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Pazpaborana 4ncieHHas MOJETb HECTAIIMOHAPHOTO TEIUIOBOTO PEXHMMa BEPTHKATHHOTO
TPYHTOBOTO TEIUIOOOMEHHHKA, MO3BOJIAIONIAs YCTAaHOBUTH M3MEHEHHE BO BPEMEHH €ro oc-
HOBHBIX IapaMEeTpPOB: TEIIOBOI'O MOTOKA, TEMIEPATyphbl TEIMJIOHOCUTENS HA BBIXOJE, yCpea-
HEHHOE pacrpejereHie TeMIepaTypsl B puieratomemM rpyHre. Ilpennaraemenii moaxon oc-
HOBaH Ha pelLleHUH ypaBHEHUs TEMJIONPOBOAHOCTH B HECTALMOHAPHOM IIIOCKOH OCECUMMET-
PHUYHOM TOCTAHOBKE C TPAaHWYHBIMH YCIOBHSMH, YYHTBHIBAIOIIMMH INapaMeTPhl TPYHTOBOTO
TEIIIO0OMEHHHUKA U TEMIIEPAaTypHBIH PeXXUM TPyHTa Ha yAaJICHUH. PemeHue mpoBOIIIH IO
METOJy KOHEUHBIX pa3HocTeH. J[0CTOBEpHOCTH pa3pabOTaHHOM MOJIENH IOATBEPIKIAeTCs
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CpaBHEHHMEM PACUETHBIX PE3yJIbTATOB C SKCIEPUMEHTAIBHBIMU JAaHHBIMM, MOIyYEHHBIMH Ha
pa3paboTaHHOIl YCTaHOBKE, B KOTOPOIl MMUTHPOBAJICA HECTALMOHAPHBIA TEIUIOBOM pPEXUM
TPYHTOBOTO TeIIo0OMeHHHMKa B Buae U-00pa3Hoi TpyObl, pacHoNOKEHHOW TOPHU30HTAIBHO
B [IECYAHOI1 cpenie.

B skcmepumeHnTe, MpoBOAMMOM B [[Ba 3Tama, ObUIO OPTaHW30BAHO OXJIAXKICHHE BOJBI
B IPYHTOBOM TeIIOOOMEHHMKe. Ha mepBoM 3Tame onmpemessuii TeIIopu3HIecKre CBOHCTBA
necka. TemIonpoBoAHOCTh ITeCKa HaXOWIN CTallMOHAPHBIM METOIOM IIOCKOTO CIIOS, TeMIIe-
PaTypoNnpoBOAHOCTh — METOJOM PETYJISIPHOTO PeXHMa C MPUMEHEHHEM IMIMHAPUYECKOTO
kanopumMerpa. [lomyueHHBIE CBOMCTBa HCHONB30BaNM Jajnee NMpHU 0OpabOTKe 3KCIEpPUMEH-
TaIbHBIX JAHHBIX BTOPOTO 3Tala — HCCIIe0BaHNEe HECTAI[MOHAPHOH paboThI TPYHTOBOTO TEl-
nooOMeHHUKa. [IpoaHanu3upoBaHbl pe3ybTaThl YEThIPEX IKCIIEPUMEHTOB C Pa3IMuHON Mpo-
JOJDKUTENBHOCTBIO U XapaKTepOM M3MEHEHHs MacCOBOIO Pacxoja M TeMIepaTyphl TEIIIOHO-
curens. PacxoxIeHue pe3yJbTaTOB ONbITa M pacyeTa IO MOAEIM Ui TeMIepaTyphl
TEIUIOHOCHUTENS Ha BBIXOJE TEIFIOOOMEHHHKA OTMeUeHO B auama3one 0,5—1,8 %, mis temire-
partypsl rpynTta — 1,0-2,3 %, s temnoBoro notoka — 3,6-5,4 %. PesynpraTsl skcnepuMeH-
TOB MOTYT OBITH HCIIOJIB30BaHBI JUISl HOATBEPIKACHHS JOCTOBEPHOCTH APYTHX METOIOB MOJIe-
JTUPOBAHUS TPYHTOBBIX TEIUNIOOOMEHHUKOB. [IpeicTaBIeHHYIO UYHCICHHYIO -MOJEINH MOXKHO
HCTIONB30BATh JUIS aHATIHM3a PaOOTHI CHCTEMBI TETIOCHA0KEHHMS C TeINIOBBIMH HACOCAMHL.

KnioueBble ciioBa: U-00pa3Hblil BepTHKANBHBIA TPYHTOBBIN TEIZIOOOMCHHUK, HECTAIIH-
OHapHas paboTa, YUCICHHAst MOJIEIb.

Wn. 4. bubnuorp. 22 ua3s.

NUMERICAL AND EXPERIMENTAL ANALYSIS
OF UNSTEADY WORK OF U-SHAPE BOREHOLE
HEAT EXCHANGER

FILATAU S A.

Belorussian State Technological University

Unsteady numerical model of borehole heat exchanger heat regime was developed.
General numerical modeling resultsare borehole heat flux, heat carrier inlet temperature and
average soil temperature distribution. Proposed madel is based on solution of heat conduction
equation in transient plane axially symmetric formulation with boundary conditions for bore-
hole heat exchanger and undisturbed soil domain. Solution method is finite difference method.
Numerical model is verified with comparisons numerical results and experimental data from
developed laboratory installation for simulation unsteady heat regime of horizontal positioned
U-shape ground heat exchanger in sand medium.

Cooling of water is organized in ground exchanger in experiment. Experiment includes
two steps. Thermal properties of sand is determined at the first stage. Thermal conductivity of
sand is determined by stationary plate method, thermal diffusivity is determined by regular
regime method using cylindrical calorimeter. Determined properties are used further in pro-
cessing of experimental results at second step for analysis of transient work of ground heat
exchanger. Results of four experiments are analyzed with different duration and time behavior
of mass flow and heat carrier temperature. Divergences of experimental and simulated results
for temperature of heat carrier changes in the range 0,5-1,8 %, for sand temperature in the
range 1,0-2,3 %, for heat flux in the range 3,6-5,4 %. Experimental results can be used for
validation of other simulation methods of ground heat exchangers. Presented numerical model
can be used for analyzing of heat supply systems with heat pumps.

Keywords: U-shape borehole heat exchanger, unsteady work, numerical model.
Fig. 4. Ref.: 22 titles.

BBenenue. OqauM U3 HampaBICHUN HETPATUITUOHHONW YHEPTETUKU SBIISIOT-
Cs TEXHOJIOTMU, OCHOBAHHbIE HAa MCIOJIb30BAHUM IHEPTETUUECKOTO MOTEHIIhAala
TPYHTOBOTO MAacCHBa, HE TOJBEPKEHHOTO CE30HHBIM KOJeOaHUsM TeMIlepary-
pbl. Takue TEXHOJIOTUHU MOKHO Pa3/IeIUuTh Ha HECKOJIBKO HaIlPaBJICHUM:

o YTUJIN3ALMS HU3ZKONOTEHUUATBHOM TEIJIOThl TPYHTa TEIUIOBBIMH HAco-

61



camu [1, 2];

e CE30HHOE aKKyMyJHPOBaHWE TEIJIOTHl WJIM XOJOAAa B TPYHTOBOM Mac-
cuse [3];

e OXJIQKJCHUE U HATrPEB BO3/yXa B TPYHTOBBIX TEIUIOOOMEHHHKAX [4, 5].

TexHU4eCKHE CUCTEMBI, peau3yIOINe ITH TEXHOJIOTHH, COAEPXKAT TEIJIo-
OOMEHHBIE almapaTthl, PaclpoOCTPAHEHHBIM THIIOM KOTOPBIX SBIISIOTCS BEPTH-
KaJbHble TpyHTOBBIEe TermiooOMennuku (BI'TO), npeacrassiomue coboit onHy
WM HeCKOJIbKO U-00pa3HbIX TpyO, MOMEIEHHBIX B CKBXXHHY (puc. 1).

o

Puc. 1. BepTuxaibHblil TPyHTOBBIN TeI000MeHHUK: | — HUCXOAsAmast BeTBb U-00pa3Hoii TpyOsl;
2 — 007acTh TPYHTa, BCTYIAIOIIETO B TeIIOBOe B3aumMo/Ienictue ¢ BI'TO;
3 — Bocxozsmias BeTBb U-00pa3Hoit TpyOBsl; 4 — 3aII0JTHATENH CKBaXKHHBI; 5 — 00J1acTh TPyHTAa,
He BCTYTAIOWIETo B TeruroBoe B3anmozeiictere ¢ BI'TO; 6 — mOBepXHOCTh CKBayKHHBI

He 3ansToe TpyOamu BHyTpeHHee MPOCTPAHCTBO CKBAXKUHBI 3arOIHIETCS
CHeNHaJbHBIM COCTaBOM, KaK IPABWJIO, HA OCHOBE OCHTOHHWTA W IIEMEHTA, IS
yIy4IlIeHHs TEPMUYECKOTO KOHTaKTa TpyO K mpujeraromero rpynra. B 3aBucu-
MOCTH OT 00JIaCTH TPUMEHEHMS, >KUJKUH TEIUIOHOCUTENb MOAAETCS Ha BXOJ
BI'TO ¢ temmeparypoii BbIme JuO0 HH)KE TeMIlepaTyphl TpyHTa. BeieactBue
TEIUIOBOTO B3aMMOJIEHCTBHS TETIJIOHOCUTENS M TPYHTA MPOMCXOIUT U3MEHEHHE
WX TEeMIEepaTypsl BO BpeMeHH. l3MeHeHue TemIiieparypbl TpyHTa BIUSET Ha
nmapaMeTpsl padoThI TEITIO0OMEHHUKA, @ COOTBETCTBEHHO M Ha IMMOKAa3aTeNln pa-
00THI cBsI3aHHBIX. C HAUM cucTeM. [Ipu npoexktupoBanuu BI'TO TpebytoTcs ompe-
JIeJIeHHbIE TaHHBIE, KOTOPbIE MOXHO HOJIYYUTh PACUE€THBIM METO/I0M.

M3BecTHBI MeTOBI TeTIOBOTO pacuera BI'TO B mpuOImkeHnH cTamuoHap-
HOro temuonepeHoca [6—8]. Bce oHM orpaHMYMBAaIOTCA MOJAEIUPOBAHUEM TEIl-
nooOMeHa Tonbko B npeaenax camoro BI'TO (3amaercs pacnpeneneHue Temiie-
parypbl. IOBEPXHOCTH CKBaXKUHBI), TUOO NpPUHHMAETCS, YTO B MpPUIIETAIONICH
o0iacTi TpyHTa WMEET MECTO YCTaHOBHUBIIEECS TeMIIEpaTypHOE TIOJIE.
HenocratkoM Takux Mozeneill SIBISETCS HEBO3MOXHOCTh IMPOTHO3HPOBAHUS
n3MeHenus napamerpoB BI'TO Bo BpeMeHH, YTO 4acTO HEOOXOAMMO Ha NMPAKTH-
Ke. Jlis mpoBenieHns aHaIM3a MCTIONIb3YI0T MOJIENIM HECTAI[HOHAPHOTO TEILUIOBO-
ro pexkxuma BI'TO. [Ipu 3ToM 3amada 3aKiIrf09aeTcss B MOJICTUPOBAHUNA COBMECT-
Horo Teroneperoca B BI'TO u npuseraroiieM MaccuBe rpyHTa.

Ecmu BI'TO pacnonoxken B rpyHTe 0€3 MHTEHCHBHOTO BJIaronepeHoca, To
YHCIICHHBIE MOJICIIH €T0 PabOThI PEACTABIISIOT Pa3IMYHbBIC PEIICHUS YPaBHEHHSI
TEIUIONIPOBOIHOCTH ISl TBEPAOTO TeJia (TPyHTA) ¢ NPUOIIDKCHUSIMH U IpaHUY-
HBIMH YCIIOBHSIMH, B KOTOPBIX yUUThIBatoTCA Xapaktepuctuku BI'TO. M3BecTHBI
AHAMTHYECKHE PEIICHUs Takou 3amauu [9, 10], HaliieHHbIe IS TPUOIIKEHUS
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noctosiHHOTO TemnoBoro nmotoka BI'TO (Q = const). Takxke npu Moaenuposa-
HUM HECTallMOHApHOTO TemioBoro pexuma BI'TO MoryT OBITH HCHOJIB30BaHBI
HEKOTOpBIE aHaTUTHYeCKue perneHus [11], momydeHHbIE JUIsI YCTPONUCTB 3aMO-
paXHWBaHUS W HarpeBa TPYHTa M OCHOBAaHHBIE Ha JIOMYIIEHWH O IMOCTOSHCTBE
TeMmIeparypsl TerioHocuTens Ha Bxoxae (f; = const). Tem He MeHee MpU peaitb-
Hoit padote BI'TO Q u t; u3MEHSIOTCS CO BpeMeHeM, Kak, Hanmpumep, npu pado-
T€ TEIUIOHACOCHOH CHCTEMBI TetutocHa0xeHus1. ClieJoBaTenbHO, 00Jiee TOYHBIMHU
OyAyT NaHHbIE MOJENUPOBAHMS, B KOTOPHIX YYUTHIBAETCS TIEPEMEHHBIN Xapak-
Tep ATHUX BEJIMYMWH, a TAaKXKe APYTux (akTopos. s Takux pacyeToB MOXKHO HC-
MI0JIb30BaTh YMCIIEHHBIE MOJEIH Pa3HOW CIOXKHOCTH, Hanpumep [12—-15], ocHo-
BaHHBIE, KaK MPABUJIO, Ha PEIIEHUH YpaBHEHUs TEIJIONPOBOJAHOCTH C COOTBET-
CTBYIOIIMMH TPAaHUYHBIMH YCIOBHUSIMH METOJOM KOHEYHBIX pazHOCTeW JOo
KOHEUYHBIX 3JIEMEHTOB. B JuTepaType MpakTUYECKH OTCYTCTBYIOT PE3yJbTAThI
9KCIEPUMEHTAILHON MPOBEPKH TOCTOBEPHOCTH UMCIIEHHBIX MOJelel HecTalu-
oHapHoro TeroBoro pexuma BI'TO. NMeroTcss HEMHOTOUYHCIEHHbIE YaCTHbIE
pemieHust Takod 3agaum [16, 17], KoTophie yIOBIETBOPUTENBHO COLJIACYIOTCS
C 3KCIIEpUMEHTAIbHBIMU JaHHBIMHU.

B Hacrosameit pabote mpennaraeTcsl 4UCIEHHAs MOJeENb HECTallMOHAPHOTO
temoBoro pexuma BI'TO, mo3Bonsmoomas B OTAMYHME OT HM3BECTHBIX aHANO-
TOB y4€CTh MPOU3BOJIBHBIN XapakTep W3MEHEHUsI TeMIepaTyphl TEIUIOHOCUTENS
Ha BXoze t; m mMaccoBoro pacxoma terioHocutenst G. OmmucpBaroTCs paspado-
TaHHAas YCTaHOBKA U PE3yJbTAThl SKCIIEPUMEHTANBHOIO UCCIICIOBAHUS HECTallU-
oHapHOU paboThl MakeTa U-00pa3HOro rpyHTOBOIO TEINIOOOMEHHUKA MPH pas-
JIUYHBIX YCIOBHAX JKCILTyaTallHH.

YucnenHasa moneab. PazpaboTaHHas yCOBEPIIEHCTBOBAHHAS OCECUMMET-
pUYHAs MOJETh OTIIMYAETCS OT MPEI0KEHHON paHee B [6] BO3MOKHOCTBIO pac-
yera HecTannoHapHoro pexkuma BI'TO u pacnpeneneHus teMeparypbl B MpH-
JeraroeM rpyHte. Mojiesnb 0CHOBaHa Ha CIEAYIOIUX JOMYIIEHUSAX: TEIIOTa
B MIPHJIETAOINIEM TPYHTE PACHpOCTPaHsIETCs B paJuialbHOM HAIpaBIIEHUH, MIPHU-
neratonii k BI'TO MaccuB rpyHTa mpeactaBisieT co0oi 001acTh KONBIEBOH
($opMbI, BHYTPEHHHUI paguyc I, KOTOPOH paBeH paauycy ckBakuusl BI'TO,
a BHEIIHUI pajuyc I, BEIOUpaETCs JOCTaTOYHO OOJBINNM, YTOOBI HA 3TOW Tpa-
HUIIE HE TPOMCXOANIO U3MEHEHUS TeMIepaTypsl. Takum o0pa3oM, pacmpeaene-
HHUE TEMIIEpPaTyphl B 3TOW OOJIACTH OMUCHIBACTCS YPaBHEHHEM TEIJIONPOBOAHO-
cTe B hopme

ot 0t
—=al —+—— |mpu 0<T<oo, I, <r<r_, 1
ot o ror | ® @

rae t — remneparypa rpyHra, °C; T — BpeMs, C; @& — TEMIIepaTyporpOBOIHOCTb
TPYHTA, m/c; T — panuanbHasg KOOpAWHATa, M; I, — paguyC CKBAXKUHBI, M;
I, — KOOpAMHATa, COOTBETCTBYOMas yaaneHHoi or BI'TO obnactu rpyHTa, M.

Oco6ennoctu padots! BI'TO nipr 3TOM yYUTHIBAIOTCS TPAHUYHBIM YCIIOBHEM
Ha MIOBEPXHOCTU CKBAXKHMHBI

t,—T ot

L =A—| npu0<T<oo, r=r, 2
2nnR,  or|., P ° @
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re ty, — cpeaHss TemrepaTypa HOBepXHOCTH ckBaxuHbl, °C; T = 0,5(t + t,) —
CpeaHsisl TemIieparypa terionocurens, °C; t, — Temmneparypa TemIoHOCUTENs Ha
Beixome BI'TO, °C; R, — comporuBienue Tteruonepenade BI'TO, m-K/Br;
A — TEIJIONMPOBOAHOCTH TpyHTa, BT/(M-K).

B (2) mapamerpst BI'TO yunThIBaoTCS B CONPOTHUBIEHHH TEIUIONEpea-
4e Rp, KOTOpOE B 3TOM cilydae MPUHSITO BRIPAXKATh CIECAYIONUM 00pa3oM:

t —t
R,=H bQ ' 3)

rae H — mmuaa BI'TO (rryOuHa CKBayKUHBEL), M.

CymecTByeT HECKOIBKO MeTo10B pacuera R,. Kak npasuio, R, Haxonsat npu
tertoBoM pacuere BI'TO B crarmonaprom npubnmxennu [6—8]. Tlpu ompene-
JIeHUH Ry, aBTOp MCIONB30Ball JaHHBIC [6], CBSA3BIBAIONINE TEMIIEPATypy TEILIO-
Hocurens Ha Beixoge BI'TO t, ¢ Temnepartypoii Ha BXxoJe t; u cpenHel Temnepa-
TypOi IOBEPXHOCTH CKBAXKUHHI tp,, & COOTBETCTBEHHO U C TEIIOBBHIM MOTOKOM Q.
[Ipu stom mmst BI'TO 3amanHbIX pasmepoB Ry, siBisercss QpyHKIMEH Teronpo-
BOJHOCTH 3allOJIHUTENS CKBA)XUHBI Ag U Marepuana TpyO Ap, KoddduuueHra
TEIUIOOTIA4u B TpyOax o, MaccoBoro pacxona G m uzo0apHOl MaccoBOH TerIo-
€MKOCTH Cp TEIUIOHOCUTENA. B 00mmem ciyuae

R=f 4,4 ,0,G,c, - 4)

Ha ynanenHol rpanuue r.,, 3a7aercs TpaHUYHOE YCIOBUE MEPBOr0 poja B
BHUJI€ IOCTOSHHOM TeMIeparypsl tp, COOTBETCTBYIONIEH HauyadbHOU cpeaHeil
TeMneparype rpysra no anuae BI'TO:

t=t, mpu 0<T<oo, r=r_. (5)
HauanbHble yca0Bus 3a1a4l COOTBETCTBYIOT IMOCTOSIHHON TeMiieparype o
t=t, npput=0, r,<r<r,. (6)

BI'TO, xak mpaBumio, pacrioiaraercs Ha JIOCTaTOYHO OOJBIION TITyOWHE
(mo =300 M), mpu TOM TEMIIEPATYpa MPUIIETAIOIIECTO K HEMY IPYHTa U3MEHSIETCS
BO BpPEMEHH W IO INyOWHE He3HauynTeNbHO. Kak moKa3pIBalOT wHcCiIenoBa-
Hus [18] u npakTtuka npoexTupoBanus [15], aTa Temmeparypa Onm3ka K cpej-
Hel T0o/I0BOI TeMIepaType MOBEPXHOCTH 3eMJTH paccCMaTpUBAEMONW MECTHOCTH.
CrnemoBaTensHO, B Ka4decTBE HA4YaIbHOTO 3HAYEHHS TeMIIepaTypsl TpyHTa 1o
MO’KHO  IIPUHMMAaTh CPEOHIOI0 TOJOBYIO TEMIIEpaTypy IIOBEPXHOCTH 3EMIIH,
KoTopasi OyJeT 3aBHCEeThb OT KIMMATHUECKHUX YCJIOBHMH IJIOUIAJKH pa3Merie-
aus BI'TO.

VYpasuenue (1) ¢ ycnoBusimu (2)—(6) pemaeTcsi METOIOM KOHEYHBIX pa3HO-
creid. [yt moATBepKIeHHUS TOCTOBEPHOCTH pa3padOTaHHOW MOAETH HPOBOAMIH
9KCIIEPUMEHT.

Onucanue J>KCHEPUMEHTAJIBHON YCTAHOBKH. VI3BeCTHBI HcCIEeNOBaHUS,
B KOTOPBIX IS MOATBEPKICHHUS JIOCTOBEPHOCTH YUCIIEHHBIX MOJENEeH MCIOIb-
3yI0TCSl TAOOPAaTOPHBIE YCTAHOBKH, COJIEPIKAIINE TPYHTOBYIO 3aCBHINKY M TETUIO-
0OMEHHBIE TIOBEPXHOCTH, IMUTHPYIOIE TPYHTOBbIE TerooOMennuku [16, 17].
ABTOp CTaTbd MPHUMEHWJ aHAIOTUYHBIA TOJXOJA, HO C Y4YETOM IEepEeMEHHBIX
ycaouii Ha Bxoje (G # const; t; # const).
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OKcnepuMeHTallbHasl yCTaHOBKA MpeACTaBieHa Ha puc. 2. B ycranoBke uc-
TOYHUKOM TEIUIOTHI ABJISETCS HAlOpHas €eMKOCThb C JJIEKTpOHArpeBaTesleM, KO-
TOpas coeAMHEHa TPyOONpoBOJaMH C TOpH3OHTANBHON U-00pa3Hoil TpyOKoOit
mmHo H = 950 MM, pacronokeHHOW B SIIIUKE C MECKOM W HMUTHPYIOIICH
BI'TO. Matepuan TpyOku — miuacTU(GUIMPOBAHHBIA TOJTUBHHUIXJIOPU, HAPYK-
Hblit quamerp D = 6 mwm, BHyTpenuuit d = 4 MM, pacCTOsSHUE MEXIY BETBSIMH
TpyOku S = 16 MM. TemonpoBoIHOCTs MaTepuana TPyOKH MPUHUMAIN PaBHOU
0,19 Bt/(m-K) cornacho [19].

[TocTosHCTBO HaYaIBHON TeMIeparypbl rpyHTa Iy o BceMy 00beMy MO3BO-
nmsuto npu uccnenosanuun BI'TO B 1a0opaToOpHBIX YCIOBHSX pacronaratb MX
B NPOM3BOJILHON OpHeHTaluu. Mccnaenyemslit TEINI00OMEHHUK (puUC. 2) P BbI-
HYKJIE€HHOH KOHBEKIIMHM TEIUIOHOCHTENSI UMEET TOPH30HTAIBHYIO OPHUEHTAIIHIO
B mpocTpaHcTBe. AgnekBaTHOCTh peanbHoro BI'TO u skcnepuMeHTanbHOIO
oOpasia 31ech JOCTHUTanach TakkKe 3a cueT KOHCTpykrtuBHoro mpusnaka (D, d
u S << H) u ycrmoBuii, COOTBETCTBYIOIIUX TEIUIOOOMEHY B MOJIYOTPaHHMICHHOM
Tene — rpyHToBoM MaccuBe. [lociennee nocturanock BEIOOPOM TaKHX pa3MEpOB
MeCYaHOM 3aCBINIKH, IPU KOTOPHIX B TEUEHHE SKCIIEPUMEHTa TeMIlepaTypa rnecka
Ha ynaineHuu oT BI'TO He usmeHnsercs.

Hns m3mepennss G ucnonp3oBanu poramerp PM-0,631'Y3, t; u t; usmepsuiun
TUTATHHOBBIMU TepMornpeoOpazoBatensiMu conpotusneHust (TCIT). Touku ycra-
noBku TCII st u3mepenus Temmneparypsl necka (i, o), to, tiso) mokasanbl Ha
puc. 2 mapkepamu «>». CurHan oT HuUX oOpaOarbiBamu usmepurenaem «Coc-
Ha-003». [TorpemHocTs M3MepeHns TeMIepaTyp He npesbimana 1 %, maccoBoro
pacxoma — 5 %, temnoBoro noroka — 7-%. Pe3yibpraTamu sKcriepuMeHTa SBIIS-
nuck usmepennsie G, ty, t, t), to,, to 1 tiso.
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Puc. 2. Cxema 3KCTIepIMEHTAILHON YCTAaHOBKH: 1 — IPYHTOBAsI 3aChINKa (TIECOK);
2 — U-o6pa3nas Tpy6Oka (Maker BI'TO); 3, 12 — naTunku Temmeparyp TEIUIOHOCHUTEIS Ha BXOJIE
u Boixoze U-00pa3Hoii TpyOKH COOTBETCTBEHHO; 4, 5, 10, 11 — BeHTHIIHN; 6 — pOTaMeETp;
7 — HaMmoOpHasi EMKOCTb; 8 — BJIEKTPOHArpeBaTelib; 9 — COOPHHUK BOJIBI;
X — TOYKU U3MEPEHHs TeMIIepaTyphl TPYHTa

VYcranoBka pabotana ciegyrommM oOpa3zoM. [Ipu OTKPBITHIX BEHTWIAX 4

7 11 ropsumii TETUIOHOCHUTENh CAaMOTEKOM M3 HAIOPHOW €MKOCTH JBHTAJICS TI0
COEAMHUTEIBHBIM TpyOompoBoaam, noctynaid B U-o0pa3Hyto TpyOKy NpH TeM-
mepatype t; = 50-80 °C u manee, oxmakmasch 0 TeMIeparypsl i, B cOOpHUK
Bozbl. TpeOyeMble 3HaUeHUs TeMIepaTyphl TEINIOHOCUTENS Ha Bxoze f; mocTu-
65



rajuch U3MEHEHHEM MOIIHOCTH JIEKTpoHarpeBaTessl. Takke ¢ MOMOIIBIO BEH-
TUJIEH peTyIUpOBai MAaCCOBBIN pacxof Tertonocurens G.

OnpenesieHue TeI0QU3NIECKHX XaPaKTePUCTUK necka. J[Jid moydeHust
TEOPETUUECKUX U3MEHEHUH NapamMeTpoB padOThl UCCIETyEeMOro MakeTa TpyHTO-
BOTO TEIJIOOOMEHHHUKA 10 MPEIJIOKEHHOW MOJENH HEOOXOAMMO 3HATh TEILIO-
(u3NUeCKUe XapaKTEPUCTUKU COJEpKallerocs B HeW Iecka, a MUMEHHO Tell-
JIOTIPOBOAHOCTh A W TEMIIEPATypONPOBOJHOCTh @. B HacrosmeMm wuccienoBa-
HUM A oOpa3uma mecka J1a0opaTOPHON YCTaHOBKHM OMNpeNeNisiid Ha mpuoope
HFM 436 Lambda, xoTopsiii peaau3yeT MeTO[ IUIOCKOTO CIIOS B COOTBETCT-
Bun ¢ CTb 1618-2006 [20]. Ilpu sToM TOJIy9eHHOE 3HAYCHHWE A COCTaBH-
10 0,393 B1/(m'K) ¢ norpemHocthio He 6oiee 3 % (+0,012 B1/(m-K)). Takoit
METOA TAaKKe YCIEUIHO IPUMEHEH INPH HCCICNOBAHUU TEIUIONPOBOTHOCTH
CBHIIYYMX MaTepHajioB — 3arps3HUTENEH alnapaToB BO3AYLIHOTO OXJaXICHMS,
B TOM YHCJIE U TIECKa JIabopaTopHOH ycTaHOBKH [21].

Jns onpeneneHus: TeMIEpaTypONpPOBOAHOCTH @ B MCCIEAOBAHUN MPUMEHEH
METOJ PEeTYJISIPHOTO TEIUIOBOTO pekuMa (METOJ a-KaJopuMmeTpa), paspabdo-
taHeli . M. KonaparbeBbim [22]. MccrenoBanue mpoBOAWIN C HCIOJb30-
BaHUEM IWJIMHAPUYECKOTO TOHKOCTEHHOI'O @-KaJIOpUMETpa U BOISHOIO Tep-
MocTata ¢ Mewankoi. IlomyueHo 3HadeHHEe TeMIEpaTypOIpPOBOAHOCTH a =
= 3,496 - 10’ M?/c ¢ TpaHHIAMH IOBEPUTEILHOrO HHTepBana 0,118 - 107 m?/c.

Temnopusnueckue xapakTepUCTUKU A ¥ @ UCHOJIB30BAIH Jajiee B pacueTax
10 IPEJI0KEHHON MOJEIH.

CpaBHeHHe pacHeTHBIX M JKCIIEPUMMEHTAJBHBIX JaHHBIX. [l yciaoBui
9KCIIEPUMEHTa MPOBOJMIN YHCICHHBIE PAaCYeThl MO pa3padOTaHHOW MOJENH.
[Ipu 3TOM 3a7aua 3akmroyanach B pacyeTe TEMIEpaTyphl TEMNIOHOCUTENS Ha BbI-
xoze t, u TemoBoro noroka Q Makera TEIIOOOMEHHHUKA MPH W3MEHEHUH TEM-
nepaTypbl TEIJIOHOCUTENST Ha BXoJe t; m MaccoBoro pacxonga G, MOJIydeHHBIX
B pe3yJibTaTe 3KCIIepUMeHTa. TaKke B pe3yibTare pacdera Mojyda pacmpese-
JIeHWE cpeHel TeMmepaTypsl rpyHTa 110 I' (paccrostane ot BI'TO). Pa3paboran-
Has 4YHUCIEHHass MOJeNb MO3BOJMWIA IOJYYHUTh paclpeieieHHe TeMIEpaTypsl
B HEKOTOPOM yCpemHEeHHOM cedeHnn npuieraromniei k BI'TO o6xactu rpyHTa.
[Ipn cpaBHEHHUM pacUETHBIX M HKCIEPUMEHTAIBHBIX JAHHBIX CUUTAETCS, YTO
pacueTHasi Temmeparypa IpyHTa tsp, mpu I = 50 MM COOTBETCTBYET cpemHei
9KCIEPUMEHTAIbHOI TeMmnepaType rpyHTa tsp, Ha paccrosHun 50 MM OT ocH
U-o0pa3Hoti TpyOKH, TO €CTh

’ + ” + 4
by, = o tEéO o . (7)

PesynbTarhl cpaBHEHUSI paCUETHBIX U SKCIIEPUMEHTAIBHBIX JaHHBIX MOKa3a-
HBI Ha puC. 3 U 4. DKCIIepUMEHTANbHbIE TOYKHA Ha rpadrKax OTMEYEHBI MapKe-
pamu, a pacyeTHBIE Pe3yJIbTaThl — B BHJIE IMHUN. [Ipoananu3upoBansl pe3yibTa-
ThI YETBIPEX SKCIEPUMEHTOB, OTIIMYAIONIMXCS CPEIHEH HaYaIbHOM TeMmepary-
potli rpyHTa ty U xapaktepom usmenenus t; u G.

Pesynbrare Ha puc. 3a 1 30 COOTBETCTBYIOT KCIIEPUMEHTY, B KOTOPOM TI0O-
ciie Harpesa 110 Temneparypbl =60 °C TEIUIOHOCHUTENb MOJaBaJId [0 COCIUHU-
TENBHBIM TPYOONPOBOZAaM K MaKeTy TPyHTOBOTO TEIiooOMeHHuKa 2 (puc. 2).
B nauanesbli nepuon Bpemenu (T < 0,3 49) IMpOMCXOIWI POCT TEMIIEPATypHhI
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TeroHocuTens Ha Bxozae t; or =20 mo =57 °C. Takoi mepexoAHbld Hpouecc
00yCIIOBIIEH TE€M, YTO B Hayale JKCIEPUMEHTAa COCAUHSIONINE TPYOOIPOBOIBI
¥ apMarypa HaxoIwiIuch mpu Temmeparype ~20 °C, u 9acTh TEIJIOTHl TEIJIOHO-
CUTENA B Hadale SKCIEPUMEHTa PacXOoAOBaJach Ha Pa3orpeB CTEHOK Tpybo-
MIPOBOJA.
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Puc. 3. I3MeHeHnE TEMIIEPATYPhI M PACXO0J1a TEIIOHOCUTENS (2, B, 1T, )K), TEIUIOBOTO MTOTOKA
(0, 1, e, n), makera BI'TO npu pa3nuuHbIX HauaJIbHBIX TEMIIEpaTypax IpyHTa to:
1, 2, 3,5 — akcnepuMeHTalIbHBIC 3HaUeHUS ty, t;, G 1 Q COOTBETCTBEHHO;
4, 6 — pacyerHbic 3HaueHus t) 1 Q
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Ha nHawanmpHOM 3Tame 3KCHepuMeHTa Takke HaOmoganu u3MeHeHne G ot
1,26 - 102 1o 1,61 - 10°3 KI/C, YTO CBSI3aHO C H3MEHEHUEM 3aBUCIIUX OT TEMIIE-
paTypbl CBOMCTB TEIUIOHOCHUTENS, a COOTBETCTBEHHO M TIOTEPh JaBICHHS
B COCIMHSIIOIUX TPYOONPOBOAAX U IPYHTOBOM TemiooOMeHHuKe. Ha mpotsxke-
HHAW OCHOBHOM 4dacTu aHamusupyemoro nepuosa (0,3 > 1> 1,1 1) mogmepxuBa-
JTHCH TIOCTOSIHHEIMHA t; ~ 57 °C u G ~ 1,61 - 10 xr/c. IIpu Takom xapakrepe
mmMeHeHus t; 1 G B Havane skcrepuMenta (0 > 1 > 0,16 49) IpoUCXOaMIT CKa-
qyok Q mo 80 Bt, uto 00yClOBIEHO pPE3KUM POCTOM {3, a COOTBETCTBEHHO
W TEMIEpaTypHOrO Haropa rpyHTOBOTO TeINI00OMEHHHKA. Jlanee mpoucxoauino
miaBHoe cHmkeHne Q mo 30 Bt mpu T = 1,1 49, 94TO OOBICHICTCS POCTOM TEMITE-
paTypbl MPUIETAOIIEro IPyHTa, a COOTBETCTBEHHO U YMEHBIIEHHEM TeMIlepa-
TYpHOTO Haropa B TPYHTOBOM TeIJIO0OMEHHHUKE.

PesynbTaThl Ha puc. 3B ¥ 3T COOTBETCTBYIOT 3KCIIEPUMEHTY, B KOTOPOM I10-
clie HarpeBa J10 Temmeparypbl =75 °C TEIUIOHOCHTENb MOJABAIN IO COSANHH-
TENBHBIM TPYOONPOBOZAaM K MaKeTy IPyHTOBOTO TEIIooOMeHHuKa 2 (puc. 2).
31ech moIepKUBaNK mocTosiHEbE G ~ 3,12 - 107 kr/c. YBemudenne G mo
CPaBHEHHIO C paHee PACCMOTPEHHBIM JKCIEPUMEHTOM MPUBOIUIIO K TOMY, YTO
BpeMs pa3orpeBa COETUHHUTEIHHBIX TPYOOIPOBOJOB CYIIECTBEHHO YMEHbIIA-
70ck, U t; nocturana makcumyma (<72 °C) yxe npu t = 0,04 4. [lanee B sKkcre-
pUMEHTE dJIeKTpOoHarpeBarenb 8 (puc. 2) BBIKIIOYAIH, & MOJIHUTKY HANOPHOM
€MKOCTH OCYLIECTBIISUIM XOJIOAHONW BOJOM. DTO MPUBOANIO K CHUKEHUIO TEMIIE-
paTypbl TEIJIOHOCHTENS Ha BXOJE I'PYHTOBOro TemooOMeHHHKa ¢ t; = 72 °C
mpu T = 0,04 1 g0 t; =54 °C pu t = 0,90 4 B KOHIIE IKcIIepuMeHTa. [Ipu Takom
xapaktepe m3MeHeHHns l; 1 G B TeueHHE BCEro SKCIIEPUMEHTAa IMPOWCXOIMIIO
IJIABHOE CHIDKEHUE TerioBoro moroka Q co 150 Bt mpu t = 0,04 u 1o 30 Br
npu T = 0,90 4 B KOHIIE dKcniepUMeHTa. MakcuMaibHOe 3HaueHne Q cooTBert-
CTBOBAJIO MUHHUMAJIBHOM TeMIlepaTtype Iecka W MaKCHMalbHOH 1j, a cooTBeT-
CTBEHHO M MaKCHUMallbHOMY TEeMIIEpaTypHOMY HANopy B IPYHTOBOM TEII000-
MeHHuKe. C TeUeHHWeM BPEMEHHU IECOK HarpeBasics, a t; majana, 4yTo BhIpaka-
JIOCh B yYMEHBIUICHHH TEMIIEpaTypHOrO Haropa TPYHTOBOTO TEIIOOOMEHHHKA
1 3aKOHOMEPHOM CHIDKEHHU Q.

Pesynbrarel Ha puc. 31 U 3¢ COOTBETCTBYIOT DKCIIEPUMEHTY, B KOTOPOM TI0-
clie HarpeBa A0 Temmepatypbl ~74 °C TEIIOHOCHTENH MOJaBaIN 10 COCIMHU-
TENBHBIM TPYOONPOBOZaM K MaKeTy TPyHTOBOIO TEIIooOMeHHHKa 2 (puc. 2).
3neck mojiepkuBanu nocrostHHbl G ~ 3,21 - 107 kr/c. Bonbmoii G Takxke
MPUBOJIAII K YMEHBIICHUIO BPEMEHH pa3orpeBa MOABOISIIIX JIMHUM, U t; J0CcTH-
rana Mmakcumyma (<70 °C) npu T = 0,04 4. [lanee Ha ygactke 0 > 1> 0,4 4 smexk-
TpoHarpeBaTenb 8 (puc. 2) BBHIKIIOYANHU, a MOANUTKY HAIIOPHOW €MKOCTH OCY-
HIECTBIISUIM XOJIONHOM BOJOW. OTO mpuBOAMIO K cHukeHuto t; ¢ 70 °C mpu
1= 0,04 9 1o 60 °C mpu 1 = 0,40 u. [Ipu 3TOM H3-32 CHHKEHUS TEMIIEPATYPHOTO
Haropa rpyHTOBOTO TEIUIOOOMEHHHKA, BEI3BAHHOTO POCTOM TEMIIEPaTyphl TPYH-
Ta ¥ yMeHblieHueM t;, mpoucxoamno nagenue Q ¢ 300 Bt npu 1 = 0 go 40 Bt
mpu T = 0,4 4. Ha yuactke 0,4 > t > 0,7 4 snexTpoHarpeBareib BKIFOYAIH,
HarpeB TETJIOHOCHUTENS] BOZOOHOBIISUIN, YTO MPHUBOAMIIO K pocTy t; ¢ 60 °C mpu
t=0,4 9 1o 63 °C pu t = 0,7 4. Takoe yBenmudaeHue t; MO3BOISIO P MOBBIIIIE-
HUM TEMIIEPaTyphl MecKa MOJJICPKUBATh MPAKTHYECKH MOCTOSHHBIN TemIepa-
TYpHBIH HaNlOp IPYHTOBOTO TEINIOOOMEHHHKA, & COOTBETCTBEHHO U IMPAKTHYECKH
nocrosiHHbIl Q = 40-48 Br.
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Pesynpratel Ha puc. 35k U 33 COOTBETCTBYIOT 3KCIIEPUMEHTY, B KOTOPOM IIO-
Jlayy TETJIOHOCUTENS K TPYHTOBOMY TEIJIOOOMEHHUKY HAaUHHAIIN OJHOBPEMEHHO
C BKJIIOYCHHEM DJIEKTPOHArpeBaTelsl, TO €CTh 0e3 MpeABapUTEIbHOr0 HarpeBa
B HamopHo# emkoctu 7 (puc. 2). DTo NpUBOAUIO K 0OOJee MPOJOIKUTEIEHOMY
(0 > 1 > 0,6 9) pocty Temmepatypsl t; ¢ 20 mo0 60 °C, G Ha 3TOM HaYaTLHOM
y4acTKe Takke u3MeHsuics ot 2,0 - 107 50 3,5 - 10 xr/c. Hauanbubiit Y4acTOK
COMPOBOXIAJICS POCTOM TeruioBoro noroka Q c¢ 32 no 43 Br, uTo BBI3BaHO po-
CTOM TEMIIepaTypHOI'0 Haropa rpyHTOBOTO TEIUIOOOMEHHHKA 32 CYET yBelInde-
Hus t;. Crnepyromuii stan skcnepumenta (0,6 > 1 > 1,8 9) xapakTepu3oBajcs
OTHOCHUTEJBHBIM ITOCTOSTHCTBOM TemIiepaTypsl t; = 56—60 °C u ruiaBHBIM yBeJH-
gerreM G ot 2,0 - 10° go 2,6 - 102 kr/c, 9TO COMPOBOKIANOCH IACHH-
em Q ¢ 45 10 27 BT, 00BsICHIEMOTr0 CHIDKEHHEM TeMIIEpaTypPHOTO Haropa rpyH-
TOBOT'O TEIUIOOOMEHHHKA M3-3a pOCTa TeMIepaTypsl necka. Jlanee Ha stame sKkc-
nepumenta 1,8 > t > 2,1 4 npoucxoaun poct t; ¢ 60 no 64 °C, pacxox G mpu
3TOM CHIDKAJICS U ocTaBancs pasHbM 2,0 - 10 kr/c. 3aech pocT ty mpHBOIMIT K
yBenuuennto Q mo 38 Bt Onmaronmaps MOBBIIGHHIO TEMIEPAaTYpPHOTO. HAIoOpa.
Ha 3aBepmaromem srtame skcmepumenta (2,1 > t > 2,7 4) Temmeparypy
MOJUIEPKUBAITN TIPAKTHIECKH TOCTOSHHOM (=64 °C), Kak M MacCOBBIH Pacxo
G =2,0- 10 kr/c. B 3TOM Cilydae IPOUCXOAMIO 3aKOHOMEpHOE CHIKeHne Q 110
31 BT u3-3a yMEHBIICHHUS TEMIIEPaTypHOIO HAIoOpa, BBI3BAHHOI'O POCTOM TEM-
nepaTypbl Iecka.

KavecTBeHHBII XapakTep U3MEHEHUS TEMIIEPATyphbl TPYHTa ObUT aHAIIOTHYEH
IUIsl BCEX MPOBEICHHBIX 3KCIEPUMEHTOB, 3 MMEHHO MPOUCXOIWII IUIABHBIA POCT
JIOKaJIBHBIX TeMIeparyp t,, &, t, tso B COOTBETCTBHH C PACIIONIOXCHHUEM JIaT-
9iKOB (pHC. 2) U CO CpeAHel TeMIeparypoil rpyHTa tso. TO XapakTepHO U IS
pacyeTHBIX NaHHBIX. B KauecTBE NpUMepa H3MEHEHHE JIOKAJIbHBIX U CpeaHeH
temrneparyp rpyHara npu o = 20,1 °C npeacraneHo Ha puc. 4.
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Puc. 4. VI3mMeHeHne NOKaNBHBIX (a) U cpeaneit (0) Temneparypsl rpyHTa npu tp = 20,1 °C

W3 puCyHKOB BHJIHO, YTO PACUETHBIC M IKCIICPUMEHTAILHBIC JaHHBIC COTJIa-
CYIOTCS YJIOBJIETBOPUTENbHO. B pamkax Hacrosimield paOOThl OTKJIOHEHHE pac-
YETHBIX JAHHBIX OT IKCIEPUMEHTAIBHBIX IS t, OIEeHWBamu CpelHed OTHOCH-
TEJIBLHOH OIMOKOM
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to, —t

_1 4 2,i‘.
A = ; Z_f—tz,i 100 %, (8)

rae N — KOJMYECTBO 3KCIEPUMEHTABHBIX Touek; tP,; — pacueTHOe 3HaueHue i,
COOTBETCTBYIOIEE I-il dKCTepUMEHTaNIbHOM Touke, °C; tpj — IKCIEePUMEHTAIb-
HOe 3HaueHwue t, B i-if akcepuMeHTaIbHOM ToUKe, °C.

AmnanornuHo onpenesia Ag 1 Asp 1t Q u tsg cooTBeTcTBeHHO. [ npen-
CTaBJIEHHBIX AKCIIEPUMEHTAIBHBIX JTaHHBIX OIINOKW M3MEHSIIUCH B JMAra3oHaX:
An =0,5-1,8 %; Asp = 1,0-2,3 %; Ag = 3,6-5,4 %. OTKIIOHEHUS PACUETHBIX Be-
JIAIUH OT JKCIEPUMEHTAIBHBIX NaHHBIX BBI3BAHO KaK CIyYalHOW IOTPEIIHO-
CTBHIO M3MEPEHUS BEIUYMH, TaK U CHCTEMATHYECKOW MOTPEUTHOCThI0, BHOCUMON
JIOITYIIIEHUSIMU MOJICITH, & TAKXKE MOTPEUTHOCTHIO ONPEIEICHUS d U A.

BBIB O I bl

1. Pazpaborana mpuOiIMmKeHHAs MOJENh HECTAIMOHAPHOTO TEMJIOBOro pe-
KHMMa BEPTHKAJIbHBIX TPYHTOBBIX TEIUIOOOMEHHHKOB, OTJIMYAIOIIASACS OT aHaJo-
TOB TEM, YTO YYHTHIBAaET MPOU3BOJILHBIN XapaKkTep M3MEHEHHs MacCoBOTO pac-
X071a ¥ TeMIIEPATyphl TEIJIOHOCUTENS HA BXOJE ¥ TIO3BOJIACT MOJIYYHUTh Paau-
QIbHOE paclpelelieHe CpelJHeld 10 BBICOTE BEPTHKAILHOIO T'PYHTOBOTO
TEII000MEHHHUKA TEMITEPATYPhI B IPUJICTAIONIEM TPYHTE.

2. Pa3paboTana ycTaHOBKa U MMOJTY4YEeHbI JKCIIEPUMEHTAIBHBIC TaHHEIE, C KO-
TOPBIMHU YJIOBJICTBOPUTEIHHO COTJIACYIOTCS YHUCIEHHBIC Pe3yJbTAThl MO Mpe.-
CTaBJICHHOW Mojenu Uit Makera U-00pa3HOIO TPYHTOBOTO TEINIOOOMEHHHKA
C OTHOCHTEJIbHBIM IIaroM M JIHaMeTpoM TpyOsl cootBerctBenno S/L = 0,017
u D/L = 0,006, pacronoxeHHOr0 B CYXOM TECKE CO CPEAHEH TEMIOMpPOBOIHO-
cteio 0,393 Br/(m-K) 1 TemmeparyponpoBoaHocThio 3,496 - 107 M%/c B auama-
30HE M3MEHEHUs Temieparypbl rermionocurens 20—70 °C.

3. Pa3paboTanHast yuCIeHHass MOJENb MOKET OBITh MUCIIOJIb30BaHa MPH MpPO-
CKTHPOBaHUH W OLEHKES 3(P(GEKTHBHOCTH BEPTHKAJIBHBIX TPYHTOBBIX TEIIO-
OOMEHHUKOB, Pa0OTAIOMUX B COCTABE PA3IMYHBIX YCTAHOBOK, B TOM YHCIIE
C TEIUIOBBIMH ‘HACOCAMH CHUCTEM TEIUIOCHA0KEHHST Ha OCHOBE HCIIOJIb30BAHUS
HU3KOMOTCHI[MATBHOM TEIIOTHI TPYHTA.
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