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Abstract. The paper considers the determination of the rational correlation between the characteristics of the horizon-
tal / vertical ground heat exchanger (HHE / VGHE) such as the pipe length of one contour / well depth, pipe diameter,
coolant velocity in the lower contour of the heat pumping system (HPS), depending on the conditions of the HHE
/ VGHE operation (intensity of the heat removal from the soil) and HPS (temperatures of the upper and lower heat
source). These characteristics should ensure optimal coolant velocity in the lower HPS contour, which will provide
minimum specific electricity consumption for heating consumer in general. As a result of numerical studies based on
the analysis of the system of equations of the energy expenditures and heat balance of individual elements of the heat
pump system, it was established that there are optimal values of the coolant velocity and corresponding minimum spe-
cific costs of external energy for the HPS heating. On the basis of this relationship, the characteristics of the soil heat
exchangers were obtained; they ensure minimum total energy costs for the heating HPS. It was determined that for the
large well depths the use of small-diameter pipes becomes impractical due to the large hydraulic losses. In turn, the hy-
draulic losses considerably increase with the depth of the well with large heat flow from soil, which requires the transi-
tion to larger tube diameter of the heat exchanger. It was established that with providing the optimal coolant velocity
in the lower contour the energy expenditures for the HPS with vertical ground heat exchangers in the entire range of
the VGHE parameters do not exceed the value of 0.275. This corresponds to the value of equivalent transformation
ratio of the low temperature water HPS heating of at least 3.6 and evidences of sufficient effectiveness of the system.

Keywords: heat pump; horizontal / vertical ground heat exchanger; low temperature heating system; minimum unit
cost of external energy.

AHoTauis. Bu3zHaueHo pamioHadbHI CIIBBIIHOMICHHS MK XapaKTEPHCTUKAMH TOPH30HTAIBHOTO / BEPTHKAIHHOTO
rpyHToBOrO Termtooominanka (I'TO/BI'TO), Takux sk TOBKUHA TPyOU OJHOTO KOHTYpPY/ IMHOMHA CBEPIJIOBHHH, JTia-
MeTpa TpyOH, MBHUIKOCTI PyXy TEIUIOHOCIS B HIDKHBOMY KOHTYpi TermmonacocHoi cuctemu (THC) B 3anmexHOCTI Bix
ymoB po6otu I'TO/BI'TO (iHTeHCHBHICTB Bimdopy TemioTh Bix rpyHTy) Ta THC (Temmeparypu BepXHBOTO Ta HIK-
HBOTO JDKepena TeruoTH). JlaHi XapakTepuCTUKY MOBUHHI 3a0€3MEYNTH ONTUMAIIBHY IIBUIKICTh TEIUIOHOCIS B HUXK-
apoMy KoHTYpi THC, 1110 103BOIHMTE OTpUMAaTH MiHIMaNbHI TUTOMI BUTpaTh enekrpoeneprii Ha THC temonocragan-
HS B IJIOMY.

KoarouoBi ciioBa: TernoBuil Hacoc; ropu3OHTAILHUN / BEPTUKAIBHUN I'PYHTOBHI TEIIOOOMIHHUK; HU3bKOTEMIIEpa-
TypHa CHCTEMa ONAJICHHS; MiHIMAJIbHI TUTOMI 3aTpaTy 30BHIIIHBOT €HEprii.

AnnoTtanusi. OrpesiesieHo paoHAIFHOE COOTHOILICHUE MEK/Ty XapaKTEPUCTUKAMK FTOPH30HTAILHOTO / BEPTHKAIBHOTO
TPYHTOBOTO TEINIOOOMEHHHKA, TAKUX KaK JUIMHA TPyOBI OHOTO KOHTYpa / IIyOMHA CKBAXXWHBI, THAMETpP TPYOBI, CKO-
POCTB JIBHKEHUSI TEIUIOHOCHUTENSI B HIDKHEM KOHTYPE TEIUIOHACOCHOW CHCTEMBI B 3aBHCHMOCTH OT YCIJIOBHH paOOThI
I'TO / BITO (unTeHCHBHOCTH 0TOOpa TerutoTsl oT TouBkl) 1 THC (TemmepaTypbl BEpXHEr0 W HIDKHETO MCTOYHHKA
TETuI0THI). JlaHHbIE XapaKTePUCTUKH JIOIKHBI 00ECTICUUTh ONITUMAIBHYIO CKOPOCTh TEINIOHOCHTENS B HIDKHEM KOHTYpE
THII, 4T0 MO3BONNT MOMYYNTh MUHUMAJIbHBIE YIIeTbHbIE 3aTpaThl d1ekTposHepruu Ha THC TernnocHaOKeHNs B LIETIOM.

Ki1roueBble cjioBa: TEIIIOBOM HACOC; TOPU3OHTAIBHBIN / BEPTUKAIBHBIA TPYHTOBON TEIUIOOOMEHHHK; HU3KOTEMIIepa-
TypHasi CHCTEMa OTOIUICHUS; MUHUMAJIbHBIC YCIbHBIC 3aTPaThl BHEITHEH SHEPTHH.
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IMOCTAHOBKA ITPOBJIEMUA

BukopucTaHHsl HETPaJMIIITHUX Ta BiJHOBIIOBAaHHX
mkepen eneprii (HBJIE) cBiroBa cminbpHOTA pO3riis-
Ja€ SK OJWH 13 HaWOUIBII MEpCHeKTHBHUX MUIAXIB BU-
pIIICHHS 3pOCTAlOUMX TMPOOJEeM EHepro3ade3rnedeHHs.
HasiBHicTh HeBHYEpIHOI pecypcHOi 0a3u Ta eKoyioriyHa
yucrota HB/IE € BUu3HauanbHUMHU 1X epeBaraMu B yMO-
Bax BHYEPIIAHHS PECYPCiB OPTaHIYHOTO ITajMBa Ta 3pOC-
TalOYNX TEMIMIB 3a0pyaHEeHHS MoBKULIA [8, 9]. 3 MeTor0
3MEHIIECHHS 3aJIKHOCT] YKpaiHH B/l IMIOPTHHX €HEpPro-
HOCITB IOTPIOHO BITPOBAKYBaTH €HEProeeKTHUBHI TeX-
HoJIOT1i Ta 3a6e3neunTH mupiie 3acrocyBanus HBJIE 3a
JIOIIOMOTOI0 TETIIIOHACOCHOT TexHouorii. Ha choroxHim-
Hilt nens Terutosi Hacocu (TH), 6e3 cymHIBY, € HallOLIbII
MIEPCIIEKTUBHUMHE CEpell JUKepea HeTPaAuIiiHOI eHep-
TeTUKH JUIS BHUPILICHHS MpOOJeM eHepro3depexeHHs
3aBJSIKM MOJKJIMBOCTI BHKOPHCTOBYBAaTH ITOHOBIIOBAHY
SHEeprilo 3 HaBKOJUIIHBOTO CEpelOBHINA. 3acTOCyBaH-
HS JDKEpEJT TEIUIOTH Ha 0a3i TerIOHACOCHUX YCTaHOBOK
(THY) B cuctemax TemJIONMoOCTa4YaHHs y cdepax, 1ae e
BIIPOBA/KEHHS pallioHaJIbHE i KOHKYPEHTOCIIPOMOXKHE,
JIacTh 3MOTY KOMITJIEKCHO BUPIIINTH €HEPreTHdHi, eKOo-
HOMIYHI, €KOJIOTIUHI ¥ coliaibHi Mpo0iIeMH, aKkTyalbHi
g Ykpainu [2, 6].

AHAJII3 OCTAHHIX
JOCJIJIKEHB I ITYBJIKAILII

Terutora TOBKULIS Y BUIIISII TEIUIOTH IPYHTY € J0-
CUTh TIEPCTIEKTHBHUM [DKEPENIOM eHeprii st YKpaiHu.
IpyHT € HalbinbLI YHIBEPCAIBHUM KEPEIOM HHU3BKO-

MTOTEHITIATFHOI TEeIUIOTH, SKUH Ha TIHOWHI 5 M 30epirae
BITPOJIOBXK YCHOTO POKY ITOCTIHHY TeMIlepaTypy Ha piBHI
8—12 °C, 3abe3meuyoun, TAKIM YUHOM, e(DEeKTUBHY PO-
6oty TH [2]. Anst BuitydeHHs! TEIUIOTH 3 IPYHTY Ta BHU-
KOPUCTaHHSI MOTO SIK HIKHBOTO JDKEpEeNa TeTUIOTH IS
THC rtennonocrayanns 3actocoBytotscst 'TO Ta BITO
(puc. 1).

B icayrounx meroamkax [3, 4, 5] 3aTpatu enexTpo-
eHeprii Ha npuBix kommnpecopa TH i Ha mUPKyIATIHHAI
HACOC HMKHBOTO KOHTYPY BH3HAYalOThCS OKPEMO. IX
CyMa BHM3HAUa€ 3aTpaTH 30BHINIHBOI eHeprii Ha poOoTy
THC omanenns. OnmHax, CIif BIAMITUTH, IO TPU BiIO-
MHUX 3HAYEHHsAX TerioBoi nmotyxHnocti TH O Ta Temme-
paTypH TEIUIOHOCISt B CUCTEMi OMaNeHHs £, AKi BU3Ha-
YalOThCS CAMUM 00’€KTOM TEIJIONOCTa4aHHs Ha OCHOBI
PO3paxyHKY TEIJIOBUX BTpAT MPUMIILEHHSI B HABKOJIMIII-
HE cepeloBHUIle Ta 00paHOi CUCTEMH TEIUIONOCTavyaHHs,
3MiHa TEMIEPaTypH TEIIOHOCIA ¢ ™™ Ha BUXOZI 3 BHIIAp-
auka TH € HeoqHO3HAYHOIO 1 TOTpebye Bu3HaueHHA. Lle
3YMOBIICHO THM, IIIO KiTBKICTH TEIIOTH, BiNiOpaHOi Bif
HIDKHBOTO JDKeperna y BUIapHuKy TH, 3amexuts sk Bin
pI3HMII TEeMIIepaTyp Ha BXOJi Ta BUXOJl 3 BUIIAPHUKA
TH, TaK 1 BiJi BUTPATH TEIJIOHOCISI y HWKHBOMY KOHTYPI
THY. V¥V 3B’s3Ky 3 TUM, 110 3aTpaTH €Heprii Ha MpUBIA
komripecopa TH Ta Ha Hacoc mpu 3MiHI Temmeparypu
TEIUIOHOCIS Ha BHXOJi 3 BumapHuka TH 3MiHIOIOTBCA
B MMPOTHUJICKHUX HANIPSIMKAX, MAlOTh iICHYBAaTH ONITHMAaJIb-
Hi ymoBHu pobotu THY, sxum BiAmoBizatoTe MiHIMATBHI
CyMapHi 3aTpartu 30BHIHKOI eHeprii Ha THC omaneHHs
B [ILIIOMY.
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Puc. 1. Ilpunuunosa cxema THC onaneHHs 3 BUKOPUCTaHHIM TEIJIOTH IPYHTY 3a noromororo I'TO (a) ta BI'TO (6):

OIl — onamopane npumimenns; TH — Temnopuii nacoc; K — xonnencarop TH; B, — punapauk TH; K — xomnpecop; H —
nacoc; L_— po6ora npusony komnpecopa TH; L — pobota npusony Hacoca; L  — rimOuHa CBEpJIOBUHM

HIJIb POBOTH — Bu3HAUUTH pamioHaTbHE CITiB-
BIZIHOIICHHS MIXK XapaKTEPUCTHKaMH I'PYHTOBHX TEILIO-
0OMIHHUIKIB (JOBXHHA TPYOH OTHOTO KOHTYPY / TTHOWHA
CBEPUTOBUHH, JliaMeTpa TPYOH, MBUAKOCTI PyXy TEIIo-
HOCig B HIDKHbOMY KOHTYpi TH B 3amexHOCTI Bix yMOB
poOOTH SK ITPYHTOBOTO TerutooOMiHHMKa, Tak i THC), ski
6 3a0e3mevyBany MiHIMaIbHI ITUTOMI 3aTPaTh €IEKTPO-
eneprii Ha THC omaneHHs B mijomy.

BUKJIAJI OCHOBHOI'O MATEPIAJTY

1. THC onajieHHS 3 TOPH30HTAJLHUMU IPYHTOBH-
MU TENJI00OMiHHUKAMH
PiBusiHHs TeruioBoro Oamancy ['TO moxHa momatu
y TaKOMY BUTJISIIT
QrTo _

I'TO
mas ( 1)

BiIB °

ne Qnr;g, Q;;{BO — IijiBeJICHUH 1 BifiBeIeHUI TEIUIOBUIA
notik Big I'TO BigmosiaHo, KBT.

be3 ypaxyBaHHs HeCTal[lOHApHOCTI MPOIECY IiaBe-
JICHUH TETUIOBMH MOTIK IO TEIIOOOMIHHMKA BiJ IPYHTY
BH3HAYAETHCS 32 CITIBBIIHOLICHHSM

I'TO
QHiI[B = quFTO ’ (2)

ne q, — CepeHil 3a Ce30H MUTOMUH TEIUIOBUH MOTIK,
BiHeCeHUH 10 | M MPOKIaAEHOro B IPYHTI TOPH30H-
TaJBHOTO TEII00OMiHHWKA, BT/M; L. — nmoskuHa TpyO
TPYHTOBOT'O TETNIOOOMiHHUKA, M.

BinBeneHuit TEIIOBUI TOTIK BiJf IPYHTOBOTO TEILIO-
0OMIHHHKA JIOPIBHIOE MiABEICHOMY TEIUIOBOMY ITOTOKY
1o Bumaparka TH. HexTyroun BIDTHBOM TUCHITAIIT €HEP-
Til TIpU TOJO0TaHHI TOTOKOM TEIUIOHOCIS TiAPaBIiIYHOTO
onopy Bunapuuka TH, Bennuuny O MOXHA BU3HAUUTH
3a (hopMyII0t0

I'TO

2

ndy,
QBi/IB = QBI/II'I = WT pTCpAtT > (3)

1€ W — IIBUIKICTB pyxy Temonocisa B I'TO, m/c; d —
BHYTpimHii giametp Tpy6 I'TO, M; p, — TycTnHa Temo-
HOCIis1, KI/M>; c,— i300apHa TEIIOEMHICTH TETIIOHOCIS,
kJIk/(xr - °C); At — pi3HUILA TEMIIEPATYp TETIOHOCI HA
BXO0i Ta Buxozi 3 Bunapauka TH, °C.

V nitepaTypHux mkepenax [3, 4, 5] HaBeneHo pi3Hi
3HAYECHHs CTYIEHS OXOJIOJDKCHHS TEIUIOHOCIS y BHUIIap-
uuky TH Bix 3 mo 5 °C 6e3 HagaHHSA KOJHOTO TEpPMO-
JUHAMIYHOTO OOTpYHTYBaHHS BHOOPY ITHOTO 3HAYCHHS.
Ha ocHOBI aHaii3y BeTHYUHA CyMapHUX ITUTOMUX 3aTPaT
30BHIMHKOI eHeprii Ha THC onaneHHs 3 BUKOPUCTAHHSIM
TemnoTn 1pynty [ = f{Af) Ha €KCTpeMyM OTpHMaHO
AHAIITUYHE CHIBBIJHOLICHHA A1 BU3HAYEHHS OITHU-
MaJbHOI TIHOWHU BUKOPUCTAaHHA HHWXHBOI'O JKEpPEia
eneprii y Bunapuuky TH [1]

AL — AQ2T3+t +At) N
1
x| Mgy — 273+ t" - Atmm (4)

273+t + At

VY HaBemeHoMmy aHaizi 3rimHo 3 [1] mpwuiiHsATO
At =5°CiAt =5°C,an® i n,, — KKJI 36y nunka
PYXY TEIUIOHOCISI HI)KHBOT'O JKepesia eHeprii 1 Horo rnpu-
BOJIY BiJINMOBIHO MpuitHATI NP = 0,8 Ta n,, = 0,95.

[TpoBenenuit yncnoBuid aHaii3 criBBiHONIEHHS (4)
M0Ka3aB, 1[0 ONTHMAJIBHUN CTYMiHb OXOJIOPKCHHS Te-
wioHocis y BunapHuky TH, sikuii 3a0e3neuye MiHIMyM
3arpar enekrpoeHeprii Ha THC Temonocrayanss, 3poc-
Ta€ 31 30UIBIIEHHSM CIIIBBIJIHOIIEHHS 3aJaHUX BEJIU-
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4iH 4 Ta c1abo 3aJeXNTh BiJ PO3PaXyHKOBOI TeMIepa-
TypH TEIUIOHOCIS Ha ONaJIeHHs B Jiala3oHi TeMIeparyp
30...50 °C, temmnepaTyp HaBKOJMIUIHBOIO CEPEIOBHILA
Ta TEIUIOHOCIA Ha BXOJi J0 BumapHuka TH B miama3oHi
2...5°CT[1].

CriBBiTHOIIICHHS 3alaHUX BEMUYMH Yy popmyri (4)
BHPAKAETHCS 3AJICKHICTIO

A= Ap/pTcp. 5)

CymMmapHi BTpaTu THCKY B HI)KHBOMY KOHTYDI (Y BH-
napauky TH ta I'TO) ctaHoBIATH

Ap = Apﬁun + Alyl"TO’ (6)

ne Ap ., — BTpaTH THCKY NPHU TOOJIAHHI IOTOKOM Te-
IUIOHOCIS I'/IPaBJIIYHOrO OMOPY IPYHTOBOTO TEIIIO00MiH-
HUKa BU3HAUAIOTHCs 3a (hopmyroro Jlapci — Beiicoaxa

PTW2 Lo
2 d.

BH

Aprro =2 (7
JUis momanpInx po3paxyHKiB MPUIHATO, 10 Koedi-
LI€HT TiAPABIIYHOTO TEPTS A BU3HAYAETHCS 3aJI€KHO Bif
peXuUMy Tedii TeIUIOHOCIS:
— TP JTaMiHApPHOMY PEXHMI Tedii B TIaKUX TpyOax
(Re < 2300) xoedimieHT TiApaBIiYHOTO TEPTS A BHU3HA-
YaEThCS 3TiTHO 13 3aKkoHOM [lyaseits

A= 64/Re, ®)

— ripu TypOysieHTHOMY peskumi Teuil (Re > 2300) ko-
edilieHT TiApaBIiYHOrO TEPTs A Ul TJIaJKUX TPYO BHU-
3HAYAETHCS 32 PIBHSIHHAM brasiyca

- 0,3;?4’
Re%?

e Re = deH/ v,av — KIHEMAaTH4YHA B’ SI3KICTH TEILIO-
HOCis, M%/c.

Po3B’s3yr0un piBHsHHS TemoBoro 6amancy ['TO (1),
3 ypaxyBaHHSM (2) — (4), OTpUMAEMO CITiBBiTHOIICHHS
TS BABHAYCHHS L.\, 32 33/laHUX YMOB #0r0 3aCTOCYBaH-
HS y BUTJISIZII KBAIPATHOTO PiBHSHHS

©)

(10)

2 —
altrg —6Lrrg —c =0,
1€ d, 8, ¢ — Koe(DillieHTH KBaJpaTHOTO PIBHSIHHS:

2
B AW’B
2¢,d,, ’

4
a=|— "4 , 8

2
wndBHpTcp

Ap,.. B
c= P sun

P1C,

., (11)

a KOMIUIEKC B BHpa)XCHUH 3i criBBigHOLICHHS (4) 1 Mae
BUTJISI

B 273+t +At) “
anHp

273+ = At

12
273+t + At (12)

x| Npg — 1+
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Po3B’s130k (10) mae 3Mory oTpuMaTy BUpa3 IJis ONTH-
MaJlbHOT J10BXKHHU TpyOu KouTypy I'TO, sikomy BiamoBi-
Jla€ TOJaTHUH KOPIHb KBAIPATHOTO PIBHIHHS

omr 6+\b* +4ac

TO = iy (13)

Otpumana ¢opmyrna (13) sBise cob60I0 ONTHMAIB-
HE CHIBBiIHOIIEHHS MK Takumu napamerpamu ['TO,
SIK TOBKMHA TPYOHW OTHOTO KOHTYpY, AiaMeTp TpyOu Ta
HIBHJKICTh PyXy TEIUIOHOCIS 3a 33JaHUX YMOB 3aCTOCY-
BanHs ['TO (iHTEHCHMBHOCTI TETIOBIOOPY BiX IPYHTY ¢,
TeII0(i3NYHUX BIIACTHBOCTEH BHOPAHOTO TEIJIOHOCIS),
a TakoX TeMmmepaTypHux ymoB pobotu THY. Onniero
3 OCHOBHHX XapakTepucThk ymoB podotu I'TO € inTen-
CHBHICTP BiIOOPY TEIUIOTH BiJl IPYHTY, BEIMYIHA SKOT 3a-
JISKUTB BiJl TUIY Ta BOJOTOCTI IPYHTY, 4acy BHIIyYECHHS
TEIUIOTH, @ TAKOX YMOB BUKOPHCTaHHS TEIUIOOOMIHHUKA
B XOJIOAHUII 1 TEIUIMH Tepiojl poKy. 3HAUEHHS CEPEaHIX
TEIUIOBUX TIOTOKIB Ha | TIOTOHHUI MeTp TpyOH IPyHTO-
BOT'0 KOJIEKTOpA ISl PI3HUX THITIB IPYHTIB IIPH BUKOPHUC-
TaHHI I'PyHTOBOTO MAacHBY TUIBKH SIK JDKepella TEIUIOTH
B XOJIOJIHUH TIepio pOKy HaBeeH1 y poOoTi [4].

3a 3a3HavyenHux Buie ymoB poboru I'TO 3a dop-
Mynoro (13) mpoBeneHO pO3paxyHKH ONTHMAIHHOTO
CHIBBITHOIICHHS M JA0BKHHOI TpyOHn KOHTYPY LrTo’
MIBUIKICTIO PyXy TEIJIOHOCIsI W Ta BHYTPIIIHIM Jia-
MeTpoM TpyOu d, . PesynbTaTh po3paxyHKiB oTpHMaHi
JUTA TaKUX BXITHUX MaHWX: 25% BONSHUI pO3UMH €TH-
JICHTJTIKOJIFO; TEIUIO(i3UYHI BIACTUBOCTI TEIJIOHOCIS:
ryctuna p, = 1044,636 xr/m’, i306apHa TemIOoeMHIiCTh
TemyioHocis ¢, = 3765 JLx/kr - K, kinemaTn4Ha B’A3KicTh
v, = 3,308 - 10 - m*c [7]; Temneparypa TemIoOHOCs Ha
BXoJi o Bunapuuka TH £™ = 3 °C; Temmeparypa Ha-
BKOJIMIIHLOTO TOBiTps £, = —20 °C; po3paxyHKOBa TeM-
repatypa rpiro4oro Teminonocis ¢ P = 45 °C; pospaxyHko-
Ba TEMIIEPATypPa Ha OINAJICHHS tpO =-20 °C; BTpaTu TUCKY
y Bunapuuky TH Ap =35 klla [4].

Ha puc. 2 i 3 naBeneno rpadiuny iHTepnpeTario
OTPUMaHUX ONTHMAIIBHUX XapakTepucTUK KoHTypy ['TO
IIPU BHKOPHUCTaHHI MOro0 B yMOBaxX BOJIOTHX 3B’SI3aHHUX
IPyHTIB. 3 puC. 3 ONTUMAIBHY IOBXUHY TPyOU KOHTYpPY
I'TO MoHa BH3HAYUTH 3aJICKHO BiJ BHOPAHOTO 3HA-
YeHHS MIBHJKOCTI PyXy TEIJIOHOCISA Ta JiaMeTpa Tpyou
i3 BpaxyBaHHSM DEaJIbHOrO 3HA4YCHHS LT, SIKC Mae
OyTH TTOTOKEHE 3 PO3MipaMH AUISTHKU IS PO3MIIIEHHS
I'PYHTOBOTO KOJICKTOpA. 3 ypaxyBaHHSIM 3HaHICHHUX Ta-
KMM YMHOM BemmumH L7 i d  puc. 4 mac MOKIMBICTh
BU3HAYUTH BiJMOBIHUI Mepenaj THCKY Ap ., B TpyOax
I'TO, micnst 9oro MO’KHA OTPUMATH 3aTajbHUN TIeperaj
TUCKY (6) y KOHTYPl HIXKHBOTO JDKEpesa TEIUIOTH IS
migdopy MUPKYIALMIHHOTO Hacoca.

Hagmaku, SIKIIO BXiJIHOIO BEIMYMHOIO MIPU MPOCKTY-
BaHHI [ TO € THCK DUPKYJSIIHHOTO HAacoca, TO i3 Bpaxy-
BaHHSIM CIIiBBIJIHOLIEHHS (6) 32 101oMororo rpadiki Ha
puc. 4 MOKHA BU3HAYUTH ONTHMAIIBHE CIIiBBIIHOIICHHS
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Puc. 2. 3anexnicts gosxuau [ TO Bix IBHIKOCTI pyXy BOJHO-
IO PO3YHHY €THIICHIIIIKOIIO:

1, 2, 3 — miameTp TpyOu rpyHTOBOTO KONEKTOpa d, = 25; 32;
40 MM BIiAIIOBIIHO

JOBXKUHH 1 liaMeTpa TPyOH 1 MOTiM 3 puc. 3 3HAUTH Bix-
TIOBIJTHE 3HAYCHHS IIBHUIKOCTI PyXy TEIIOHOCIS, 10 Ma€e
OyTH BpaxoBaHE [P BU3HAYCHHI HEOOXiTHOT BUTPATH Te-
rtonocis yepe3 ['TO 3anexHo Bix TEMI0BOI MOTYKHOC-
1i TH s nporo 06’exra temionocradadis. Ha ocHoOBI
OTPUMaHMX MapaMeTpiB 1ist oHOro KOoHTYpY I'TO Moxe
OyTH BH3Ha4Y€Ha KUIbKICTh KOHTYPIB, MapayeibHO ITij-
KIIFOUEHMX 3aJISKHO BiJ| TEIUIoBOi mortyxHocti TH s
KOHKPETHOTO 00’ €KTa TEIUIONOCTayaHHsI.

2. THC onaJieHHsi 3 BepTHKAIbHIMH IPYHTOBUMH
Ten1000MiHHUKAMHU

BusnauenHnst ontumanbHux ymoB poboru TH y cuc-
Temi onasieHHs 3 Bukopucranusam BI'TO morxxHa BUKOHA-
TH Ha OCHOBI aHAJII3y 3aJICKHOCTI CyMapHHUX MUTOMHX 3a-
Tpar 30BHINIHKOI eHeprii Ha TH Ta 30yaHUK pyXy TEIUIO-
HOCIsl HIDKHBOTO JDKepelia TeIJIOTH BiJl apaMeTpiB, 110
BH3HAYaIOTh poboTy Kommpecopa TH Ta 3aTpaté poboTn
Ha Hacoc. [Ipy ibOMy THUTOMI CyMapHi 3aTpaTd 30BHIII-
upoi ereprii Ha THC HU3BpKOTEMIIEpaTypHOTO BOISHOTO
OTIaJIEHHS MO’KHA BU3HAUUTH SIK

I, =L A+L) 0O, (14)
ne L, L — 3arparu eneprii Ha komnpecop TH Ta na na-
THiTa4 TeMIoHOCis BijinoBiaHo, KBT; O — Temnopuii no-
TiK, BijiBeieHn# Bij koHmeHcaTopa TH, kBT.

3arparu eneprii Ha kommpecop TH
L=0, /(e-1). (15)
TemnnoBe HaBaHTaxkeHHsI BunapHuka TH, 3 oxHOro
00Ky, MOYKHA TTOJIATH K

_ BX _ ,BUX
QBHI'I - V-rp-rcp (tT t-r ):
a 3 1HIIIOT0 — BU3HAYUTH 3a CITIBBITHOMEHHM (3).

PiBasiHHS TermoBoro Oamancy BI'TO moxHa momati
Y BUTJISII

(16)

BI'TO BI'TO
Qnij:[B = QBiI[B > (1 7)
BITO __ \inpenennii i Bingenenuii remio-

BI'TO
e Q BiJIB

maB  °

Buii notik Big BI'TO Bigmosiano, kBT.
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Puc. 3. 3anexuicts gosxxunu ['TO Bix BTpaT THCKY B HBOMY:

1, 2, 3 — nmiameTp TpyOu IpyHTOBOrO KOJekTopa d, = 25; 32;
40 MM BIATIOBITHO

Be3 ypaxyBaHHS HECTalliOHAPHOCTI TPOIIECY ITi/IBe-
JICHUH TEIUIOBMH MOTIK JI0 TEINIOOOMIHHUKA BiJ| IPYHTY
BU3HAYAECTHCS 3a CITIBBIIHOMIECHHIM

BI'TO
Ql'li,I[B

— gL (18)

CB?

ne q, — CepeHil 32 Ce30H MUTOMUH TEIUIOBUH MOTIK,
BiHECEHUI 10 | M MIMOWHU CBepUTOBUHHM, BT/M; L, —
rimbuHa ceepaioBuHu BI'TO, M.

Pi3HHI TemIepaTypy TEILUIOHOCIS Ha BXOJi/BHXOI1
3 BunapHuka TH Bu3Hayaemo 3 piBusisb (3) 1 (16) it otpu-
MAa€eMO 3aJIeKHICTh

BUX 4qFL

-t =_ drc
> .
wid P,

BX
T

t

(19)

3aTparu eHeprii Ha Hacoc JUIsl MePeKayKH TeIIOHO-
Cist HIYKHBOTO JKepelia eHeprii BU3HAYaroThCs 3a CIIiB-
BITHOIIIEHHSIM

L _ I/T(A17BMH +ApBl"TO)
H >

anl’[p

(20)

ne Ap, . Apy ., — TiJpaBIi4dHi BTpaTH THCKY Y BHIap-
nuky TH ta 'y BI'TO signosinno, xIla; n i n,, — KK
Hacoca TEIUIOHOCIS HIDKHBOTO JKepena eHeprii i Horo
MIPUBOJY BIINOBIIHO. MOKHA NMPHUHHSTH, IO B ONTH-
MajbHOMY pexumi pobotu aus Hacoca 1 = 0,8, a KK]I
IPUBOLY M, = 0,95.

Brpartu THCKY NP MOJI0JIaHHI TTOTOKOM TEIIOHOCIS
rizpasnigaoro omopy BI'TO Bm3HawaroThes 3a opmy-
noro lapci — Beiicbaxa

Y M Lgrro

Apgrro = 4
BH

Je A — xoe(illieHT TiapaBIiqHoro TepTs; L
nosxuHa Tpyou BI'TO, m.

JUis momanbuX pPO3pPaxyHKIB BHKOPHCTOBYOTHCS
aHayoriuni 3ayexHocti (8) 1 (9) mist Bu3HaueHHS Koedi-
Li€HTA TiapaBIIIHOTO TepTs A (K 1 ays Bumanky ['TO).

@n

2L

BITO  ““es
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Tennosuit notik Oy cmisBimHomenHi (14) Bu3Ha-
Y4aeThCS 32 PIBHAHHAM TerioBoro Oamancy TH

QK = qun + LK'

Koedimient tpancdopmarii TemIoTH i1eanbHoro u-
kiry KapHo Mo’kHa 3anmcaTv y TAKOMY BHTIISII

-1
I 273+ + At

273+t + At
Hiticanii xoedimient tpancopmarii TH ¢ moxe
OyTH TIOJITaHUH Y BUTIISAII

(22)

¢r = 23)

®= O My, (24)

e Mg, koedinient Brpat TH, skuii npuitHATHIA
Ny = 0,6 [8].

Jlnst BU3HAUEHHSI TEMIepaTypH TEIJIOHOCIs, 110 M0-
naerbest 3 koHueHcaropa TH y Hu3bkoTemmepaTypHy
CHCTEMY BOSIHOTO OIaJICHHS, Ma€ CHIIy PiBHSHHS, SIKE
BHBOJIMUTHCSI HA OCHOBI aHaji3y IMpPOIECIB TEIIO0OMIHY
B CHCTEMI Ipitoua Bojia — MOBITPs B IPUMIIIEHHI — aT-
MocgepHe nosiTps [8]:

1
e =ty + (=1 [ (1, 1) 1 (1, ~1D) ],

(25)

nme ¢, — TemnepaTypa B npuMimenHi, °C; {, — Temmepa-
Typa HaBKOJMIIHLOTO MOBITPs, °C; P — po3paxyHKOBa
TeMIIepaTypa TEIUIOHOCIS B CHCTEMI ONAaJIEHHS 3a PO3-
PaxyHKOBOI TeMIepaTypy HaBKOJUIIHBOTO CEpPEeNOBU-
ma ¢P, °C; n — koedilienT, AKuil xapakTepusye oopany
CHCTEMY OMNaJICHHs (U1l HU3bKOTEMIIEpaTypHHUX CHCTEM
omaneHus n = 0).

PiBusiHs (14) 1yt BU3HAYCHHS] IUTOMUX 3aTpaT 30-
BHiIIHBOT eHeprii Ha THC omnaneHHs1, 3 ypaxyBaHHSIM BHU-
pasiB (15), (16), (19) — (21), (22) Ta micxns psigy Matema-
THUYHHX [IEPETBOPEHb, HAOY 1€ KIHIIEBOTO BUTIISILY

lon = l X
¢
2 3
x| 1+ ApBH]‘l ((P — I)TCdBHW + Aw ((P B l)ndm{p'r (26)
4quCBannp 4qrnﬂnnp

Buxigni maHi 1y po3paxyHkiB: Temieparypa 25%
BOJITHOTO PO3YMHY ETWJICHIVIIKOJIIO Ha BXOXI IO BH-
napuuka TH ¢™ = 2, 4, 6, 8 °C; Tennodisnuni Biac-
tuBocTi p = 1044,636 kr/m’; i300apHa TEMIOEMHICTh
¢ = 3765 Jlx/kr - K; KiHemaTH4Ha B’A3KiCTb Vv, =
= 3,308 - 10°° m*c [9]; BTpatu THCKy y BumapHuky TH
Ap, . = 35 klla [5]; cepenniii 3a ce3oH TemnoBHid TO-
TiK, BifiHEceHui o 1 M cepanosunn g, = 25, 50, 75,
100 Br/m [6]; rimbuna ceepaiosunn L, = 25, 50,
75, 100, 125, 150 m [6]; BHYTpimHIA giameTp TpyOH
BI'TO d, = 0,02; 0,025; 0,032; 0,04 m [6]; po3paxyH-
KOBa TeMIeparypa Tpitodoro Temtonocis tP = 40 °C;
PO3paxyHKOBa TEMIIEpaTypa HABKOJHUIIHBOTO IOBITPS
t,=—-20°C.

3BIPHNK HAYKOBUX MPALIb HYK

ISSN 2311-3405

Jis BU3HAUEHHS ONTHMAaIbHUX yMOB pobotm TH
B cHCTeMi omasieHHs 3 BukopuctanHsM BI'TO moOymo-
BaHO TpadivHi 3aJeKHOCTI MUTOMUX 3aTPaT 30BHIMTHBOT
eHeprii BiJ MIBHIKOCTI TEIIOHOCIS B HIDKHBOMY KOHTY-
pi. IlixcraBuBImm euxioni dani y piBHSHHSA (26) 3 ypaxy-
BaHHSAM CITIBBIHOILICHb Ul BH3HAYCHHSA TEMIEpaTypH
TeIuIoHOCis Ha Buxoxi 3 Bunmapauka TH (19), mificHoro
koedimienta Ttpancpopmanii TH (24) 1 Temmepatypu
TEIUIOHOCIS, IO TOJA€ThCS B CHUCTEMy omaiieHHA (25),
OTPUMAEMO 3aJIEKHOCTI, 300pakeHi Ha puc. 4.

3 HaBeAeHUX Tpa(iuHUX 3ANEKHOCTEH UITKO BHU-
JTHO, IO iICHYIOTh ONITUMAJIbHI 3HAYCHHS IIBUIKOCTI Te-
IIJIOHOCIST W 1 BIAMOBIHI IM MiHIMaIbHI MATOMI 3aTpaTh
30BHIMHKOI eHeprii Ha THC omnanenns. Anamni3 puc. 4,
a TIOKa3ye, M0 3MiHa TeMIIEPATypH TEIJIOHOCIS Ha BXOI1
no Bunapuuka TH y nianazoni 2...8 °C mpakTHYHO He
BIUIMBAE Ha ONTHMAJIbHY IIBUIKICTb 25% BOJSTHOTO PO3-
YHHY ETHUJICHIIIIKOII0 Y HIKHbOMY KoHTYpi THY. Buxo-
JIST9H 3 [IOT0 rpadivuHi 3a71eKHOCTI Ha pHC. 5 MO0y 10BaHI
IS CEPETHBOTO 3HAUEHHs £ ™ =4 °C.

AHaTHYHE CIHIBBIJHOMICHHS [l BU3HAYCHHS OITH-
MaJIbHOT IIBHJKOCTI TEIUIOHOCIS y HWKHBOMY KOHTYpI
THY ckmamHo oTpuMaTi 0€3MOCePEeIHBO MUIIXOM JTOCIi-
JOKCHHS 3aJIOKHOCTI MUTOMHX 3aTpaT 30BHIIIHBOI CHEp-
rii Ha eKcTpeMyM 4Yepe3 il CKIIaHICTh 1 BEJIUKY KLIbKICTh
BIUIMBAIOYMX IapamerpiB. ToMy Ha OCHOBI HONEpeIHiX
rpadikis (puc. 4) OyI10 MOOYIOBAHO 3aJICIKHOCTI ONTUMAITb-
HOT NIBUJIKOCTI TETIOHOCIS BiJl TIIMOUHYU CBEP/JIOBHHH.

3aar0uKch NIMOMHOIO CBEPAJIOBHHU Ta J1aMETPOM
Tpyou BI'TO (sixi MOKyTh OyTH BU3HAYEHI CAMUM BJlac-
HUKOM, BHXOJSYM 3 HOro (hiHAHCOBUX MOXKIIMBOCTEH),
3 pUC. 5 MOXXHa OTPUMATH ONTHMAJIbHY IIBUJKICTH Te-
TUIOHOCIS, TTPH SIKiH 30BHIIIHI eHepro3aTparu OyyTh Mi-
HiMaJbHI. 3 ypaxyBaHHSIM 3HaHJCHUX TaKUM YHHOM Be-
JmyuH L 1 a’BH puc. 6 1a€ MOKIMBICTh BU3HAYUTH BiJIIO-
BI.I[HI/II;'I nepenaj TMCKY Ap, B Tpybax Tftnnoo6M1HHHKa,
ITICIISt YOO MOYKHA OTPUMATH 3arajbHUM Iepenaj THCKY
y HIKHbOMY KoHTYpi THY 1u1st minbopy mupkyssiiitHo-
rO Hacoca.

I3 puc. 6, a BuaHO, 1110 IPH BEIUKNX 3HAYCHHSX TJIH-
OWHM CBEpJUTOBHHH, BUKOPUCTAHHS TPyO Mayloro miame-
Tpa CTa€ HEAOUIJIBHNM Y 3B’ 3Ky 3 BEIUKHMH TipaBiIid-
HUMH BTpaTaMu. Y CBOIO 4epry (K BHUAHO i3 puc. 6, 0),
TipaBIIiYHI BTPATH 3HAYHO 3POCTAIOTH i3 301IBIICHHSIM
TTMOMHN CBEP/UIOBUHH TIPH BEJIMKUX 3HAYEHHSX TETIo-
BOTO TIOTOKY BiJl IPYyHTY, IO NMOTpedye Mepexomy Ha
OUTBIINIL TiaMeTp TPYOH TEIIOOOMIHHHUKA.

UwncenpHU aHAMi3 cIiBBigHOMEHHS (26) 3 ypaxy-
BaHHAM BHpasiB (19), (24), (25) Ta onTEMaIbHOT IIBHUI-
KOCTI TEIUIOHOCIS y HIKHBOMY KOHTYpi THY mae 3mory
OTPUMATH 3AJICKHICTh MiHIMATBHUX MMUTOMHX 3aTpaT 30-
BHiIHBO1 eHeprii Ha THC onaneHHs Bif rTHOWHU CBEp.I-
JOBHUHU (pHC. 7).

BunHo, mo npu 3a0e3nedeHHi ONTUMAaIbHOI IIBHI-
KOCTI TEIJIOHOCIS B HIDKHROMY KOHTYPi MTUTOMI 3aTpaTH
ereprii Ha THC omaneHHs 3 BepTUKAILHUMHU IPYHTOBHU-
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3aeXHICTh MUTOMUX CyMapHHUX 3aTpaT 30BHIMHBOI eHeprii Ha THC omaneHHs Bi MIBUAKOCTI TEIUIOHOCIS:

@) 1-4 — Temnepartypa TErIoHOCis Ha BXOJIi 10 BunapHuka ¢t ™ =2, 4, 6, 8 °C nipu noctiitnux g, = 50 Br/m; L =75 m;d, = 0,032 m;
6) 1-6 — rimbuna ceepiosunm L =25, 50, 75, 100, 125, 150 M Hpy nocTiamx ¢, = 50 BT/M d =0,032 M 1= °C 6) 1-4 —
BHYTpIIIHIA JiameTp TpyOu BepTHUKanbHOro Temmoodbminnuka d, = 0,02; 0,025; 0 032; 0,04 M npu nocTidinux g, = 50 Br/m;
L, =75wm;t*=4°C;2) 1-4— cepennii 3a ce30H NMTOMMUH TEIIOBUA n0Ti1< q.= 25, 50,75, 100 Br/m npu noctiiinux d, = 0,032 m;
L =T75m;1*=4°C

WONT a1 WO g T
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a) 0)
Puc. 5. 3aiexHiCTh ONTUMANIBHOT MIBUIKOCTI TEIUIOHOCIS Bijl TIIMOWHM CBEP/JIOBHHU:

a) 1-4 — puyTpimmii giamerp Tpyou BI'TO d, = 0,02; 0,025; 0,032; 0,04 M mpu nocTiiinux g = 50 Br/mi ¢ =4°C; 6) 1-4 —
cepejiHii 32 Ce30H MUTOMUI TeIIOBUH NOTiK ¢, = 25, 50, 75, 100 Bt/m npu noctiitanx d = 0,032 mi¢>=4°C
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Puc. 6. 3aexHiCTh TiIpaBIiyHUX BTPAT TUCKY B CBEPIOBUHI Bif ii TIIHOMHU:

a) 1-4 — ryTpimmiit xiametp Tpy6ou BI'TO d = 0,02; 0,025; 0,032; 0,04 m nipu nocriitaux g = 50 Br/m; ¢t =4 °C; 6) 1-4 —
CepeHii 32 Ce30H MUTOMUM TEMIOBUH NOTiK ¢, = 25, 50, 75, 100 B1/M npu nocrilinux d, = 0,032 Mt =4°C
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Puc. 7. 3anexHicTh MiHIMaTbHUX MUTOMHX 3aTpaT 30BHINIHBOT eHeprii Ha THC Bix rimOuHM CBEp/UIOBUHHU TP TEMIEPaTypi Te-

IUIOHOCIs Ha BXOJi 10 BUNapHuKa ¢ ™ = 4 °C:

a) 1-4 — uyTpimniit giamerp Tpy6ou BI'TO d_ = 0,02; 0,025; 0,032; 0,04 m nipu nocriitnomy g = 50 Br/m; 6) 1-4 — cepenniit
3a CE30H MUTOMMUI TernoBuii notik g = 25, 50, 75, 100 Br/m npu nocrifinomy d = 0,032 m

MU TETUTIOOOMIHHUKAMH B yCHOMY Jiala3oHi mapamMeTpisB
BI'TO (puc. 7, 6) He nepeBuiyroTh 3Ha4eHHs 0,275, mo
BIJINIOBiJTa€ 3HAYEHHSM YMOBHOTO KoediIllieHTa TpaHC-
¢dopmarii THC we menmie 3,6 i CBITYUTH PO TOCTATHIO
e(EKTHBHICTh CHCTECMH.

BUCHOBKM. 1. Po3po6ieHO METOANKY BU3HAYCH-
HS ONTHMAJBHUX YMOB POOOTH IPYHTOBHX TETTOOOMiH-
HUKIB JJIs1 TEIUIOHACOCHUX CHCTEM HHU3BKOTEMIIEpaTyp-
HOTO BOJSIHOTO OIIAJICHHS, IO 3a0e3MeUyloTh MIHIMyM
SHEepreTUYHHX 3aTPaT Ha BUPOOJICHHS TETIIOTH.

2. OTpuMaHO, IO ONTHUMAJbHI XaPAKTEPUCTHUKU
TPYHTOBHUX TEIUDIOOOMIHHHKIB 3aJI€)KaTh B OCHOBHOMY BiJ]
THUITy TPYHTY, TIMOMHU CBEPUIOBHHHM, CIIa00 3alieKaTh
BiJl TEIIO(MI3UIHUX XAPaKTEPUCTUK TEIUIOHOCIS B HIDK-
HbOMY KOHTYpI i IPaKTHYHO HE 3aJ]eXKaTb BiJ TeMIepa-
TypHUX yMOB pobotu THC.

3. Bu3HaueHi CITiBBiTHOIICHHS XapaKTEPUCTHK IPYH-
TOBHUX TEIUIOOOMIHHHUKIB MOXYTh OyTH BHKOPHCTaHI Ha
cranii npoexryBanas THC omaneHHS 3 BUKOPHUCTaHHSIM
TEIUIOTH TPYHTY JUTA 3a0€e3MeUeHHS iX MaKCHMaIIbHOL

CIIACOK BUKOPUCTAHOI JIITEPATYPU
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(c.15); Ne 68112010 poky (c. 13) enexTpoH-
He Bunanusa «Bicauk HYK» BHecene no
Mepesiky eNeKTPOHHUX HayKOBHX (haxo-
BUX BHJIAHb.

Buganns BuxomuTh a0 6 pas3iB Ha pik
B €JIEKTPOHHOMY BHUIVIAI Ta | pa3 Ha pik—
y JPYKOBaHOMY.

Marepianu, omyOmikoBani y «BicHUKY
HYK», 3apaxoBytoTbcs sk GaxoBi y raiy-
351X TEXHIYHUX Ta EKOHOMIYHUX HayK.

Buganas MiCTUTB CTarTi 3 pe3yibTaTaMu
JOCJTIJKEHB 3a TPyHaMu CIelialbHOCTEN:
KopabieOynyBaHHs; 00poOka MmarepiaiB
y MalMHOOYIyBaHHI; rajJy3eBe MallHHO-
OyIyBaHHS; €JICKTPOTEXHiKa; 1H()OpMaTH-
Ka; 00YKCITIOBaJIbHA TEXHIKA Ta aBTOMATH-
3allis; TEXHOTCHHA Oe3leKa; eHEpreTHKa;
MalIMHOOY/TyBaHHS; €KOHOMIKA Ta YIpaB-
JIHHS TTPUEMCTBAMH.

Jlo1st mogaHHs CTATTI HEOOXiHi:
* eKCIIEPTHUI BUCHOBOK PO MOXKIIUBICTh
OIyOTiKyBaHHS;
* IIPOTOKOJI 3aCiIaHHsI €KCIIEPTHOT KOMICIT;
* BUTAT 13 POTOKOJTY 3acigaHHs Kadeapu;
* peleH3is Ha CTaTTIO;
* BiTOMOCTI IIPO aBTOPiB (aHKETa aBTOPA);
* 2 IPUMIPHHUKH PO3PYKOBAHOI CTATTI
Ha nanepi popmary A4;
* CJIGKTPOHHUI BapiaHT CTaTTI.

Crarri npuiiMaroThCesi 3a aIpecoro:
kab. 459, mpocm. ITepoiB VYkpauinu, 9,
M. Mukomais, 54025

Tes.: (+380512) 42-32-71

e-mail: ev@nuos.edu.ua

KonrakTHa ocoda:
Cepomsia Po3a PyGeniBHa

Moga 30ipHHKa: yKpaiHChKa, pocilicbka,
aHMIHiCchKa



