMbIYKI

Fig. 1. Principle-constructive diagram of reactive noise
muffler [5]: 1 - body; 2, 3 —wall; 4, 5, 6, 7 chamber;
8, 9 — longitudinal and transverse partitions; 10 — c-shaped pipe;
11 — flange connection; 12 — perforation hole;
13, 14, 15, 16 — expansion chamber;
17 — rectangular window; 18 — bridging channel;
I, I, — length of expansion chamber and bridge
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Puc. 2. IlpyHIUNNAAIBHO-KOHCTPYKTUBHAS CXEMa
JIUCCUIIATUBHO-PEAKTUBHOIO TIyIIUTeNs Hryma [6]:

1 — oBanbHBIH KOpITyC; 2, 3 — OCHOBaHue; 4, 13 — BXOIHOM
1 BBIXOIHOH matpy0ky; 5, 6 — meperoponka; 7, 8 — BxoxHas
U pacIIupHUTeNbHAs KaMepbl; 9 — ceTka; 10 — 3armymaromas

kamepa; 11 — koxyx; 12 — neppopupoBanHas Tpyda;
14 — 3BYKOOTIIOIIAIOIIUIA MaTepHa

Fig. 2. Principle-constructive diagram
of dissipative-reactive noise muffler [6]:

1 - oval body; 2, 3 — base; 4, 13 — input and outlet pipes;
5, 6 — partition; 7, 8 — entrance and expansion chambers;
9 — net; 10 — blanking chamber; 11 — jacket;

12 — perforated pipe; 14 — sound absorbing material

Heobxomuma HOBasi KOHIEMIMS B ITOAXO0JaX
W TPUHIWIAX KOHCTPYHMPOBAHHUS »Heprocoepera-
IOMAX M BBICOKOA((DEKTUBHBIX B YaCTH IIIyMO-
TJIyIIEHUs, a TaK)Ke KOMITAKTHBIX ¥ MaKCHMaJbHO
VHUGUIUPOBAHHBIX TiymuTenaed mryma. Jlmsa ee
pa3paboTKH IeIecoo0pa3Ho HCIIOIB30BaTh 3aKO-
HOMEPHOCTH M CBOMHCTBa Teopuu uucen [7, 8].
IIpn sTOM pOCTHrarOTCs HAWITy4IIHE€ MAacCOBBIE,
rabapuTHBIC M JHEPTCTUYCCKUE XaPaKTCPUCTUKH.
OTKpBIBAIOTCS IIUPOKHE BO3MOXHOCTH JUISL YHU-
(hvkanuy U CTaHIAPTU3AIUY Y3JIOB U JIeTAICH Mpu

TEOPUA YNUCEJI

WX BBICOKOH KOMITAaKTHOCTH, a TaKkKe WHTETPHPO-
BaHUS BHOBH CO37aBaeMOro OOBEKTa B MHPOBYIO
CHUCTeMY KOHCTPYHPOBAHHUS HOBOM TEXHUKH.

IIpeamer Teopun yucesn

UemoBeuecTBO HE MOXKET CYINECTBOBAaTH 0e€3
YHuCeN, UX 3HAYCHHE HEBO3MOXXHO MEPEOLCHUTH.
[IpuyeM HE TONBKO B COBPEMEHHOM OOIIECTRBE,
OCHOBaHHOM Ha IU(POBBIX TEXHOJOTUSAX, HO U B
JIOUCTOPUYECKUE BPEMEHA CUCTEMBI CUUCICHUS —
(yHIaMeHTampHasl OCHOBA ITMBMIIM3AIMM, HAa KO-
TOpOi 0a3MPYIOTCS TaKUE IMOHATHS, KaK «CUeT»,
«YHOPSIOYMBAHNE», «HU3MEpPEHHE», «KOIUPOBa-
HUE», «XMOJICTTUPOBAHUE, KONTUMHUBALIUS» U JIP.

CymiecTByeT HECKOJIBKO ONPECICHUN MOHSITHUS
«reopust yucen». ONHO U3 HHUX TIACUT, YTO ITO
CIICUANFHBIN pa3fen MaTeMaTUKU (WK BBICIICH
apu(MeTnKn), KOTOPBIA MOAPOOHO U3yUaeT IEble
grcia U 00BEKTHI, CXOAHBIE ¢ HUMH. [[pyroe ompe-
JIeJIeHue YTOYHSIET, YTO ATOT paszell MaTeMaTHKH
M3y4yaeT CBOMCTBA YMCEN M MX IOBEJCHUE B pas-
JWYHBIX cUTyarnusax. HekoTopsie ydeHbIle CUUTAIOT,
YTO TEOPHS HACTOJIHKO OOIIMPHA, YTO JaTh €€ TOY-
HOE OIpelnejeHne HEBO3MOXXHO, a JJOCTaTo4-
HO JIMIIb Pa3felUTh Ha HECKOJIHKO MeHee O0b-
eMHbIX Teopuid. C y4eToOM MOCIEIHUX TOCTHKEHHMA
coBpeMeHHas Kiaccu(UKalus HampaBlIeHUN B
TEOPHUH YKCEN TIpe/ICTaBIeHA Ha PUC. 3.

DneMeHTapHas TeOpHsI Ynce (Teopusi CpaBHEHUH, Teopusi PopM, HEOTIPEIeIICHHbIE
YpaBHCHHUS, H3yUYCHHE TICITBIX YHces, Manas Teopema depma)

Jupuxiie, Teopust TUBU30POB)

Anre6pa1/1qec1<a${ TCOPUA YUCCIT (paSJ’II/ILIHLIe KJ1aCChbl anre6panqecm/1x YHCCII, (byHKIII/II/I

JlnodanToBEl mpuOIMKEHUS (MPUOTMHKSHUS NEHCTBUTEIBHBIX YACET PAITMOHATHLHBIMA
JpOOSIMU, TEOPUS OOJBIUX YHCEN, TEOPHS BEPOSTHOCTEH)

CTBIX YHCEN)

Amnanurudeckas TCOPUA YUCCIT (BOHpOCLI TCOPUUN YUCCII, AJId U3YUCHUSA KOTOPBIX NPUXO-
—» AUTCA NPUMCHATH METOAbl MATEMATUYCCKOT'0 aHaIM3a, TCOPEMBI O PACIIPCACIICHUN ITPO-

1 TCOPEMBI UX YMHOXCHUA

TeOpI/IH TPaHCUCHACHTHBIX UPpPAlUOHAJIbHBIX YHUCCII. TpI/IFOHOMeTpI/I‘{eCKI/Ie (byHKIII/II/I.
| KomIuiekcHble yucia. TeOpI/Iﬂ CHy‘laﬁHLIX qucCell, CBOIiCTBa YCJIOBHBIX BepOﬂTHOCTeﬁ

qucen

FeOMeTqueCKaa TCOPUA YUCCIL. HpeZ[HO‘{TI/ITe.HLHLIe qyucia. PS[Z[LI npeaAnoOYTUTCIIbHBIX

Puc. 3. CoBpeMeHHbIC HAIPABIICHUS B Pa3BUTHH TCOPUHU YHUCEIT

Fig. 3. Modern trends in development of number theory
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MHoxecTBO HalpaBlI€HUM TEOPUH YHUCENl Ha-
XOJIAT MIPIMEHEHNE Ha MPAKTHKE — B TEOPHU TeJle-
(dhoHHBIX ceTell (kabesei), B KpucTaiorpadum,
MIPH PEUICHUH HEKOTOPBIX 3a/iad TCOPUH MPHOIH-
JKEHHBIX BbIUMCICHUH. OgHAKO HAWOOJBIIUN HH-
TepeC MPEACTABIAIOT T€OMETpUUEcKasi TeOpUs Y-
Cel U CO3JaHHE Ha €€ OCHOBE CHUCTEMBI PSIOB
MPEIOYTHUTEIBHBIX unce. [lokakem nmpuMeHeHUe
TeOMETPUUYCCKON TEOPUU YKCEN KOHKPETHO B KOH-
CTPYKIHUAX THyIuTenei myma [7, 8].

HpeIIHO‘lTl/ITeJ]beIe qyucjaa.
Paab1 NPeANnOYTUTEC/IbHBIX YUCEJI

[IpenmodruTenpHple YHCIa — 3TO TIHIATEIHHO
U HaydHO momo0paHHBIC ITM(GPOBBIC BEITMYNHEI,
KOTOPHIMH  PEKOMEHIYETCS TOIbh30BAThCA TIPH
KOHCTPYHPOBAaHHH BHOBH CO3[aBa€MBIX TEXHUYE-
CKUX OOBEKTOB M YCTPOHCTB B COOTBETCTBHUHU
¢ 'OCT 8032-84 (CT C3B 3961-83). Ilpeamnou-
TUTENIBHBIC 4YHCJIA YCTaHABIWBAIOT B3aWMOCBS3b
B TapaMmeTpax JAeTaleil W y3JI0B, pa3Mepsl IMpo-
IYKIMA ¥ COOPYKCHHU, MOIIHOCTh, T'PYy30MOIb-
€MHOCTb, MAacCOBBIE XapaKTEPHUCTUKH, T€OMET-
pudeckue pazmepsl U T. 1. [10].

W3BecTHBIE DSIBI TPEANOYTUTENBHBIX YHCEI
OCHOBaHBl Ha TPUHITUIE TE€OMETPHUIECKON IpOo-
rpeccun. CoOTNacHO ONpENENCHUI0, MPEINOUYTH-
TeNbHBIE YWCJIa — CHUCTEMa MapaMeTPHUYECKUX Je-
CATHUYHBIX PSAIOB YHCEN, TOCTPOSHHBIX IO TEOMET-
PHUYECKON MPOrpeccHH CO 3HaMeHaTeneM (, = 110,
rme n =5 (10, 20, 40, 80) — Homepa psaoB, Oe3rpa-
HUYHBIX KaK B OOJIBIIYIO, TAK U B MEHBIIYI) CTO-
POHY M 00JafaroNuX CBOWCTBAMH, KOTOPBIC TO3-
BOJIIFOT MPHUMEHSATh UX TPU BHIOOPE OCHOBHBIX U
0a30BbBIX Pa3MEpPOB, MAPAMETPOB U XaPAKTEPUCTHUK
15631 (5112178

B cootBerctBum ¢ 'OCT 8032-84 psiawl npej-
MOYTUTEIILHBIX YHUCEN MOAPA3/ICIISIIOTCS Ha OCHOB-
HbIE, TOTIOJTHHUTEIbHBIE, BEIOOPOYHBIE, COCTABHEIE,
MpUOIIKEHHBIe, MPOW3BOAHBIE W CIICIIHATBHBIE.
Opnnako ompeneneHre 3HAMEHATENEeH TeoMeTpruIe-

CKHX IIporpeccuii mo ¢popmyine (, = Y10 e umeer

JIOCTaTOYHO TIOJTHOTO HAyYHOTO OOOCHOBAHMA.
Ilo 3To#1 mpuYKMHE HEKOTOpPbIE yYE€HbIE U CIelHa-
JUCTHl CYHUTAIOT WCIONB30BaHUE PS/IOB TIPEJ-
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MIOYTUTENIEHBIX YHCENI B KOHCTPYMPOBAHWH TEX-
HUYECKHUX YCTPOMCTB HemnpaBoMepHbiM. Ho ecnu
0o0paTUTbCA K HAay4dHBIM TPYAaM HTAIbSHCKOTO
MaTtemaTrka Jleonapao Iluzanckoro (Pubonauyn),
MOXHO YBUJETb, YTO CYILIECTBYET TEOPETHUECKAS
B3aUMOCBS3b MEXKJy OCHOBHBIMM psfaMu Ipe.-
MIOYTUTEIILHBIX YHUCEN, 30J0TOM MPONOpPLUEH U
nocjae0BaTebHOCThI0  PHOOHAYYH, 3aKII0Yaro-
mascs B TOM, YTO 3HA4YCHHE 3HAMEHATENIEH Teo-
METPUYECKUX IIPOIPECCUA OCHOBHBIX PSIIOB MOXK-

HO ompenenuts 1o popmyne ¢, =YD, tme q, —
3HaUCHHE 3HAMEHATeNs TeOMETPUIECKON Iporpec-
CHH N-TO OCHOBHOTO psijia IPEANOYTUTEIBHBIX YH-

cen;, @ = 1,618... — 3HaYeHWE 30JI0TOH IPOIIOP-
mu (cedenws); N — mensle yucia 1, 2, 4, 8, 16.

IIpu ucnons3oBanun ¢Gopmynsl (, =Y® no-

JIy4ae€M HOBBIM Psijl NPEANOYTUTENBHBIX YHUCeN: 1,
2, 3,5, 8, 13, 21, 34, 55, 89, 144, 233, 377, 610
U T. 1., KOTOPBIA COBMAIacT C IOCIEIOBATENb-
HOoCcThIO DuboHauyn. DTa MOCIEIOBATEILHOCTh
YKCeJ, OINUCAHHAS WTAIBSHCKHUM MaTeMaTHKOM
B XIIl B., HaumHaeTcs C JBYX CIUHUI], a KaxK-
JI0€ CIICAYIOIIee YKCIO PaBHO CyMME JBYX IIpe-
p115913%11170: &

UacTHOe OT neneHus M000ro dYmciia Tocie-
JIOBATCILHOCTH Ha TPEJANICCTBYIOIIEE €My YHUC-
mo Oymer ctpemuthcs k @D, maBas Bce Ooiee
TOYHOE B3HAYCHHE JJIsI KAKIOTO CIEIYIOMIETro
Yucia MOCIeN0BaTeNbHOCTH. [ MpakTHIeCKux
pacueToB MpUOIMKEHHOE 3HaueHne @ ¢ TOYHO-
CTBIO OO0 IIATHU HOCCATHUYHBIX 3HAKOB IIOCJIC 3a-
MNATOM BHOJHE gocTraTtoyHo, T. €. @ = 1,61803.
Ormerum, uto (@) =2,618, V@ =1,272, 4@ =
=1,128wu . 1.

CoBpeMeHHass KiacCUMHUKAIUSA PSIOB TPEI-
MOYTUTENHHBIX YHCEN TpeIcTaBiIeHa Ha puc. 4.

W3 kmaccudukamuy BHUIHO, YTO HOBBIE OC-
HOBHBIC  PS/IBl  MPEIINOYTUTEIBHBIX  YUCEN
MPaKTHYECKHA TOTHOCTBHIO COBMAJAIOT C OCHOB-
HBIMU pSlaMi MPEANOYTUTEIbHBIX YHUCET 10
I'OCT 8032-84, HO mpw ATOM 3HAYCHHE 3HAMeE-
HaTellel TEOMETPUUYECKUX MPOTPECCUH SBISIETCS
0oJjiee TOYHBIM, YTO U OOYCIIOBJIMBAET JIOCTH-
JKEHWE TEXHHYECKOTO COBEpIICHCTBA HOBOTO
yctpoiictsa [7, 8].
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OCHOBHLIC PAABLI IPEANOYTUTCIIBHBIX YHUCCIT
(R5, R10, R20, R40)

q=%10, rze n =5 (10, 20, 40, 80); q = 1,6 (1,25; 1,12; 1,06)

!

I[OHOHHI/ITCHLHI)IG pAAbL IPEANOYTUTCIIBHBIX YUCCIT
(R80, R160, g = 1,03, g = 1,015)

q="410
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HoBrble ocHOBHBIE PpAABI DPEATTIOYTUTCIBHBIX YUCCIT
q=Y®,rmen=1(2, 4,8, 16)
R1, R2, R4, R8, R16
.= 1,618, 0, = 1,272, g4 = 1,128, gg = 1,062, gz = 1,031

Puc. 4. CoBpemMeHHas! KIIACCH(HUKALMS PSIOB NPESIITOUTHTEIBHBIX YUCEI

Fig. 4. Modern classification of series of preferred numbers

IlepdopupoBannas neperopoaka.
IlocTpoenne maTeMaTH4ecKO Moaean

Paccmotpum, Kak HOBbIE OCHOBHBIE PsiZibl IIpe.-
HNOYTUTENIbHBIX YHCE]I MOKHO HMCIIOJb30BATh B I10-
CTPOCHHH MAaTEMaTHYeCKOH MoJenu mnephopupo-
BaHHOW MEPETrOpOJKH U B IEJIOM KOHCTPYKLHH
roymmTene myma [11-15].

[lepdopupoBannas meperoponka — TIIaBHBIN
pabounii snemeHT raymuTeneil myma. OcHOBHas
XapaKTePUCTUKA IIEPErOPOAKH — MPOIyCKHasl CIIO-
COOHOCTb, KOTOpasi OIpEIEIseTCs OTHOLIEHUEM
IJIOMATN JKHBOTO (MPOXOJHOTO) CEUYCHHUS BCEX
OTBEPCTH K OOIIeH TMJomaan MepPeropoIKy.
[Ipu 3TOM OCcOOO€ 3HaueHHe UMEET XapaKTep pac-
MIOJIO’KEHUS OTBEPCTHUI:

— 10 BEPUIMHAM PaBHOCTOPOHHMX TPEYTOJIb-
HUKOB;

— 110 BEpIIMHAM KBaJIpaToB;

— 110 KOHIIEHTPUYECKUM OKPYKHOCTSAM H JIp.

Hayka
wrexHuka. T. 20, Ne 5 (2021)

Jiga mocTpoeHuss MaTeMaTH4eCKOW MOJEeNu ¢
HETBI0 ONTUMHU3AIMN KOHCTPYKIIMH MPUHAMAEM KOH-
LIEHTPUUYECKOE PACIIONIOKEHUE OTBepCTUi (puc. 5)
IpH yCIIOBHY, 4TO Iuomanpd kpyra F (S,,) Oyzem
oTpesensaTh He yepe3 T, a yepe3s @ — mo dopmy-
e F = Dz/\/a, rae D — nuametp kpyra, M.

C wuenpl0 JOCTHXKEHUS MaKCHUMAIBHOW TpO-
ITyCKHOM CITOCOOHOCTH TIEPETOPOIKH M CTa0MIII3a-
UM [IOTOKAa ra3oB ee pabouylo MOBEPXHOCTH Je-
UM Ha N-€ KOJMYECTBO YCIOBHBIX KoJelr. OTBep-
CTHsI pacliojiaraéM Ha IICHTPAJIBHBIX pajJnycax
KaXIOTO YCJIOBHOTO KOJBILIA, IPH ATOM TUAMETP
OTBEPCTHUM M MX KOJMYECTBO HA KaXKJAOM YCIIOB-
HOM KOJIbIle TpuHUMaeM u3 psaga uncen Ddubo-
Hauyw, Hampumep: Oy = 3 MM, z; = 13, z, = 21,
Z3 = 34 u 1. 1. llar Mexny oTBepCTUAMHU MPHUHHU-
maemt = 1,272dy. Torma

(VO) Ry =(1.272)"R,.

R! =

n
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Puc. 5. Cxema nephoprpoBaHHON IIEPErOPOAKU
(marent P® Ne 2047368): 1 — kopiryc; 2 — IIMOHOYHBIH a3,
3 — HeHTpagbpHOe 0TBepCTHE; 4 — OTBEpCTHE Mepoparu;

Ro — pammyc IeHTpaIbHOTO OTBEPCTHS; R\ — IIEHTPaNIbHBII
pazuyc N-ro ycIoBHOT'O KOJIbLA; t — m1ar Mexay
OTBEPCTUsIME; g — TMaMeTp OTBEPCTHI

Fig. 5. Perforated partition scheme
(Paten of Russian Federation No 2047368): 1 — body;
2 — keyway; 3 — center hole; 4 — perforation hole;

Ro — center hole radius; Ry — central radius

of the n™ conditional ring; t — step between holes;
do — hole diameter

KommaectBo otBepcTnii mepdopanyy Ha yCIOB-
HBIX KOJBIAX YBEJIIMYMBACTCA B HANPABICHHH OT
IeHTpa K mepudepud U CBS3aHO MEXIy CcoOon
COOTHOIIICHUEM

z,,, =[1,618z,],
rnen =1, 2, 3,4, ..; Zy+1 — KOTUYECTBO OTBEPCTUI
nepdopanuu Ha N + 1 YCIIOBHOM KOJbBIE; Z, —
TO e Ha N-M YCJIIOBHOM KOJIbIIE, a KBaJpaTHBIC
CKOOKHM 0003HAYAOT METYI0 YacTh YHCIIA.

B pesynpraTe momydaeM MpOITyCKHYIO CITOCO0-
HOCTB TIEPErOPOKH, PABHOMEPHYIO 10 Bcel pado-
Yeil TIOBEPXHOCTH U MaKCHMAaJIbHO BO3MOXKHYIO.
IIpu astom HapyxHbIii auamerp D meperopoaku
ompezaensieM u3 GopMyIIbI

F,=D?/Vo,

rae F, — o61mas miomaps neperopoaKy, M2,
OKkcnepumenmanvHas yacms. s moarsep-
KIEHUS pa3paboTaHHOW METOIHUKH TPOBEIH J1a00-
paTopHBIE HCCIENOBAaHHUA. OKCHEPUMEHTHI BbI-
NOJHSJIM Ha UMJIMHAPUYECKOW TpyOe nuamer-
pom 140 MM (MCHONB30BaIM KOPIYC TIIyIIUTE-
s myma aBromobuns ['A3-52), BHyTpu KoOTO-
POl HENOJBIKHO YCTaHABJIMBAJIAChH MEPErOPOIKA.
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Uepes TpyOy mpomyBajicsi BO3AyX, HarHeTaeMBIN
BeHTWwisiTopoM Tuna IHAI'M. HcnoeiteiBanu aBe
mapsl MEeperopofiok ¢ TpeMs psiAaMHu OTBEPCTHH,
PACTIONIOKEHHBIX B OJJHOM CiIydae OOBIYHBIM Tpa-
JTUIIMOHHBIM CIIOCOOOM, B IPYI'OM — IO COOTHOIIIE-
HHUIO 30JI0TOr0 ceyeHus. OOmiee KOJIM4YEeCTBO OT-
BEPCTHIl B Mapax OCTaBalOCh HEM3MEHHBIM U CO-
OTBETCTBEHHO cocTaBisuio 42 u 68. Ileperopoaku
OBUIM W3TOTOBJICHBI W3 IUIACTMACCHI, TIIATEIBHO
OTHLIU(OBAHBI U IUIOTHO 3aKPEIUICHBI B CepeinHE
OIBITHOTO y4acTKa TpyObl. B XoJie OmBITOB MUK-
pomanomerpom Tiia MMH-2400(5)-1,0 u3mepsi-
Jach BeJTMYMHA CTATHYECKOTO NAaBJICHHS 0 U MO-
Clleé TEperopoAkH. Pe3ynbTaThl 3KCIEPUMEHTOB
MpUBEICHBI B Ta0JI. 1, OTKyAa Clieqyer, 4To pacio-
JIO’)KEHHE OTBEPCTUH B TEPErOpoiKe, COTJIacHO
pa3paboTaHHOW METOJHKE, TMPHUBOJAUT K BECbMa
CYLIECTBEHHOMY YMEHBUIEHHUIO ITOTEPU JaBJICHUS:
a’pOJIMHAMHUYECKOE CONPOTUBIIEHHE TEPErOPOAKU
yMeHbIIaeTcs B cpenneM Ha 4,65-6,25 % npu cko-
POCTH ABIIKEHHUS BO3ayxa 6,6 M/C.

Tabauya 1
Pe3yabTaThl 3KCIIEPUMEHTOB
Experimental results
Yucno Pasnocts [otepu
Ileperoponka | OTBepcTUHl | CTATHUECKOTO | pmaBiieHus Ap,
B psiax NaBJICHUS ITa
10; 15; 17
Ileppas 1032 48
8; 13; 21 984
16; 24, 28 576
Bropas P — — 36
13; 21, 34 540
IIpumeyanue. Yucno Konew — Tpu, CKOPOCTb JABHKEHUS
Bo31yXa 6,6 M/c.

Takum 00pa3oM, SKCIIEPUMEHTHI MOJTBEPXK/Ia-
10T TEPCHEeKTUBHOCTh HCIIOJIB30BAaHMS COOTHOIIE-
HHUSA 30JI0TOH INPOTOPIMH B TIYMIATEISIX IIyMa,
MOCKOJIBKY YMEHBIICHHE a’pOJUHAMUYECKOTO CO-
NPOTHUBJICHUSI TIONEPEYHBIX Mep(HOPUPOBAHHBIX
HEepPEropoiok 0O0YCIIOBIMBAET CHIDKEHUE 3aTpat
3¢ (HeKTUBHON MOIIHOCTH JBUTATENS HA MPOKAUKY
ra3oB 4epe3 KOHCTPYKIHIO.

I'mymmrenu myma.
I[MocTpoenne MmaTeMaTH4YeCKOH MOeJH

OCHOBHBIMH PaOOYMMH OpraHaAMH TITYIITHTEIIS
IIyMa SBISIOTCS BEPTHKAIbHBIE Tep(opupoBaH-
HBIE TIEPETOPOAKH U TOPU3OHTAIBHBIE TTEPPOPHPO-
BaHHBIE TPYObI, 00pa3yroIIUe CUCTEMY PE30HaHC-
HBIX Kamep. Ilo Xony ABMKEHHS MOTOKa OTpado-
taBmux ra3oB JIBC auamerp oTBepCTHil B TpyOax
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U NEPEropoAKax YMEHbIIAETCs, a UX KOJIMYECTBO
YBEJIMUUBAETCS, YTO COBMECTHO C DPE30HAHCHBI-
MU KaMepaMHu INPHUBOJUT K CHIKEHUIO CKOPOCTH
U COOTBETCTBEHHO YMEHBIIECHHIO YPOBHS HIyMa
(3BykoBoro maeneHus). Ha puc. 6 mpencraBiieHa
HNPUHIMIIHAIBHO-KOHCTPYKTHBHAsT CX€Ma THIIOBO-
IO TIYLIUTENS IyMa.

C menplo ONTHMHU3AIMU KOHCTPYKLHMHU U JO-
CTIDKEHUSI TEXHMYECKOTO0 COBEPIICHCTBA JaHHOTO
YCTPOMCTBA KOHCTPYKTUBHBIE U T'€OMETPUYECKHUE
napaMeTpbl BCEX BHYTPCHHHX 3JIECMCHTOB IJIyHIU-
TeJs 1IeNiecoo0pa3Ho B3aUMOYBSI3aTh MEXIy COOOH
Ha OCHOBE TEOPHHM YHCEN U C HCIOIb30BAHUEM Ma-
TEMaTHYECKOi Mojenn mephOopupoOBaHHON Iepe-
ropojku. CorjacHO 3TOW HOBOW MOJENH, pacder
TIIYIOUTEIA IIyMa OCYHICCTBIIACTCA B IIPUBCIACH-
HOW HUKE MOCIEA0BATEIbHOCTH.

12 3 7 8 4 5 6
\ s BTN
aI'E.i, i SRR 5% 5 S S AN e
Ty R i S THEHFFHES -
—+ B = =3
~ F E S
s = of
n; Zo On+1; Znsa 9

Puc. 6. IlpuHIMNUanbHO-KOHCTPYKTHBHAS CXeMa
rirymmrens myma [15]: 1, 6 — BoycKHOI 1 BBITYCKHOH
narpyOku; 2, S — BXOIHAS U BBIXOAHAs LICHTPAJIbHbIC TPYOBI;
3, 4 — BXO/iHas U BBIXOJIHASA TIOIIEPEUHbIE NIEPErOPOIKH;

7, 8 — 3armymika; 9 — KOpIyc TIyIIUTeNs;

d,, — IMaMeTp BIycKHOTO nmatpy6ka; d, — To e OTBEPCTHIA
nepdoparuu N-ro BHYyTPEHHETo 3JIEMEHTa;

Z, — 4UCII0 OTBEpCTHH nepdopanuu B N-M JIeMEHTe

Fig. 6. Principle-constructive diagram
of noise muffler [15]: 1, 6 — inlet and outlet branch pipe;
2, 5 —inlet and outlet center pipes;
3, 4 —inlet and outlet transverse partitions;
7, 8 — plug; 9 — muffler body; d,, — diameter of inlet branch;
d, — diameter of perforation holes of n" inner element;
z, — number of perforation holes in the n'" element

1. B kadecTBe ONpPEACIAIONICTO MapaMerpa
TIIYIIATENS] TPUHAT JUaMETp BIYCKHOTO MaTpyo-
Ka O, MUIOmAas MPOXOTHOTO cedeHus mnepdopa-
IIY BXOJTHOM IICHTPATLHON TPYOBI ONIpEeACIIIeTCS B
3aBUCHMOCTH OT IIJIOUIa[{ TIOMEPEYHOrO CEYEHUS
BITyCKHOTO Tarpyoka Fi quamerpom dg,

F, = VOF,.

2. JluameTpbl  OoTBepcTHH mepdopalud  BO
BHYTPEHHHX JJIEMEHTaX TIIYIIUTENS CBI3aHBI MEXK-
Iy cOOO0I COOTHOIIICHHEM

d, = @d

n+l»

rae O, — muaMerp oTBepcTHil mepdopauuu N-ro
BHYTPEHHETO DJJIEMEHTa TIIYUIUTENs, CuuTas OT
BITYCKHOTO TaTpyOKa, M; N — MOPSAKOBBIA HOMEP

Hayka
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BHYTPEHHETO 3JI€MEHTa, CUMTasi OT BIYCKHOTO Ta-
TpyOKa.

3. KonnuectBo otBepcTHii nepdopaiuu  BO
BHYTPEHHHMX 3JIEMEHTAaX TJIYIIUTENS. CBS3aHO
MeXIy COO0H COOTHOIIEHUEM

7 =Ina
(DZ

4. PacmionmoxeHue OTBepcTUil mepdopanuu Ha
BXOJHOU 3 W BBIXOIHOH 4 meperopoakax (puc. 6)
MPUHUMAEM KOHIICHTpHUYECKOe. Paguychl OKpyX-
HOCTEH, Ha KOTOPBIX PACIIOJIOKEHBI OTBEPCTHSA,
OTIPENEIISIOTCS 10 hopMyIam:

R, =(1,272)" R, wm R, =(v@)'R,.

rae R, — paamyc N-il OKPyXKHOCTH, Ha KOTOPOHU
PACIIONIOKEHBI OTBEPCTHS, M; N — TOPSIKOBBIN
HOMEp OKPYXKHOCTH, CUMTAs OT OCH TIIYIIUTEJIs;
Ry — paguyc BITyCKHOTO MaTpyOKa, M.

5. Pacnonoxenue otBepcTHil mepdoparnuu Ha
BXOJHOU 2 W BRIXOAHOU 5 TpyOax (puc. 6) — mrax-
MaTHOE C PaBHOMEPHBIM IIArOM KaK B IONEped-
HOM, TaKk W B TPOJOJIHHOM HAINpaBICHHUSX, MPH
3TOM IIPUHUMAEM:

2-1618 um L=0,
b b

rae a, b — mwar nepdopauuu B nomepedyHoMm Ha-
MPaBJICHUH U IO AJTMHE TPYOBI COOTBETCTBEHHO.

Pacuer reomerpuueckux napaMeTpoB INIyLIH-
TeNs IIyMa MO TMPHUBEJCHHBIM BHIIIE (OpMyIaM
MO3BOJISIET MOJYYUTh OAMHAKOBBIC IUIOIIAAU IIPO-
XOAHBIX CEYEHUH BCEX BHYTPEHHHX OJIJIEMEHTOB
[0 XOAy MBWKCHHMSA Ta30B, 3HAUY€HHE KOTOPBIX
B 1,272 pa3za Oonplue Tuomanyd BIYCKHOTO Ta-
TpyOKa. Ilpu 3TOM CyIIeCTBEHHO ympoLIaeTcs: Me-
TOAMKA pacyera, a B KOHCTPYKUMHU TIIyLIUTENs
MOSABISIETCS. CUCTEMHAs, TapPMOHWYHAS U IPOIOp-
LMOHAJIbHAs B3aUMOCBSI3b BHYTPEHHUX 3JIEMEHTOB
Mex Iy coboii [7, 8].

Oxcnepumenmanvhas yacmo. JlaHHas METOIU-
Ka OblJa 4acTMYHO PeajM30BaHa B ONBITHOM 00-
paslie TIYIUTeNs IIyMa, U3TOTOBIEHHOTO U UCIIBI-
TaHHOTO Ha MOTHMJIEBCKOM aBTOMOOWJIBHOM 3aBO-
ne umenu C. M. Kuposa. OnbITHBINH 00paser u3ro-
TaBIMBaIM Ha Oaze CEpUHHOro MIIYLIUTENS Hpu
HEU3MCHHbIX Fa6apI/ITHI)IX U INPUCOCAUHUTCIIBHBIX
pasmepax. McnbplTaHusi OTPOBOAWIM B 3arOopoJHOM
30He Ha cepuitHOM ckpernepe MoA3-6014 ¢ nBura-
tenem SIM3-238 AM2 nipu TemriepaType OKpyKaro-
meit cpenst 278 K (5 °C), cpeanedt ckopocTu BeT-
pa 3,5 m/c u doroBom ypoBHe mryma 60 nb(A).
PesynbraThl M3MepeHHi (CpeqHHE BEIMYHMHBI T10
TpeM U3MEPEHHUSIM) TIPEICTaBICHbI B TA0M. 2.
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PesysbTaThl H3MepeHnii

Experimental results

Tabauya 2

Temnepatypa I'unpasnuueckoe
Yucno 060poToB YpoBeHb 3ByKOBOT'O
PesxuM UCTIbITaHuS 0TpaboTaBILINX ra30B CONPOTHUBJICHUE 8
nBurarensi, 00/MUH o mryma , 1b(A)

Ha BbIxoJe, K (°C) rnymurens, [1a
5 (1pyGa) 600 608 (335) 96 87,0
€3 DIYIIHTEi (Tpyba 2000 706 (433) 640 107,0
Copmiiri . 600 602 (329) 480 80,0
PUHHRIM DIYIHTETD 2000 706 (433) 1520 955
Hopwri . 600 596 (323) 320 80,0
Bl MY HHTE 2000 706 (433) 1120 945

VYpoBeHs 3BykoBoro myma usmepsiiu corinacHo OCT 23.3.23-88 na pacctosauu 0,5 M OT BBITYCKHOTO HaTpyOKa IITyIINTENs

Iyma.

O6paboTKy pe3yNbTaTOB WCHBITAHUN IPOBO-
JIAJTA TI0 METOIUKE, W3II0KeHHOU B [16]. IIpn aTomM
JUUISL OIICHKH TEXHUYECKOTO YPOBHS M ONITUMH3AITIH
KOHCTPYKITUM TIYIIATETS IIIyMa HCIIOIH30BAIH
CIICAYIOMNN KOMIUIEKC OTHOCHTEIIBHBIX M yIEh-
HBIX OIICHOYHBIX TTapaMeTPOB:

— OTHOCUTENBHBIA O00BEM THyImHUTEN: Vo =
= V., /iVy, tae Vi, Vi — 00beM rinyimuTens u pado-
yuii 00beM HWIMHApA ABUTATENsS; | — YHCIO M-
JUHJIPOB;

— yIeNbHOE 3arilylieHue Ha CIUHUILy OT-
HocutenbHOro oowvema [nb(A)/en. Vo] ALy =
= AI—A/\/ o

— OTHOCHUTEIBHOE THAPABINIECKOEC COMPOTHB-
nenue: Hyry = Hi/Hy, tie Hy, Hy — ruapasnngeckoe
COTPOTHUBIICHUE CUCTEM C TIYIIUTEIEM U 0e3 Hero;

— yIENBbHOE 3ariyllicHUe Ha CIUHUIYYy OT-
HOCHTENIBHOTO comnpotuBieHus: [ab(A)/en. Homl:
AI—A(H) = AI—A/Ho"n-[;

— OTHOCHUTENBHBIA TemtoooMeH: Toy = To/Th,
rae T1, T, — temmeparypsl oTpabOTaBIINX Ta30B
Ha BBIXOJE, K.

B Ta6i1. 3 mpuBeaeHBI OCHOBHBIC KOMIIICKCHBIC
OIICHOYHBIC TTapaMETPhl HCIIBITHIBACMBIX TIYIITHTE-
neit myma. Kak BHIHO M3 TaONWIIBI, HOBBIA TIy-
ITUTENb ITyMa 10 BCEM OCHOBHBIM OIICHOYHBIM
mapamMeTpaM HMeeT 0ojiee COBEpIISHHBIE TEIUIO-
Bble, Ta30JUHAMHYECKHE W AKyCTHYECKHE Xapak-
TEPUCTUKH, YTO CBUJICTEIBCTBYET O €r0 BHICOKOM
TEXHUYECKOM YPOBHE 110 CPABHEHUIO C CEPHIHBIM.

Ha puc. 7 mpencraBieH MakeT mpeajaraeMou
KOHCTPYKITUH TIYIIUTENs 1ryma nopiraeBbix JIBC
HAa OCHOBE TEOPUH YHUCEIL.

B KOHCTPYKTMBHOM OTHOIICHUH HOBBIH (MO-
JICPHU3UPOBAHHBIN) TIIYIIMTENb IIIyMa UMEET Clie-
IyIOIIHe TIPENMYIIeCTBa:

— YMEHBIIIAeTCS KOJIUYECTBO BHYTPEHHHX Je-
TaJied ¢ BOCbMHU B CEpUITHOM JI0 YETHIPEX B HOBOM
HMCIIOJIHEHUH, CHIMKaeTcsa macca ¢ 19 go 17 kr,
YTO YIPOIIaeT KOHCTPYKITHIO;
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Tabauya 3
OCHOBHBIE KOMILIEKCHBIE OIIEeHOYHBbIE MAPAMETPbI
HCTBITHIBAEMBIX TJIyIIHTENEH myMa

Main complex evaluation parameters
of tested noise mufflers

I'mymurens
OlEeHOYHBIIH CepuiiHbIi | HoBerit
napamerp Uucino 060poTOB ABHUTATENS, 00/MUH
600 | 2000 | 600 | 2000
Vom 2,698 2,698
AL 4y, 1B(A)/en. Vo, | 2,595 | 4,262 | 2,595 | 4,633
Hom 5,000 | 2,375 | 3,333 | 1,750
ALpw), 1b(A)/en. Hyy| 1,400 | 4,842 | 2,100 | 7,143
Tom 1,018 | 1,000 | 1,037 | 1,000
ALy, 1B(A) 7,000 | 11,500 | 7,000 | 12,500
ALA(H, V),
nb(A)/(en. Hyen. | 0,519 | 1,795 | 0,778 | 2,647
Vom)
HAB(L/:()T('H\;”& é,) 0,365 | 0,189 | 0,547 | 0,279
Macca, Kr 19 17

Puc. 7. Maker npeuiaraeMoil KOHCTPYKIUH [IYILIUTEINS IyMa
MOPIIHEBBIX JABUTATENICH BHYTPEHHETO CTOPaHUs
Ha OCHOBE TEOPHUU YUCET

Fig. 7. Model of proposed design of noise muffler
for piston internal combustion engines based on number theory

— yJlydIllaeTcsl IPOU3BOACTBEHHAs TEXHOJIO-
THYHOCTh KOHCTPYKLIMHU NO pa3mepaM H (opmam
MMOBEPXHOCTH BHYTPEHHHUX JeTajel, cokpariaercs
YHCJI0 TEXHOJIOTHYECKUX Olepanuii U ux yHuu-
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Kallysi, CHW)KAIOTCSl 3aTpaThl Tpyla Ha H3IOTOB-
JeHue 1 cOOpKy;

— CYHIECTBYIOT TEXHOJIOTMYECKAsi U KOHCTPYK-
TUBHAasi IPEEMCTBEHHOCTb, a TaK)X€ BO3MOKHOCTh
yHUGUKAITMA  OCHOBHBIX JETANCH TIyIIATEIeH
cemeiicTBa MammH TMNa MoA3 u co3maHus mapa-
METPHUECKOI0 psAJa [IyLIUTeNeH.

Bmecte ¢ TeM Heo0XOAMMO OTMETHUTbH, YTO B
HOBOM KOHCTPYKIMM TIYLIUTENS IIyMa H3-3a Tpe-
O0OBaHMA 1O HEM3MEHHOCTH pa3MEpoB KOpILy-
ca CEepHHHOTO TIYIIUTENs HE YAajJoCh B IMOJIHOU
Mmepe (65 %) Ha mpakTHKe peayn30BaTh MPHHLUIT
30JI0TOW MponopIuy. B 1enomM HchbITaHus MOKa-
3aJIH, 4YTO pacyeT napameTpoB nepdopaium mo Ho-
BOM METOJMKE, OCHOBAaHHOM Ha MNPUMEHEHUU
MPUHIMAIA 30JI0TOM MPOMOPLUU U CBOMCTB YHUCEN
®uboHauyM, MO3BOJISIET CYIIECTBEHHO IOBBICUTH
TEXHUYECKUH YpOBEHb KOHCTPYKIMH TIIYIIUTENs
B YaCTH CHM)KEHUS Ta30MHAMHYECKOTO COIMPOTHB-
JIEHUsI TIPYU CTAOWIBHOCTH IyMoryiieHus [7, 8].

BBIBOJIbI

1. Iloxa3zaHbl OCHOBHbIE HAallpaBJCHUSA Ppa3BU-
Tusi Teopuu uucen. IlpuBeneHa coBpeMeHHas
KJaccuUKays pAAOB MPEANOYTUTENBHBIX YUCET,
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TUBHO-PEAKTHUBHOTO THUIIA.

2. [IpenoxkeHa WHHOBAIIMOHHAS MOJIENb Ty-
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Abstract. The purpose of this study is to develop a circuit for an automobile air conditioner, which will reduce the consump-
tion of power developed by the engine. This paper proposes the design of an automobile absorption air conditioner.
A description of the principle of operation of an automobile absorption air conditioner operating on a cycle of a one-stage
absorption refrigeration machine has been given in the paper. It consists of a stripper (generator), a condenser, an absorber, an
evaporator. Lithium bromide (LiBr) solution has been used as an absorbent, which has a low boiling point, is non-toxic and
safe. 3D-models of the absorber and generator of an automobile absorption air conditioner has been developed in the course of
the research. The absorber is designed to form a weak absorbent solution. This solution is supplied to the generator heat ex-
changer using a liquid pump. There it is heated by the exhaust gases to the boiling point. The solution evaporates and water
vapor enters the condenser (evaporator). In the generator, the solution is concentrated from 52 to 60 %. After that, water vapor
is supplied to the absorber from the condenser, and a concentrated absorbent solution is supplied from the generator. It should
be noted that the generator is a key element of an automobile absorption air conditioning system. Inside it is a strong LiBr
solution that feeds the absorber. The design of the air conditioning system does not provide for the use of a compressor and
allows to reduce the power loss of the power plant to the drive of the liquid pump. According to calculations, the pump drive
power was 0.17 kW. For comparison, the compressor of a modern car air conditioner consumes 7-11 kW. An absorption
car air conditioner provides the following advantages: additional engine cooling, environmental friendliness, fuel economy,
efficient use of the heat of vehicle exhaust gases. A distinctive feature of this design is that it is proposed to use the heat of the
exhaust gases for the process of heating the absorbent. This design can fully compete with the existing modern car air con-
ditioners.

Keywords: automobile conditioner, absorption bromide-lithium refrigerating machine, absorption, absorber, desorber, lithium
bromide, exhaust gases
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mammabl. OHa cocTouT U3 mecopbOepa (TeHepaTopa), KOHAeHcaTopa, abcopbepa, ncmapurens. B kauectBe aGcopOeHTa mc-
nosp30Banu pactBop Opomuza nutus (LiBr), KOTOphI UMeeT HU3KYIO TeMIEpaTypy KHUIICHHs, HE TOKCHYEH M Oe30maceH.
B mporecce uccnenosanus paspadoransl 3D-monenu abcopbepa u reHeparopa abCOpOIIMOHHOTO aBTOMOOMIBHOTO KOHIUIU-
oHepa. AGcopbep mpenHasHadeH Uil oOpa3oBaHUs ciaboro pactBopa abcopOeHTa, KOTOPHIH NPH HOMOIIM KHAKOCTHOTO
Hacoca IIOCTyHaeT B TEINIOOOMEHHUK TeHepaTopa, IZie HarpeBaeTcsi OTpadOTaBIIMMU Ta3aMU A0 TEMICpaTyphl KHIICHUS.
PactBop ucnapsiercs, 1 map uaeT B KOHAeHcaTop (ucmapurens). B renepatope pactBop KoHLeHTpupyercst oT 52 mo 60 %.
ITocne 3Toro B abcopbep U3 KOHAEHCATOPA MOCTYIACT BOJSIHOM I1ap, a U3 reHepaTopa — KOHLEHTPUPOBAHHBII pacTBOp abcop-
Oenra. Cremyer 3aMeTHTh, YTO T'€HEPATOp SABISETCS KIIOUEBBIM JJIEMEHTOM CHCTEMBI aOCOpPOIIMOHHOTO aBTOMOOWILHOTO
KOHJIMIIMOHepa. BHyTpu Hero Haxoautcs kpernkuil pactBop LiBr, nuratomuii abcopOep. KoHCTpyKIms cHCTEMBbl KOHANUIINO-
Hepa He MpelycMaTpHBacT HCIOJB30BAHUE KOMIIPECCOpa M TO3BOJISIET CHH3MTH MOTEPU MOIIHOCTH CHIIOBOH YCTaHOBKU
Ha TPHUBOJ XHUAKOCTHOTO Hacoca. CorimacHo pacdeTraM, MOIIHOCTH IMpuBoAa Hacoca cocrasmina 0,17 xBt. [lnsa cpaBHeHHS,
KOMIIPECCOpP COBPEMEHHOTO aBTOMOOMIBHOTO KOHAHUIIMOHepa oTpedser 7—11 kBT. AGcopOUMOHHBII aBTOMOOWIIBHBIN KOH-
JHIIOHEP UMEET ClelyIoIne PEUMYIIECTBa: AOTOIHUTENPHOE OXIAKAECHHUE ABUTaTelNs, 3KOJOTHYHOCTh, SKOHOMHIO TOILIH-
Ba, 3(1)(1)6KTPIBHOG HCITOJIL30BAaHNE TEIIOTHI BBIXJIOMHBIX Ta30B aBTOMOOMIIA. OTIHUHTENbHAS 0COOEHHOCTh ﬂaHHOﬁ KOHCTPYK-
UM B TOM, YTO IS TIpoIiecca HarpeBa abcopOeHTa HCIOIB3yeTCs TEIIOTa OTPA0OTABIIHX ra30B. Takas KOHCTPYKIUS MOXKET
COCTaBHThH MOJHOIEHHYIO KOHKYPEHITHIO HMEIOMNMCS COBPEMEHHBIM aBTOMOOHIIBHBIM KOHANUIMOHEPaM.

KnioueBble cjioBa: aBTOMOOMIBHBINA KOHAUIMOHEP, a0COpOLIMOHHAs OPOMUCTO-TTMTHEBAs XOJIOAUIbHAS MallllHa, abcopOuus,
abcopbep, necopbdep, OpoMu TUTHS, OTPAOOTABIIHE Ta3bl

Just uurupoBanusi: Wnbun, A. I1. ABromoOuibsHbIi abcopOumonnsiii konaumuonep / A. T1. Wibun, A. H. Tepentbes,
@. P. Apcnanos // Hayka u mexnuxa. 2021. T. 20, No 5. C. 445-448. https://doi.org/10.21122/2227-1031-2021-20-5-445-448

The car air conditioning system is actively pro-
gress. A lot of research is implement to improve
the design. Much attention is pay to improving the
evaporator heat exchanger and other details of ex-
isting systems [1, 2]. In addition, new air condi-
tioning systems are being developed. For example,
using an ejector [3]. Research is being conducted
to select a new, more efficient type of refrige-
rants [4, 5]. The results of these studies, to one
degree or another, solve the problem of impro-
ving the efficiency of the vehicle air conditioning
system.

Air conditioning systems based on new princi-
ples are of great interest. These include systems
based on an absorption refrigeration cycle. Ammo-
nia or lithium bromide solution is considered as
a refrigerant [6, 7].

A modern automobile conditioner averagely
consumes from 3 up to 6 kW of power produced
by the engine. The significant decrease of the me-
chanical losses on the conditioner drive can be
achieved removing the compressor, which drives
the cold carrier in the cooling system, from
the system.

The conditioner adapted for the cycle of ab-
sorption bromide-lithium refrigerating machine
(ABRM) can be used to produce cold, apart from
the compression-type conditioner. In contrast to
the compression method, where the single-phase
cold carrier (freon) circulates in the refrigerating
loop, in the absorption one the mixture of water
and absorbent is used. Lithium bromide with low
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boiling temperature (90 °C) is used as an absor-
bent. When moving along the refrigerating loop,
this mixture splits into the components and then
mixes again [8]. There is no compressor in ABRM
design, the engine power is only consumed for the
liquid pump drive providing the transport of strong
and concentrated solution. ABRM functional
scheme is given in Fig. 1.

Vaporous cold carrier

Y} Generator

Condenser —

Concentrated

Cooling +=—F—= solution
water '_’_ Liquid e
o cold carrier Heat
— *source

Cooled
water

Evaporator —

Absorber pump

Fig. 1. Absorption bromide-lithium refrigerating
machine functional scheme

The main elements of this device are: desor-
ber (generator), condenser, absorber and evapora-
tor. There are also auxiliary elements providing the
reliability and safety of the refrigerating machine
operation. These are different shutoff, throttle, so-
lenoid valves and automation system.
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The water vapor, formed under the action of
cooled medium, comes from the evaporator to the
absorber with the strong lithium bromide solution.
As a result of water vapor and solution absorption,
the concentration of the latter decreases [9, 10].
With the help of the liquid pump the weak solution
is fed through the heat exchanger fixed on the
exhaust pipe of the outlet header. Going through
the heat exchanger, the solution is heated up and
gets into the generator where it boils. The water
vapor formed is fed into the condenser where it is
condensed. The solution obtains low concentration
again in the generator and gets into the absorber
with the help of the bypass valve. Along the sys-
tem pipes the condensate is fed into the evaporator.
Thus the process cyclicality is provided.

The absorber (Fig. 2) is of closed type placed
in one body with the evaporator. The desor-
ber (generator) (Fig. 3) is the key element of
the absorption automobile conditioner system.
Strong LiBr solution, feeding the absorber, is in-
side the body.

Absorbent
Water vapor ' 2glmigon
from the
evaporator
Outlet

_of the absorbent
weak solution

Fig. 2. Absorber 3D-model

Water vapor
from the boiling weak
asolution

Feed
A of the weak
solution

Feed of the strong solution
to the absorber

Fig. 3. Desorber 3D-model
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The condenser (Fig. 4) consists of copper
U-pipes, aluminum plates and brackets of galva-
nized steel. U-pipes are interconnected by the
method of copper U-bends soldering. The couples
in the heat exchanger pipes are permanently and
uniformly blown by the outer air, which is fed
by the fan.

~

LB

tMounting bracket

“—Aluminum lamella

Copper pipe s @:{3@

i
XA
L&k‘l‘\'ﬁ:“

Fig. 4. Air-cooled condenser

The evaporator (Fig. 5) in absorption automo-
bile conditioner is a starting point of the whole
process. In the hot season, the warm outer air flows
through the evaporator pipes with the help of the
fan. As a result, the water circulating along the
pipes starts evaporating producing water vapor,
which is fed to the absorber via the special nozzle
where it gets absorbed with LiBr solution.

Cold carrier
outlet

Warm air
from the fan

Cold carrier
. -
inlet

Fig. 5. Evaporator

Exhaust Gas Recirculation (EGR) is used in
modern vehicles. This system is designed to im-
prove engine efficiency and reduce fuel consump-
tion [11]. One of the elements in the EGR-system
is a shell-and-tube heat exchanger (Fig. 6), through
the tubes of which the exhaust gases pass from
the exhaust manifold of the engine.

Fig. 6. Exhaust Gas Recirculation heat exchanger
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In this paper, it is proposed to introduce the
EGR-system heat exchanger into the absorption
cycle of the vehicle air conditioning system.

The liquid pump provides the forced cold
carrier circulation in the absorption conditioner
system. With its help, a weak LiBr solution is fed
to the generator from the absorber. The automobile
absorption conditioner design is given in Fig. 7.

Fig. 7. Automobile absorption conditioner design:
a — schematic diagram; b — 3D-model of the conditioning
system; 1 — absorber; 2 — desorber; 3 — evaporator;
4 — condenser; 5 — liquid pump; 6 — heat exchanger;
7 — evaporator fan; 8 — condenser fan; 9 — bypass valve

CONCLUSION

Thus, the design of an automobile absorption
air conditioner has been developed. The main ele-
ments of this device are: desorber (generator), con-
denser, absorber and evaporator. Lithium bromide
is proposed to be used as an absorbent. It has a low
boiling point. Lithium bromide is non-toxic and
safe. The resulting design of the air conditioner
reduces the power loss of the power plant to drive
the liquid pump. According to calculations, the
pump drive power was 0.17 kW. For comparison,
the compressor of a modern car air conditioner
consumes 7-11 kW. An absorption car air condi-
tioner provides the following advantages: addi-
tional engine cooling, environmental friendliness,
fuel economy, efficient use of heat from vehicle
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exhaust gases. This design can compete well with
existing modern car air conditioners.
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TexXHUKO0-I)KOHOMHYECKOEe CPABHEHHE KOHCTPYKIM IOPOKHBIX OI€KT

C UICNMOJIB30BAaHUECM MECTHBIX MaTC¢pHuajJIoB
JoKT. TexH. HayKk, mpod. . H. Kosasen”,
acnupaHThl A. B. CaByxal), B. B. erHHCKMﬁl)

l)Eenopyccm/n?l HAIIMOHAJIFHBIN TeXHUYeCKui yHuBepcuTeT (MuHCK, Pecriybnuka benapycs)
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Belarusian National Technical University, 2021

Pedepar. PaccMoTpeHa BO3MOKHOCTh IPUMEHEHHSI MECTHBIX MaTEPUAJIOB NPU YCTPOICTBE KOHCTPYKTUBHBIX CJIOEB JOPOXK-
HOU ofexnsl. [IpuBeieH MeToJ] TeXHHKO-?PKOHOMUYECKOTO aHaIN3a, Ul KOTOPOr0 HEOOXOAMMO 3HATh PAacUeTHBIC MOJIYIN
JedopMarvu CpaBHUBAEMBIX MaTepUaIoB. 3Hast MEKPEMOHTHBIE CPOKH JUIs Ka)KAOTO U3 pacCMaTPHBAEMBIX BapUAHTOB, MOX-
HO, COIIOCTABIISAS UX CO CPOKAMH OKYIIAaeMOCTH, 00JIee ITOJTHO BEIIBUTH TEXHHKO-9KOHOMHYIECKHE OCOOEHHOCTH TaKUX BapHaH-
TOB. OCHOBHBIM KpPHUTEpUEM JOIYCTHMOCTH IIPUMEHEHUS MECTHOIO MaTepHalla B COOTBETCTBYIOIEM KOHCTPYKTHUBHOM CJIO€
SBJAETCA PAaBHOMPOYHOCTh KOHCTPYKLUH JOPOXKHBIX OEXK] HIM OTIAETbHBIX KOHCTPYKTHUBHBIX CIIOE€B, YCTPaHBacMBIX U3
MECTHBIX ¥ HPHBO3HBIX MarepHanoB. Kpurepuii 5KOHOMHYECKOH I1e1ecO00pa3sHOCTH HCIIOIB30BaHUS MECTHOTO MaTepHaia
MOXEeT OBITh 3alMCaH B BHUJE HepaBeHCTBA. [IpuMeHss MPHHIMI SKBUBAJIICHTHOCTH CHCTEM, MOXKHO 3aMEHSTH OTJEIbHBIE
KOHCTPYKTUBHBIE CIIOM JOPOKHOH OAEXKIbI, yCTpaUBacMbIe U3 ONPEAEICHHBIX MaTePUAJIOB, SKBUBAJICHTHBIMH T10 5KECTKOCTH
CJIOSIMU M3 JPYTUX MaTepUaloB, YBEIUYMBas WM yMEHbIIAs UX TONIIMHY B 3aBUCUMOCTH OT IPOYHOCTHBIX XapaKTEPUCTHK
caMHX MaTepuanoB. Vcxoas U3 ycIoBHs paBHOIPOYHOCTH KOHCTPYKIIMH M3 MECTHBIX M IPUBO3HBIX MAaTEPUAJIOB, ONIPEIEICHO
OCHOBHOE YCIIOBHE TEXHHYECKOH Iesieco0Opa3HOCTH HCIOJIL30BaHUS MecTHOro Marepuana. [loctpoeH rpaduk mpexBapu-
TEIBHOTO OIIPECNICHUS] TEXHUKO-9KOHOMIUIECKOH 11e71eco000pa3HOCTH IIPUMEHEHHUS] MECTHBIX MAaTepHAaIOB B KOHCTPYKTHBHBIX
CIIOSIX JIOPOXKHBIX OJSKA. B KauecTBe MOMOIHUTENBHOTO KPUTEPUS SKOHOMUYECKOH BBITOJBI CPAaBHUBAEMBIX BAPUAHTOB MO-
KeT OBITh MCI0JIb30BaHa CyMMapHasi BEIMYMHA BKJIAJbIBAEMBIX 3aTpPaT.

KiodeBble cJ10Ba: MECTHBIC MaTepHaNIbl, TEXHUKO-YKOHOMHYECKIH aHAIN3, TOPOXKHAS OASKa, MOIYIIb edopMariy, SKBU-
BaJICHTHBIN CJIOH, pAaBHOIIPOYHOCTh KOHCTPYKIIMH

Jas uurupoBanusi: Kosaies, 5. H. TeXHHKO-3KOHOMHUYECKOE CpPaBHEHHE KOHCTPYKLUI JOPOKHBIX OJEKA C HCIIOJIB30Ba-
HUeM MecTHBIX MarepuanoB / 5. H. Kosanes, A. B. CaByxa, B. B. I'mpunckuit // Hayxa u mexuuxa. 2021. T. 20, Ne 5.
C. 449-454. https://doi.org/10.21122/2227-1031-2021-20-5-449-454

Feasibility Study Comparison of Pavement Designs
Using Local Materials

Ya. N. Kovalev?, A. V. Savukha?, V. V. Girinsky"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The possibility of using local materials in the construction of structural layers of pavement is considered in the pa-
per. The paper presents a method of technical and economic analysis, for which it is necessary to know the calculated defor-
mation moduli of the materials being compared. Knowing the turnaround time for each of the options under consideration,
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it is possible, by comparing them with the payback periods, to more fully identify the technical and economic features of such
options. The main criterion for the admissibility of the use of local material in the corresponding structural layer is the equal
strength of pavement structures or individual structural layers made of local and imported materials. The criterion of economic
feasibility of using local material can be written as an inequality. Using the principle of equivalence of systems, it is possible
to replace individual structural layers of pavement, made of certain materials, with equivalent layers of stiffness from other
materials, increasing or decreasing their thickness, depending on the strength characteristics of the materials themselves.
The main condition for the technical feasibility of using local material has been determined on the basis of the condition of
equal strength structures made from local and imported materials. A schedule for preliminary determination of the technical
and economic feasibility of using local materials in the structural layers of road pavements has been built. The total value
of the investment costs can be used as an additional criterion for the economic benefits of the compared options.

Keywords: local materials, technical and economic analysis, pavement, deformation modulus, equivalent layer, equal strength
structures

For citation: Kovalev Ya. N., Savukha A. V., Girinsky V. V. (2021) Feasibility Study Comparison of Pavement Designs
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BBenenne

[Ipoaykiueii aBTOMOOMIIBHOTO TPAHCIIOPTA SIB-
nsieTcsi 00beM TPAHCIIOPTHOW paboThl, a €¢ CTOM-
MOCTh OTIPEJIeNIIETCS Ce0ECTOMMOCTRIO MEPEBO30K
TPY30B M TACCAKUPOB, SBJISIOIICHCS Ba)KHEHIIIUM
SKOHOMUYECKUM H3MEpUTENIeM pabOThl aBTOMO-
omrpHOTO TpaHcmopTa. CiaegoBaTensHO, Ompene-
JIeHHe 3KOHOMHYECKOro 3(QeKTa OT KaluTajio-
BJIOXKCHUA B JOPOXKHOE CTPOUTEIBCTBO JIOJKHO
OCHOBBIBAThCS, TMPEKAE BCEr0, Ha YMEHBIICHUU
CTOMMOCTH aBTOIIEPEBO30K I'PY30B U MACCAKUPOB
Ha y4yacTKaX MPOCKTUPYEMBIX Aopor. B Hacrosiee
BpeMsI UMEETCs PsiJl JOCTATOYHO MOJAPOOHO pa3pa-
OOTaHHBIX METOAMYECKUX MPEIJIOKCHUNU IO TeX-
HUKO-?KOHOMHUYECKOMY aHaju3y. 3aTpaThl Ha IO-
CTPOWKY M MOCJCAYIONIYIO 3KCILTyaTalluio JIOpOT,
BKJIFOYAsI CPENICTBA, HEOOXOAMMBIC JUIsI BBITIOJHE-
HUA CPEAHCIO U KallUTAJIbHOTO PEMOHTA, BO BCEX
CYIIECTBYIOIMX METOJaX TEXHHKO-DKOHOMHYE-
CKOT'O aHa/Ii3a Mpeajiaracrcsa y4YUThIBaTb B KOM-
IUIEKCE C TPAHCIIOPTHBIMU PaCXOJIaMHU.

TexHHKO0-)KOHOMHYECKHHA aHAJIH3

K umciny nambGonee yHHMBEpcaJIbHBIX METOJOB
TEXHUKO-?)KOHOMUYECKOT0 aHaln3a OTHOCUTCS Me-
tox Coro3znopHUU, paspaborannsiii H. ®@. Xopo-
IIWIOBEIM [1], HCXOMHBIM TMOJIOKEHUEM KOTOPOTO
aBisieTcst yueT 3(pPeKTUBHOCTH CPEACTB, BKIAbI-
BAaEMBIX B JIOPOKHOE CTPOUTEIHCTBO, C TMIOMOIIBIO
BBOAMMOTO B pacueThl kod(dduuuenTa oOre-
CcTBeHHON 3((EKTUBHOCTH pa3BUTHS HAPOIHOTO
xo3siictBa. Jlns BbIOOpa Oojiee BBHITOAHOTO BapH-
aHTa pacyeTa Mo 3TOMY METOAY HEeOOXOJIUMO TMpo-
M3BECTH MOJCYET IPHUBENSHHBIX 3aTpaT Ha pac-
CMaTpUBaEMBIiA TOJ 110 popMyIie
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B=CK, + (I, + T, + X;) K, , +
+(I[2 +T,+ X, )KH +...+
+ (ﬂn—l + T+ Xn—l)Kl + @)

n

+(,Z[n+Tn+Xn)+Za,

1

rae b — cymma oOmnx, mpuBeeHHBIX K N-My TOAY,
3aTpar 1o JaHHOMY BapuaHTy; C — CTpOUTENbHbIE
3atpathl; K, — koadduimenT obiecTBeHHOM A dek-
TUBHOCTH KalUTaJIbHBIX BIIOXKEHMHA 3a N ser [1];
J1 — exxerogHbIe JOPOKHO-IKCILTyaTaI[MOHHBIE pac-
xoabl; T — TpaHcmopTHbIE pacxojibl; X — mpouune
€XKETOJIHbIE PACXOJBl; N — paccMaTpPUBAEMBIN I'OJ
CPaBHEHHUS; @ — €KErOJHBIE OTYHUCIEHMS Ha pe-
MOHT U TIEpeyCTPONCTBO JAHHOTO BapHaHTa.

B Tex cmyuasx, Korga €XeromHble pPacXOibl
3a paccMaTpHUBAEMBI MEpUOJ Mallo U3MEHSIOTCA
WM OCTAlOTCSl TIOCTOSTHHBIMH, (OpMyIIa mojcuera
MPUBEACHHBIX 3aTpaTr 3amuchiBaeTcs B Ooiee mpo-
CTOM BHUJIE

n-1 n
B=CK, +(I+T+X)) K, +> a (2
1 1

I'om, B kKOoTOpOM IpHUBEIEHHBIE 3aTpaThl IS
IBYX CPaBHHUBAE€MbIX BAPMAHTOB CTAHOBATCSI OMU-
HAKOBBIMH, SBJISIETCS FOJAOM DKOHOMUYECKOH paB-
HO3HAYMMOCTH 3TUX BapHaHTOB. [ onpeneneHus
JIOPOXKHO-3KCIUTyaTallMOHHBIX, TPAHCHOPTHBIX U
npyrux pacxomoB H. ®@. Xopomunossm pa3pabo-
TaHa COOTBETCTBYIOLIAasi METOJIUKA C TabauIamu
1 Tpadrkamu, TTO3BOJISIOIIUMH OBICTPO U TOYHO BEI-
YHCIISITh YKa3aHHBIC paCUeTHHIE BEMWYHHEI [ 1, 2].

[Ipu omnpeneneHuH CyMMapHOW BEIUYUHBI
TPAHCIOPTHBIX PAcXOJOB CIEAYET Y4ECTb, UYTO
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HapacTaHUe TPy30000pOTa Ha BHOBH CTPOSIIHXCS
Jloporax, Kak IoKa3alld UCCIICAOBAaHUS TIOCICTHUX
JeT, TOJYMHSCTCS 3aKOHY T'eOMETPHUYECKOH IMpo-
rpeccud. [1o3TOMy CyMMapHYO 3KOHOMHIO TpaHC-
MOPTHBIX PAacxXoJIOB 32 BECh MEPUO] CPOKa OKyIa-
emoctu t, 1emecoobpasHo ompenenars mo ¢op-
Mmyite [3]

M(ZO_ZI)’ (3)

rae D, — cymMMapHas 3KOHOMUS, WIH CHUKCHUC
JIOPO’KHO-TPAHCIIOPTHBIX ~ PacXOZOB 32 TEPUO.
OKyTIaeMoCTH; By — TepBOHavYaIbHAS TPY30HAMPS-
JKEHHOCTh JIBUKCHHS TI0 JA0POre; ( — 3HaMEHATelb
TEOMETPHUYECKON TIPOTPECCHN POCTa TIepBOHAYATH-
HOW TPY30HANpPSHKEHHOCTH IBWXKEHUS; t, — CpoOK
OKYIaeMOCTH; Zg — CE€0SCTOMMOCTh TIEPEBO30K
(TpaHCTIOPTHBIE pacxXodbl) Ha JTOPOTe JO MOCTPOii-
KM JaHHOTO BapuWaHTa JOPOKHOW  OJIEXKBI;
Z; — TO e Ha JIOpOre C pacCMaTPUBAEMbIM BapHaH-
TOM JIOPOKHOM OAEKIbI.

B xauectBe 00001IIEHHOTO TTOKA3aTeNs CTENICHH
TEXHHUKO-3KOHOMHUYECKOH 3(PPEKTUBHOCTH B COOT-
BeTCTBUU ¢ «TumoBON MeTOauKON ormpesene-
HUS DKOHOMHYECKOW 3(PQPEKTHBHOCTH, KaIUTalIh-
HBIX BJIOXKCHHIN» CIIEYeT HCIOIb30BaTh CPOK
OKYTIaeMOCTH TIEPBOHAYAIFHBIX 3aTPAT IIPH CTPOH-
TEJIbCTBE C YYETOM MOCIEAYIOMIUX JOPOKHO-
JKCILTyaTaIl[MOHHBIX PACXOJOB M CPEJICTB, HEOOXO-
MUMBIX JUIS BBITIOJIHEHUS MEPBOTO KAUTAIHLHOTO
PEMOHTa, 3a CYET SKOHOMHUHM Ha TPaHCHOPTHBIX
pacxonax, oOpasymoleiics Npu TpUHATHH Ooee
COBEPIIICHHOTO B TEXHHYECKOM OTHOIIICHUH BapH-
aHta JOpoXHON onexnabl [4]. [IpuHSB TOMOBBEIE
JIOPOXKHO-IKCIUTYaTalIMOHHBIE PACXOJIbl 32 pacueT-
HBII MEPHOJ] B Mpejerax CpoKa OKymaemMocTH (HO
HE Jlajiee CpoKa CIyKObl BapUaHTa) MOCTOSHHBIMH,
C Y4EeTOM CKa3aHHOTO (OpPMYIy JUIsS ONpPE/CIICHUS
TIOJTHBIX JTOPOKHO-TPAHCIIOPTHBIX 3aTpar, MpHBe-
JEHHBIX K pacY€THOMY Toay (T0y SKOHOMHUYECKOU
OKYITaeMOCTH 1,), MOXKHO 3amucaTh B BUJIC

b=CK, +

BO (qto B 1) ( (4)

+| dt, + Z,-7)+ Xty |K,+ Y a,
1

rae K, — koodduuueHT obecTBeHHOi d¢dek-

TUBHOCTH BJIO)KEHM CPEACTB 3a t, ner; K, — cpen-
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HEB3BCIICHHOE 3HAYEHHUE JTOro Ko3(QuireHra
3a TOT K€ MEPUO/I.

CorimacHo «THITOBOW METOAWMKE», TIPH pacye-
Tax 3KOHOMHYECKOH 3(PGHEKTHBHOCTH CpaBHUBAC-
MbIX BapHaHTOB HEOOXOJIMMO COMOCTAaBJATH (hak-
THYECKUE CPOKH OKYIaeMOCTH t, ¢ HOpMATUBHBIMU
3HAYEHUSIMH 3TUX CPOKOB T,, KOTOPBIE JJIsl TpaHC-
MOPTHBIX OTpaciiedl HApPOJHOIO XO3AWCTBA YCTa-
HOBJICHBI B TIpezenax o 10 Jer.

CocraBuM ypaBHEHHE OKYNMA€MOCTH OCHOBHBIX
MPUBEICHHBIX K HOPMATUBHOMY TOJy 3arpaT 3a
CYET SKOHOMHH Ha TPAHCTIOPTHBIX PACX0/1ax

CK yopue + (1K, + XK, +a)T, =
_ ()
— BO (qto 1)(20 _ Zl)'
g-1

Pemas ypaBHenue (5) oTHOCUTENBHO 1, TIOTyY-
YHIM CJIeIyIolIee BhIpakeHure:

t —ix
° lIgq (6)
CK + K +XK_+a)T -1
I L R )
Bo(zo_zl)

B cootBerctBHM ¢ «THIIOBOH METOIHMKOM»
MIPUMEM:

3a KO3 HUIUEHT PaKTHUECKONW CPaBHUTEIHLHON
HKOHOMHUYECKOU 3P(PEKTUBHOCTH OTHOIIIECHUE

Kaq) ==, (7)

3a OTpacieBOr KO3(PQPHUIMEHT CpPaBHUTEILHON
AKOHOMHUYECKOH () PEKTUBHOCTH

E=—. ®)

Torma o4eBHIHO, YTO BapHaHT C MEHBIIUM
CPOKOM OKyIaemocTH (pa3yMeeTcs, B Mpelenax
HOPMAaTUBHOTO CPOKa) HJIM, YTO TO K€ camoe, C
OoNpIIMM  3HaUYeHHEM Kod(duimeHTa QaxTude-
CKOW CpaBHUTEIHHOW SKOHOMHYECKOW >PQPeKTHB-
HOCTH Oyzaer Oojee BBITOAHBIM [S]. 3Has Mexpe-
MOHTHBIE CPOKH (OTpeeNsist uX Mo ¢popMyam HIn
TabnuaMm) Uid KaXxAOTO W3 PacCMaTPHBAEMBIX
BapHaHTOB, MOXKHO, COIOCTABIISISI UX CO CPOKaMH
OKYTIaeMOCTH TeX K€ BAapHUAHTOB, JOCTATOYHO
TIOJTHO BBISIBUTH TEXHUKO-9KOHOMHUYECKHE OCOOCH-
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HOCTH CPaBHHBAEMbIX BapHaHTOB. boyee 3KOHO-
MHYECKH BBITOJHBIM OyIET TOT BapHaHT, Ui KO-
TOPOro (haKTHYECKUI CPOK OKYITAEMOCTH MEHBIIIE
COOTBETCTBYIOLIETO JIAHHOMY BapHaHTy MEXpe-
MOHTHOTO CPOKa.

Amnamu3 3asucumoctd b/t = f(t) mokaseiBaer,
9TO JIO ONpENeSEHHOrO rojia 3HaueHne b/t ymeHs-
IAeTCsA, a 3aTeM, C JAIbHEHIINM YBEIHMYEHHUEM
CpoKa, MoBbImaeTcs. [103TOMy B KauecTBe JOMOJ-
HHUTEILHOTO KPUTEPUSI SKOHOMHYECKON BBITOIHO-
CTH CPaBHHBAEMbIX BapHAaHTOB MOXET OBITH HC-
[0JIb30BaHa CyMMapHasi BEJIMYMHA BKJIabIBAEMBIX
3atpar bs, moacunThiBaeMast mo Gpopmysiam:

BST0 = St +T0CTp; (9)
bge =S, +EK|, (10)

rae St — KamuTalbHBIC BIOXKCHHS MO KaXKJIOMY Ba-
pHaHTy, TpPUBEIEHHBIE K HOPMATHBHOMY CPOKY

okymaemoctu; C,, — rojoBas ceOECTOMMOCTb
TPAHCIIOPTHBIX PAacXoJ0B 10 KaXJIOMy BapHaH-
Ty [6].

B cBoto ouepes:

S, = CKHOpM +(}1ch +XKCp + a)to;

(11)
C, =Bz

Bonee BeiromHbIM Oy€T BApUAHT C MEHBIITMH
3Ha4eHUAMH bsr, mim bge. Hayunsle nccnenoBanus
U MPOU3BOACTBEHHBIA OMBIT psAga JOPOXKHBIX Op-
TaHU3aIMii YKa3bpIBalOT HAa MPUHIMITAAIHHYIO BO3-
MOJKHOCTh IIHPOKOTO WCIOJIB30BAHMUS MECTHBIX
JIOPOKHO-CTPOUTETHHBIX MAaTepHAIOB TPU CTPOH-
TEIHCTBE AKOHOMHYHBIX M JOJTOBEYHBIX JOPOK-
HBIX OJICKJ Ha aBTOMOOWIBHBIX JOPOTaxX pasind-
HBbIX KaTeropuil. KOHCTpyKTUBHEBIE CXEMBI TOPOXK-
HBIX OJICKJ JIOJDKHBI OBITh OOBEIUHEHBI IO CTe-
MEHU KalUTAIbHOCTU B PAaBHOMNPOYHBIC TPYIIIBI
C OJIMHAKOBBIMH JIJIS1 KQXKI0H TPYIITBI SKBUBAJICHT-
HBIMH MOIyJIsIMH fedopmarnyu [6, 7].

Jlns kaxk10M TpyIIbl JOPOXKHBIX OJIEK] C yUe-
TOM KaTETOPUHU JOPOTH HPUHAT TPEOYEMBbIi SKBH-
BaJICHTHBI MOJyJbh Je(pOpMaIii, COOTBETCTBY-
IONUIl JIETKOMY H CpEeIHEMY aBTOMOOWIEHOMY
JIBIDKEHUIO [8]. JIOMOJHUTENBHO YYHUTHIBAIOTCS
JIAaHHBIE O CTPOUTEIBHONW CTOMMOCTH M 3aTpaTax
MPUBO3HBIX W MECTHBIX MarepuaiioB. JlaHHBIE
0 ©XKETOJHBIX JTOPONKHO-IKCILUTyaTaIl[MOHHBIX pac-
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XOZax, OTYHUCJICHUSIX HAa BOCCTAHOBJICHUE U Iepe-
YCTPOMCTBO JOPOr U CeOECTOMMOCTH TIEPEBO3OK,
BIUIOTH 10 HaKOIJICHUS JAaHHBIX O CIIy>KO€ TOpOoXK-
HBIX OJEJA C MECTHBIMH MaTepHajaMu, MOKHO
HoTy4YuTh U3 Tabu. 2-5 [1].

BrusiBieHHEe TEXHUKO-?KOHOMUYECKOH Iieneco-
00pa3HOCTH TPHMEHEHUS MECTHBIX MaTepHasioB
JOJDKHO HAaYMHATHCA Ha CTaAMU KOHCTPYHPOBAHUS
JIOPOXKHOM ofiekapl. OCHOBHBIM KpUTEpHUEM AOILY-
CTUMOCTH IPUMEHEHUS MECTHOTO MarepHaia
B COOTBETCTBYIOLIEM KOHCTPYKTHUBHOM CIJIOE SIBJIfI-
€Tci PaBHONPOYHOCTb PACCMAaTPHUBACMBIX KOH-
CTPYKLUI JOPOKHBIX OAEHK WIH OTAEIBHBIX KOH-
CTPYKTHUBHBIX CJIOEB, YCTPaWBa€MbIX M3 MECTHBIX
Y IPUBO3HBIX MaTepHaioB [9].

CornacHO TEOPHMH TIPOYHOCTH HEXKECTKHX
OJICK], PABHOIIPOYHBIMU CUUTAKOTCS T€ KOHCTPYK-
THBHBIE CJIIOM WJIM MHOTOCIIOMHBIE CUCTEMBI, KOTO-
pble 00JamaloT OJUHAKOBOW >KECTKOCTBIO M pac-
MIPEACIIIONICH CIIOCOOHOCTRIO TPH  ACHCTBUH
OJIMHAKOBBIX Harpy3ok [10]. [lng paBHOMpPOUYHBIX
CUCTEM JOJDKHO CYLIECTBOBAaTh PAaBEHCTBO HX JK-
BHUBAJIEHTHBIX MOAYJIEH fedopMariu

E) =E

9KB " 9KB'

(12)

roe E.,
Malui KOHCTPYKIMM C MECTHBIM U TIPUBO3HBIM
MaTepHajaMH.

OKBHUBaJICHTHBI MOAYINb JAeQOpMai MHOTO-
CIIOMHOM CHCTEMBI 3aBUCUT OT MOAyJel nedopma-
UM KQKIOTO CJI0sI, TOJIIMHBI CJIOEB U MOIYJIS Jie-
¢dopmManuu TPYHTOBOTO OCHOBaHUS. Vcmonmb3ys
MPUHIMI SKBUBAJICHTHOCTH CHUCTEM, MOXKHO 3aMe-
HATh OTZENbHBIE KOHCTPYKTHBHBIE CJIOM JOPOXK-
HOM OJIEX/bl, YCTpauBaeMble M3 OIPEJIeIeHHBIX
MaTEepHajoB, SKBUBAIEHTHBIMU II0 JKECTKOCTH
CJIOSIMU M3 APYTHMX MaTepHalioB, YBEJINYMBAS WIIH
yYMEHbIIas UX TOJIIMHY B 3aBUCHMOCTH OT IpPOY-
HOCTHBIX XapaKTEPHCTHK MocienHuXx. TommuHa
9KBUBAJIEHTHOT'O CJIOS, MPUBEACHHOIO K Marepua-
JIy TPYHTOBOTO OCHOBAHMSI, BBIYHCIISIETCS 1O (op-
myine I'. 1. [Tokposckoro [2]

I v
E. ., — DKBUBAJECHTHBIH MoOIynb nedop-

(13)

rne h,, — Tomumba skBuBaneHTHOrO CIitost; h — ToII-
IIMHA CJIOS MaTepuayia ¢ MoayneMm aedopmaiuu E;
Ey— Monynb nedopmariiy rpyHTa OCHOBaHHSL.
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Jns cnyyas mpuMeHeHHs MPUBO3HOTO U MECT-
HOT'O MaTEPHUAaJIOB TOJIIIMHA SKBUBAJICHTHOTO CJIOS
OTIpEeIETSIETCS] COOTBETCTBEHHO 110 (hopMyTIam:

(14)

(15)

Ucxons wu3 YCJIOBHUA PABHOIMMPOYHOCTU KOH-
CprKLII/Iﬁ C MCCTHBIMH U IPUBO3HBIMU MaTcpua-
JIJaMH, MOKHO HalncaTb OCHOBHOC YCJIOBUC TEXHU-
YeCKOH LICJ'ICCOO6pa3HOCTI/I B CJIeAyromieM BUIC:

hy,=h.,. (16)

CTOMMOCTh YCTpOWCTBAa EAMHMIIBI IUIOIIAAN
OCHOBaHUS B O0IIEM ClTydae

S =A+hc, 17)

rae A — pacxoj Ha ycTpoiictBo 1 M OcHOBaHHS,
HE 3aBUCSINMI OT BHJA KAaMEHHOTO MaTepHaia;
h — tommuua cos, M; ¢ — cronmocts 1 M Mare-
puana ¢panko-Tpacca.

Torna:

S,=A+hc, S =A+hc,. (18)

rae A, + hyey, < A4y + hyen, A1~ 4.

Kputepuii 5KOHOMHUYECKOH 11eNIecO00pa3HOCTH
UCIIOJIb30BaHUS MECTHOT'O MaTepuaia MOXKET ObITh
3aMMcaH B BUJI€ HEPABEHCTBA!

S, <S,; (19)
LY (20)
hM CH

Ucxons u3 (19), (20), 6yaem umeTs:

Ioxcrasmss B (22) 3uauenne h,/h,, B oxoHua-
TEJILHOM BHJE TOJy4HM HYXKHOE Ui TEXHHKO-
9KOHOMHYECKHX CPAaBHEHHH YpaBHEHHE
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(23)

B ypaBHenuu (23) 3Ha4eHHS C,/C, MOT'YT U3Me-
Hatbest oT 1 no 0. [lpakTtuyeckue npenensl u3Me-
HAEMOCTH 3TOTO OTHOIICHHUS YK€ 3HAYUTEIIbHEI.
I'panHuIBl IPEENBEHO AOMYCTUMBIX 3HAYEHUH C,/Cy
u E,/E, npuBeeHsI B Ta0. 1.

Tabauya 1
I'pannub! npeneabHO J0MYCTHMBIX 3HAYCHUH

Limits of maximum permissible values

c,/c, | 1,000 | 0,900 | 0,800 | 0,700 | 0,600 | 0,500 | 0,400
E,/E,| 1,000 | 0,768 | 0,606 | 0,410 | 0,279 | 0,177 | 0,101

BbIBO/IbI

1. Takum 00paszoM, JJIsl BHITOTHEHUS TEXHUKO-
SKOHOMHYECKOTO CpaBHEHUS HEOOXOAWMO 3HATh
pacueTHble MoOAyIHM JedopMalnuii CpaBHUBAEMBIX
MmatepuainoB. Cienyer UMETh B BUAY, YTO pacyer-
HBIC 3HAYCHUSI MOXyJel aedopmanuu 3aBUCST He
TOJIBKO OT CBOICTB MaTepuana, HO M OT yCJIOBUH
YBJIQXKHEHHUS 1 APCHUPOBAHMS, PEKUMa IIPOMeEp3a-
HUS U OTTauBaHUsL.

2.1lpyn HazHa4YeHWHM pACUYETHBIX MOIYJCH jae-
(dbopMarun HEOOXOAWMO TIOJIH30BATHCSI COOTBET-
CTBYIOIIMMH TaOJIMI[AMUA U PEKOMEHAAIUSIMH WH-
CTPYKIIMU TIO0 Ha3HAYCHUIO KOHCTPYKIHUHA JOpPOXK-
HBIX oaexn Hexecrtkoro tura BCH  46-60.
[MpuBomuMbIe B TaOmuIax 3HAYCHUs] MOJYJEW HeE
MOTYT y4ecTb BCE MHOT00Opasue yCIOBUM U pac-
LIMPSIIOIIMIICS acCCOPTUMEHT MECTHBIX Marepua-
JI0B. B HEKOTOPBIX clydasx BO3HHKAeT HEOOXOIH-
MOCTh OTIpENICNICHUs] PacueTHOro Monyis aedop-
Mallyd MECTHOTO MaTephaja SKCIePUMEHTAIbHBIM
nyteMm. [Ipum 3TOM clieayer MMeETh B BHAY, 4TO
B IPOLIECCE IKCIUTyaTalluy JAOPOTH MaTepuall KOH-
CTPYKTUBHOI'O €JIOSI OyAeT M3MeNb4YaThCcsl U U3Me-
HATh CBOIO IIEPBOHAYAJIbHYI IPOYHOCTH, OLCHU-
BaeMyl0 MozyieM nedopmauuu. B cBsi3u ¢ uem
BEJIMYMHY PAacueTHOr0 MOXIyis aedopmanuu pe-
KOMEH/yeTCsI OIpEeIATh HEIOCPEACTBEHHO B II0-
JIEBBIX YCJOBUSX Ha CYIIECTBYIOUIMX Y4YacTKax
JIOPOTH, IOCTPOCHHBIX U3 3TUX MaTEepPHUaoB.

3. Ceemenmst o crommoctd 1 M° Mmarepuama
(paHKO-Tpacca IOJY4ar0TCsl COCTABICHUEM COOT-
BETCTBYIOILMX KaJbKyisiuuil. CpaBHEHHE CBOIUTCS
K yCTaHOBIeHHIO Ha rpaduke (puc. 1) mecroHa-
XO0XKJICHHUS TOYKH, COOTBETCTBYIOIIEH ITOJIy4EHHBIM
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YUCIICHHBIM 3HayeHusMm E/E, u c,/c,. Eciau Touka
pacmonaraercsi B 30H€ TEXHHKO-3KOHOMHUYECKOTO
000CHOBaHUS, TO MECTHBII MaTepHuall MOKHO HC-
M0JIB30BaTh B NPOEKTHUPYEMOW KOHCTPYKLMH [10-
POHOM OJI€¥KIBI.

T T T
L0 30Ha TEXHUKO-IKOHOMHYECKOU
EJE, LeTecCO000Pa3HOCTH
0,8
_,_L—Ba)HaHT
/  ocHoBamms
0,6 T 2-ii BapHaHT

/| HOKPBITHS
%1—ﬁ BapUaHT
0.4 / TTOKPBITHS
02 //
/

0 0,2 0,4 0,6 0,8 cu/ca 1,0

Puc. 1. IlpensapuTensHoe ONpenesicHue
TEXHUKO-?KOHOMUYECKOH 1e71eco00pa3sHoCTU
MPUMEHEHHS] MECTHBIX MAaT€PUAIOB B KOHCTPYKTUBHBIX CIIOAX
JIOPOKHBIX OJIEMK]T

Fig. 1. Preliminary determination
of technical and economic feasibility for application
of local materials in structural layers of pavement
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