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B nanHoit paboTe paccMOTpeH MOTeHIaI MIPUMeHeHUs rpacheHOBOI HAHOXUIKOCTU B KAYECTBE TEILIO-
HOCHTEJISI B COJIHEUHbBIX KOJUIEKTOPAX MpsMOro MomiolleHus. B pe3ynsrare BHISIBIEHO, UTO rpadeHOBast
HAHOXMIIKOCTb 00J1alaeT MPEeBOCXOIHOM MOTIOIAIONIEN CITOCOOHOCTHIO TTPU B3AMMOAEMCTBUM C MOHO-
xpoMmatuueckuM (520 HM) U MH(PpaKpacHBIM U3TydyeHUueM OkHel obaactu. [IpuMeHeHre B KauecTBe
paboueii XXUAKOCTU rpadeHOBOI HAHOXKUIKOCTH 110 CPABHEHUIO € JUCTWLIMPOBAHHO BOIOM B COIHEY-
HOM KOJUIEKTOPE MPSIMOTO TTOIJIOIIEHUS YBEIMIIIIO €ro 3((hEeKTUBHOCTD Jaxke ITPU OYeHb HU3KOM KOH-
LIEHTPpALMU YaCTHUII TUCTIEpCHOM da3bl. OmMHAKO IS TOTO, YTOOBI TPUMEHUTD rpacheHOBYI0 HAHOXKUIKOCTh
B DHEPIreTUYECKMX CUCTEMAX B KaueCTBe paboueil XXUAKOCTH, HEOOXOAUMO PEIIUTh HEKOTOPbIE BOIIPOCHI,
B IIEPBYIO OYepeNb CBI3aHHbBIE C €€ HEBBICOKON CTAOMILHOCTHIO U TEPMUYECKOM HEYCTOMIMBOCTHIO.

Karoueswie crosa: TpacdheHOBasT HAHOKUAKOCTD, COTHEUHOE U3JTydeHNEe, COTHEUHBIN KOJUIEKTOP TIPSIMOTO T10-
monieHus1, hoToTepMudecKuii 3 deKT, TepMudeckas ycTOMYUBOCTh
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PA3BBUTUE UCCJIEJOBAHU M I'PA®EHOBBIX HAHOXXKMJIKOCTEM

BBEAEHUE

B HacrosiIee BpeMs IMpoKO MPOBOISTCS DKCIIe-
pUMeHTaIbHBIE UCCIemoBaHMs rpadeHa KaK IepCIiek-
TUBHOTO MaTepuaJa C LIeJIbl0 CO3IaHUsT HOBBIX pabouuX
KUAKOCTel (HaHoxXuakocTei) [1, 2], a Takke (yHKIIM-
OHAJILHBIX MaTepHaJioB Ha ero oCHOBe |3, 4] mist a¢-
¢ eKTHBHOIO Mpeodpa3zoBaHUs COJJHEYHOTO U3TYYSHUSI
B TETUIOBYIO HEPTHIO C MOCJIEnyolieit BbIpabOTKOMN un-
CTOI BOABI MJIU 3JICKTPO3HEepruu. B padote [5] mokazaHO
BbIAaloIIeecd yIydlIeHre TeIonpoBogHocTH (10 30%
TT0 CpaBHEHUIO ¢ IMCTIUIMPOBAHHOM BOMOM) ITpH 100aB-
JieHnr rpadeHa ¢ 06beMHOM KoHIeHTpanvei 1o 0.06%.
ITponeMOHCTPpUPOBAHO, YTO 3HAUYMTEIBHOE YBEINYEC-
HHE TEeTUIONIPOBOTHOCTU MOXET OBITh JOCTUTHYTO TIPU
ropasao MeHblleil 00beMHOI 10J1e AUCTEPCHOM (ha3bl.
Mei u ap. [6] moka3anu, 4To HauOOJIbIICE YBETUUCHHUE
TETUIOIPOBOTHOCTH (ITprMepHO Ha 20% 110 CpaBHEHUIO
¢ Bomoit) mocturaercst mpu KoHueHTpaunu 0.01% u Tem-
neparype 50°C. Kpome Toro, BI3KOCTb rpadeHOBBIX
W IPYTMX HAHOXKUIKOCTEH YBEJTMIMBAETCS TI0 Mepe TT0-
BBILIEHUS] KOHIIEHTPAMU HAHOYACTHUIL U YMEHbBIIIAeTCS
¢ poctoMm Temmneparypsl. Ali u ap. [7] ycTaHOBUIM, YTO
BSI3KOCTh 6a30BOIT JKUIKOCTH 3aBUCUT OT CTPYKTYPHI
rpadeHoBoro JucTta. Ecinu rpadeHoBsIi TMCT 001agaeT
WIeaTbHOM ITOBEPXHOCTHIO, HAOIIOMACTCS CHIDKCHUE
BSI3KOCTH, HO, €CJIU OH COAEPXKUT Ae(PEKThl, BAZKOCTh
HaHOXUIKOCTHU OBICTPO BO3pACTaeT C YBEIUUECHUEM
KOoHIeHTpauuu 9actull. Morozova u Novopashin [8§],
MPOBeIs aHAJIWU3 JJUTEPATYPHBIX JAHHBIX O BIUSTHUN
MexXda3HBIX IBICHMI Ha BA3KOCTh U TEIIJIONIPOBOIHOCTh
HaHOXUIKOCTEH, IPUIILTN K BEIBOMY, UTO HAaOTIOmaeMoe
B ps/ie SKCIIEPUMEHTOB CHUKEHE TeTUIONPOBOTHOCTU
110 CPaBHEHUIO C TEOPETUICCKUMU MPEaCKa3aHNSIMU
00YCJIOBJIEHO HAaJIMYKMEM TEIJIOBOIO KOHTAKTHOTO CO-
MPOTUBJIEHHUSI HA TPAHUIIE pa3/esa YaCTULIa—KUIKOCTb.
B pesynbraTe BIusIHYE TIPUCOSTMHEHHOTO CJI0S MOJIEKYIT
SKUAKOCTH MOXET IIPUBOIUTH K aHOMAJIBHOMY YBeJTde-
HUIO BSIBKOCTU U UBMEHEHUIO PEOJIOTUIECKUX XapaKTe-
PUCTHK cUCTeMBI. B yacTHocTH, B pabote [9] mokasaHo,
YTO 3KCMEepUMEHTAJIbHbIE 3HAYeHUS TETLIONTPOBOIHOCTHU
HaHOXUIKOCTeH Ha ocHOoBe Al,O, B BOlie, STUIIEHIVIMKOIIE
1 U30TIPOITMIIOBOM CITUPTE OKA3bIBAIOTCS HIDKE pacyeT-
HBIX 3HAUCHU, TIpecKa3aHHbIX Teopueit MakcBea.

Balaji u npyrue [10] moka3ajiu, 4TO TEIUVIOEMKOCTb
rpadenoBoit HaHoxuakoct (GNF — graphene nano-
fluid), TaK ke Kak Apyrux HaHOXUIKOCTEl, yMeHbIIa-
eTCs C yBeIMYeHUEeM KoHlieHTpaluu rpadeHa. Chen
u ap. [11] moayymiu cieKTphl IPOITyCKaHWs HAHOXMI-
KOCTeil, comepKallux OKCu rpacdeHa pa3Hoil MacCoBOM
koHueHTpanuu (ot 0.001 o 0.1%), u nokasaiu poib
okcuaa rpadeHa B pa3BUTHU ONITUIECKOTO ociabdiie-
HUsI, 0COOEHHO B 00JIaCTH KOPOTKUX BOJH BUAMMOTIO
Qarma3oHa U3JIydeHUsl.

HaHO)KI/II[KOCTI/I, BKJIIO4as I‘pa(l)eHOBbIe, MHTCHCUBHO
NCCIEAYIOTCA 1)1 TPUMEHCHUS B KaUY€CTBE pa6oq1/1x KWI-
KOCTEM B COJTHEYHBIX CUCTEMaAX, 0COOEHHO B TaK Ha3bl-
Ba€MbIX COJTHCYHBIX KOJUIEKTOPaXx IpAMOTO IMOITIOIICHUA
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(DASC). Ha ¢poTtorepmmaeckyto 3(heKTUBHOCTh HU3KO-
temnepatypHbix DASC (pabouas Temmneparypa ao 120°C)
C UCTOJIb30BaHNEM HAHOXUIKOCTEH BIMSIOT pa3ing-
Hble MapaMeTpbl, BKJIIOYasl KOHIIEHTpallM0 HaHOoYa-
CTHII B 0a30BOI KUAKOCTH, CKOPOCTb TEUEHMSI, a TAKKE
ryouHy Kojuiekropa. Sadeghi u op. [1] moka3anu pocT
abdexkruBHOoCcTH DASC Ha 11.4—36.19 1 3.84—11.12%
C TIOBBIIIICHUEM MAcCOBOI 1O OKcHa TpadeHa B HbIO-
TOHOBCKOI (I€MOHU3UPOBAHHOM BO/Ie) U HEHBIOTOHOB-
ckoit (Na-CMC) 6azosoii xunkoctu ot 0.01 10 0.03%,
cooTBeTcTBeHHO. Otanicar u ap. [12] mpoBenu 3Kkcmne-
puMeHTanbHOe uccienoBanue mist DASC Ha ocHOBe
TUIOCKOTO MUKpOKaHaJa TONIIMHOK 150 MKM ¢ MCIIOJb-
30BaHMEM HAaHOXHMIKOCTEH C pa3HBIMU HAHOYACTUIIAMU
(rpaceHOBBIMU XJIOMBSIMHA, YITIEPOTHBIMA HAHOTPYOKaMU
U cepeOpa) B KauecTBe UCIIEPCHOI (ha3bl ¥ MOKa3aIn
peKopaHoe MoBbIIeHHe 3G (MEKTUBHOCTY Ha 5% 10 cpaB-
HEHMIO C OOBIYHBIM IJIOCKUM COJTHEUHBIM KOJUIEKTOPOM.
Parvin u ap. [13] unciaeHHO McClIeqoBaIn 3aBUCUMOCTh
adpdexTuBHocTu DASC ot uncna PeiitHonbaca (Re)
1 00beMHOM KoHLIeHTpauuu () HaHouyactull (Ag, Cu,
Al,O,) B inanazonax 200—1000 1 0—7% coOTBETCTBEHHO.
IToxazamm, yT0 3P HEeKTUBHOCTH KOJUIEKTOPa YBEIMINBa-
eTCsI TT0 Mepe MOBBIIIeHUsI JaHHBIX TTapameTpoB (Re, )
M JTOCTUTAeT MaKCUMaIbHOTO 3HadeHus npu Re = 1000 u
B = 3%. Khalil u np. [ 14] Tak:xe TTOTYYMIN aHATIOTHAY -
HBIE PE3YJIBTATHI 1711 TapaboJIMIECKOTO COTHEYHOTO
KoJutekTopa npsiMoro mnoriomuieHust (DAPTC) ¢ uc-
MTOJI30BaHNEM IMOPUIHON HAHOXUIKOCTH M3 OKCUIOB
amomuHus (Al,O;) u menn (CuO). [Nokaszano, yro KT
OOBIYHOTO KOJIJIEKTOPA C MapadboINYeCKUM KeJIOOOM
(CPTC) 6511 yBenmueH Ha 31% Ipu MCTIOTBb30BaHUHT
ruOpuAHOI HAHOXKUIKOCTU I10 CpaBHEHMIO ¢ 6a30BOi1
KUIKOCTHIO. Takke 3aMe4eHOo, YTO MaKCMMAJIbHOE MO-
BblllIeHUE 3(PHEKTUBHOCTU (POTOTEPMUUECKOTO Tpe-
oOpazoBanus Habmoganock B DAPTC mmpu maccoBoit
KoHILeHTpaluu HaHoyacTulr 0.55% Ha 19% Bolllie, yeM
y CPTC. Zeiny u ap. [15] akcriepMeHTaIbHO UCCIIEI0-
BaJId HAHOXUIKOCTHU (Ha ocHoBe Au, Cu, caxku U TuOpu-
JIOB) Y TIOKAa3aIu, YTO KO3 PuLreHT POTOTEpMUUECKOTIO
npeoOpa3oBaHUs HE YBEIUYMBAJICS TIPU CMELIMBAHUM
Pa3IUYHBIX HAHOXUIKOCTEH C pa3HBIMU MTUKAMMU I10-
[JIOLLIEHUSI B OCHOBHOM M3-3a pa30aBieHUsT KOHLIEH-
Tpauuuy HaHodacTull. Zheng u ap. [16] mokasanu BbI-
COKMIA TIOTEHINA HAHOKUAKOCTH C MHOTOCTEHHBIMU
yraepoaHbiMu HaHoTpyOokaMu (MWCNT) u rubpunHoit
HaHoxuakoctt MWCNT-TiN ¢ MaccoBO#1 KOHIIEHTpa-
nueit 10 ppm mig npuMmeHenust B DASC. Li u np. [17]
nccnegoBanu BiusHue GNF Ha doroTepMuaeckyio
kouBepcuio DASC. IToka3aHo, 4T0 3 PEKTUBHOCTH
(boToTEepMUYECKOIT1 KOHBEPCHUM YUCTOM BOIbI COCTaBMIA
17%. lNpwu npumeneranu GNF u3 okcraa rpadeHa ¢ KOH-
neHtpauueit 100 ppm 3¢ heKTUBHOCTH (hOTOTEpMUYE-
CKOI KOHBEPCHUM TTOBBIIIANACH B 2.72 pa3a, 1oCcTUTas
3HaueHuit 46.26%, a npu npumenennun SLG (ogHoC-
JioiitHOTO rpacdeHa) ¢ Toi ke KOHlLieHTpaluei — B 2.89
pasa, moxons 1o 49.13%. Ha ocHoBe Momenu Harpesa
TOMOTeHO rpadeHOBOI HAHOXXUIKOCTH aBTOPHI PA0OTHI
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[18] moka3zanm, 4To OJIs1 €€ MPUMEHEHUS B OOBIYHBIX
COJIHEYHBIX KOJIJIEKTOpax 6e3 KOHIIEHTPATOpa MOXKHO
KCIOJIb30BaTh rpaeHOBYIO0 HAHOXUIKOCTb C MAaCCOBOM
koHueHTpauueit 300 ppm. I1pu 3TOM 3(pheKTUBHOCTD
(boroTepMUUIECKOIT KOHBEPCUH COTHETHOTO U3TYICHUS
MOXHO MOBBICUTH TP UCTIONIB30BAaHUM TETIOU30JIMPO-
BaHHOI MPO3payHOii MOBEPXHOCTH (ITyTeM MPUMEHEHUS
KOHCTPYKIIMU TPYObI B TpyOe C BAKYYyMUPOBAHUEM IJIsI
TerIon3oJaun). [1pu IpuMeHeHNH B COTHETHBIX CH-
cTeMax ¢ KOHIIEHTpaTopaMy1 HeOOXOIMMO UCTIOIb30BaTh
rpaeHOBYIO HAHOXUAKOCTb C KOHLIEHTpALUei CBBIILIE
300 ppm UM MPUMEHUTD TOMOJHUTENbHYIO MOIIOIIA-
JOIIYIO TIOBEPXHOCTD.

B sHepretuyeckoit obnactu rpadeH 1 ero Mmoaudu-
Kalyy BIACSIOTCS CPeay APYTUX aJUIOTPOITHBIX U aMOP-
(HBIX popMm yriIepoma Giarogapst UX TEIIOPU3NIECKIM
CBOIiCTBaM, TaKMM KaK BBICOKAasI TETUIONIPOBOTHOCTD
(2500—5000 Bt/(M°K) [19, 20]), Gonbiias yaeabHast
MOBEPXHOCTb 1 MJIa3MOHHBIM MeXaHU3M TeHepaluu
mapa [21, 22], cmtocoOHOCTh K 3 (HEKTUBHOMY yIIpaBie-
HUIO MOTJIOIIEHNEM 1 pacCesTHUEM M3TyJeHMS, a TAKKe
MeXaHu4eckasi TPOYHOCTh. B KOJIJIOUWAHOM pacTBope
BBICOKASI TEIIOIIPOBOAHOCTH rpad)eHa Io3BOoJIsIeT 3~
(bekTHBHEE OTBOANTH MOMIOMIEHHYIO SHEPTHIO U TEM
cambiM noBeimath KIT komiekropos. I'paden obaamaer
IIMPOKOMOJOCHBIM ONITUYECKUM TOIJIOIIEHUEM O1a-
romaps HyJIEBOM IIIMpUHE 3anpelieHHoM 30HbI. [1o ab-
COJTIOTHO BeIMYIMHE ONTUIECKOTO TTOTTIONIEHUS caxa
1 IPYTUE HEYTIOPSANOYEHHBIE SP-yIIIEPOIBI IIPAKTUYECKI
He ycTynaroT rpadeHOBbIe CTPYKTYpbl. OnHako rpade-
HOBBIE MaTepHaJibl CIIOCOOHBI 1OCTUYD COMTOCTABUMOTO
TTOTJIOIICHNS IIPY MEHBIIIEi Macce U CJIOMHOCTH, 61aro-
Japsi BEICOKOM YIeTbHOM MTOBEPXHOCTH 1 BO3MOXKHOCTH
paBHOMEPHOTO paclipeneneHus B Mmatpulie [23].

Mg BosamoxxkHocTu npuMeHeHust GNF B comHeUHBIX
Ter10BbIX crucTteMax (DASC, moBepxXHOCTHBIEC COTHEY-
HbI€ UCTIAPUTENIN) BaXKHOE 3HAYEHUE UMEIOT UX TEILIO-
(pusnueckue u ontudeckue cBoiictea. OgHAKO OLIEHKU
dororepmuueckux a¢pdexkroB GNF Ha ocHOBe n3ydeHUsI
CITEKTPOB MPOITyCKAHKS MOXET OBbITh HEIOCTATOYHO, TAK
Kak ocyiabiieHre U3IyYeHus BKIII0UaeT B ce0s Ipoliec-
ChbI paccestHUS U nontoleHus. COOTHOIIIEHUE MEXTY
nocaenHuMu npoueccaMu 111 GNF ci10XXHO OlleHUTD,
MOCKOJIBKY rpadeH IpeacTaBisieT Co00ii ABYXMePHBIA
MaTepua U ero OpUEeHTALYSI B MaTpulle 0a30BOit XXM~
KOCTU SIBJIsIETCS TTpousBoibHOM. MccienoBanust ag-
(extuBHocT DASC Ha ocHOBe Tpad)eHOBBIX U APYTUX
HaHOXUIKOCTEH oM IeHCTBYEM COJTHIIA MU COJTHEUHOTO
CHUMYJISITOpA TIOKA3a/IM YIIyYIIeHUsI, OMHAKO He JaJTh UH-
(bopMmaruio 0 TOM, MpU KaKo# IJIMHE BOJTHBI TPOUCXOIUT
Haubonee 3¢ dekTnBHOE TomtoeHue. Llenb HacTosei
paboThI — UCCIeNOBAaHUE BIUSHUS CIIEKTPAIbHOTO CO-
cTaBa cojiHeuHoro usznydeHus Ha HarpeB GNF, a Takke
pa3paboTKa TECTOBOIO MPOTOTUIIA COJTHEYHOTO KOJIIeK-
TOpAa MPSIMOTO MOMIOLIEHUS 1JIsl OLIEHKU BO3IECTBUS
XapaKTePUCTUK HAHOXUIKOCTEM Ha eT0 3(D(EeKTUBHOCTb.

YAH u np.

OKCITEPUMEHTAJIBHAA YACTb

IIpouzeodcmeo u onmuueckue ceoiicmea GNF

B skcniepuMeHTaxX MCTIOTb30BAIM HAHOTLTACTUHBI
rpadeHa, morydeHHbBIE 10 TEXHOJIOTUH CYITepKaBUTa -
LI ¥ MOIITHOTO YJIBTPa3BYKOBOTO PACCIOCHUS KPH-
CTaJUIOB YMCTOTO TpacduTa BAOJb INIOCKOCTEH CKOJIb-
JKEHUS B YMCTOM NUCTUILIMpoBaHHOI Boae ([IB), 6e3
HCIT0JIb30BaHUSI TIOBEPXHOCTHO-aKTUBHBIX BEIIIECTB
(000 «MHcTuTyT rpaeHa», r. Mocksa). [TonyueHue
HAHOILUIACTUH rpadeHa MpoBOAUIN B KABUTALIMOHHOM
KaMmepe IyTeM pacllieIeHUs] KpUCTa/UIMIeCKOTO BHICOKO-
yuctoro rpacdura FAK-2 (cpenHuit pasmep yactui 100—
250 MKM, comepxkaHue rpadputa He MeHee 99.95—99.99%,
TI'OCT 17022-81) Booab KpucrtaaiorpahuyecKux rio-
CKoCTel 3a caeT 3(pPeKTOB CIBUTOBBIX HATIPSIKCHU I
B JIEMOHU3UPOBAHHOM BOJIE C TTOCIIEMYIOIITNM YIIBTpa-
3BYKOBBIM BO3NIEIICTBIEM Ha 0Opasyromecs rpadeHOBBIE
TUTACTUHBI TSI JOTIOJTHUTEIBHOTO YMEHBIIIEHMS I1CIa
ATOMHBIX YIJIEPOIHBIX CI0eB. B pe3ynsraTe mosrydeHsl
MaJIOCJIOMHBIE TPpacheHOBBIE XJIOMbS C JIaTepaJTbHBIMU
pasmepamu 10—50 mxm (puc. 1). ComtacHO TaHHBIM
CITIEKTPOCKOIUU KOMOMHAIIMOHHOTO PAacCesTHUS CBeTa
(KPC), rpacdeHOBbBIE XJI0ITbsI HEOKCUANPOBaHbI. Ko-
JINYECTBO CJI0EB I'padeHOBBIX XJIOIbEB OLIEHUBAJIOCH
Ha ocHoBe aHaiu3a criekTpoB KPC. Ha puc. 2a pu-
BeIEHBI CIIEKTPhI XJIOMbEB JBYX BUIOB U UX CpaBHEHUE
co cnektpamMu KPC rpacgura u rpacdena. Ha criektpax
3TUX 00Pa3I0B XOPOULIO BUAHBI Y3K1E TTOJOChI TTEPBOTO
nopsaaka ~1580 cM~!, KoTopble OTBEYAIOT 3a KOJIeOaHUs
aTOMOB YTIJIepolia B TUIOCKOCTH CJIOSI, ¥ TIOJIOCHI BTOPOTO
nopsinka (~2730 em™!), a Taxoke monoca ~1350 cM~!, yka-
3bIBAIONIAsI HA HAJTMIME pa3ynopsmoueHHOro TpaduTa.
UsBecTHO, uTO ntostoca ~2730 cM~! aBsgeTcs cocTaBHOIA,
1 9aCTOTa e MaKCUMyMa YMEHBIIIAETCs C YBEIMUYEeHUEeM
yuciia ciaoeB [24]. O1tu a3 heKThl UCIIOJIb30BaHbI IS
OLICHKU 4yKcJIa clioeB B rpadpeHe. O61acTh YaCcTOT BTOPOIo
nopsiaka (~2730 cm~!) HammMx 0Opa3LOB MMOKa3aHa Ha
puc. 26. BuaHo, 4To MaKCUMyMBI ITOJIOC BTOPOTO MOPSIIKA
10 YacTOTaM MeHbllIe, YeM Yy rpaduta, HO O0JbIlIe, YeM
y rpacdeHa. OLIeHOUYHO 3TO COOTBETCTBYET 8-+ 10 cliosm.
Takke cieayeT OTMETUTh, YTO MOJydeHHbIe TpaceHo-
BBI€ JIVCTHI SIBIISTIOTCS MATBIMU, TIO3TOMY WX TIPHHSITO
HasbIBaTh xJIoMNbsiMU. [Tocienuuii akt moaTBepxkacH
npoduiaeM BbICOTHI XJIOMbeB (pUcC. 3), KOTOPBIi MOJY-
YeH C IIOMOIIBIO aTOMHO-CHJIOBOT0 MUKpocKora (ACM)
C UCITOJIb30BaHNEM KOHTaKTHOM METONVKU 30HIaMU
CS17 ¢ pannycoM KpUBU3HBI KOHYMKA 30HAA 8 HM, BbI-
coToii ursl 12— 18 MM 1 yriiom KoHyca 40 rpamgycos.

BaxxHO OTMETHTB, YTO UCITOJb30BAHHAS TEXHOJIO-
TUs MPOU3BOACTBA rpaEHOBBIX XJIOMbEB OTHOCUTCS
K CIToco0aM U yCTPOMCTBaM MacCOBOTrO yIPaBJIIeMOro
MPOU3BOACTBA IBYMEPHBIX HAHOMATEPUAJIOB Ha OCHO-
Be ymiepona, Aucyibbuaa MmoaubdaeHa, HUTpuaa 6opa,
HUTPUIA AIIOMUHUS U Apyrux. Takoii croco0 B ciy-
Yyae ToJlydeHUs XJI0MbeB TpadeHa, mpeacTaBisieT co-
00ii KOMOMHUpPOBaHKWE METO/Ia pacllleTJIeHsT YaCTULL

KOJIJIOUOHBIM )KYPHATT  TtomM87 Ne3 2025
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Puc. 1. COM-potorpacdus rpacdeHOBBIX XJIOMbEB.
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Puc. 2. Cniexktp KPC 06pa3ioB rpadeHOBBIX XJIOIbeB 1 X cpaBHeHUe co criektpamu KPC rpadura u omHOCIONHOTO Tpa-
¢eHna (a). O61aCTh YACTOT BTOPOTO MOPSIAKA CIIEKTPOB (0).
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Puc. 3. CHumok ACM (a) u mpodwtb BEICOTHI (6) TpadeHOBBIX XJIOTBEB.

rpacduTa BAOJb KpUCTaIorpapuuecKux rmiocKocTei
3a cueT 3 (PEKTOB CABUTOBBLIX HATIPSDKEHUI B YCIIOBUSIX
CyIepKaBUTALMM XUIKOCTHU (YUCTOI JeMOHU30BAaHHOM
BOJIbI), @ TAKXKE MOIITHOTO YIBTPa3ByKOBOI'O BO3IECCTBUS
Ha noJjrydatoluecs: rpadpeHOBbIEe TUIACTUHEI (XJIOIIbSI)
JUUIST JOTIOJTHUTEJIBHOTO MX pacileruieHus (YMeHbIIEHUS
YMCJIa AaTOMHBIX CJIOEB) M CEJICKIIMM I'padeHOBBIX XJIO-
MbEB 110 YUCJTY CJI0EB U JIaTepajbHOMY pa3Mepy (BOOIb
MPOIOJIFHOTO MaKpOCKOIMMYeCcKoro pasmepa). OCHOBY
CYIIepPKaBUTALIMOHHOTO ITOJIy4eHUSI Tpa)eHOBEIX XJIOITbEB
COCTAaBJIIET MEXaHU3M CO3[aHUsI CIBUTOBBIX HaIIPSIKe-
HUI1 HEe TOJILKO 3a cueT 00pa30BaHMs KaBUTALIMOHHBIX
My3bIpeil Ha OBEPXHOCTU I'PadUTOBBIX KPUCTAJIIOB,
HO U BeieACTBUE (OPMUPOBAHUS CABUTOBBIX BSI3KUX T10-
TOKOB B ITOTPaHUYHOM CJI0€ BOJIM3U TpaUTOBBIX YACTHII,
YTO CIIOCOOCTBYET M30TPOITHOMY OTPHIBY KpUCTaJINYE-
CKUX IUTOCKOCTEl TpaduTa (110 HOpMaIy K KpUCTaJUT4e-
CKHM IUIOCKOCTSIM), a TAKXKE CIBUTOBBIM HAIIPSKEHUSIM
U OTPBIBY KpUCTaJUTOrpaduiyeCcKuX MIOCKOCTEM BAOIb
nx 0a30BOTO IBYMEPHOTO HAIIpaBJICHUSI. YKa3aHHasl
TEXHOJIOTUSI TI03BOJISIET, BO-TIEPBBIX, ITOIYYaTh CEICKTHB-
HOE YKCJIO CJI0€B KPUCTAJUIOB (OT OMHOTO 10 IpUMeEp-
HO JIECSITM aTOMHBIX CJIOEB), BO-BTOPBIX, 3 (OEKTUBHO
MOJIy4aTh JaTepajabHbIe pa3Mephl rpad)eHOBBIX XJIOIbEB
3HAYUTENbHBIX MaciTaboB (o 100—120 MxM); HAaKOHeII,
nomo0OHasI TEXHOJIOT U ITO3BOJISIET paboTaTh B YUCTOM
JACTWLIMPOBAHHOM Boze, 0e3 100aBIeHNS KaKIUX-JIM00
KHCJIOT, I1IeJIoueii, OpraHMYeCKUX pacTBOPUTEIICH TN
MOBEPXHOCTHO-aKTUBHEIX BellecTB. [lomyyaemele rpa-
(beHOBBIEC XJIOTIBbS UMEIOT YUCTOTY, OJIM3KYIO K YUCTOTE
HadvaJIbHOIO rpaduTa ¢ ynpapiasseMbIMHU pa3MepaMu,
a TaKK€ BO3MOXHOCTBIO MX MAaCCOBOI'O IIPOM3BOICTBA.
I'pacdeHOBas HAHOXUIKOCTD, ITOTyYeHHAs 110 YKa3aHHOM
TEXHOJIOTHH, TIPEICTaBIIsIET CO00iT KOJJIOUIHBIN PacTBOP
Ha OCHOBE IUCTWUIMPOBAHHOM BOIBI ¢ rpah)eHOBLIMU
XJIOITbSIMM B Ka4eCTBE IMCIIEPCHOM (Pa3bl ¢ MACCOBOI
KOHLIEHTpaLuei (g,,) 10 5%, 1isl yMEHBILEHHS MACCOBOK
KOHLIEHTPALUU AUCIIEPCHOI (ha3bl 06pa3iibl HAHOXMWI-
KOCTH pa30aBJIsiid B TpeOyeMOi IIPOIOPILINH.

Ontuyeckue coiictBa GNF Obu11 uccienoBaHbl
B KBaplLeBOI KIOBETe C JJIUHON ONTUYECKOTO MYyTHU
10 MM ¢ TOMOIIBIO BBICOKOUYBCTBUTEIHHOI'O ONITOBOJIO-
KOHHOTO cniekTpodoTomerpa Avaspec-2048. CriekTpbl
MPOITYCKaHUsI OBLIY CHSITHI IJIsI 00pa310B HAHOXUIKO-
CTH C MaCCOBBIMU KOHILIeHTpanusaMu oT 50 mo 300 ppm.
ITonyueno, yto GNF ocabisieT o4ty OAMHAKOBO JIJIst
BCeX JIJTMH BOJIH BUIMMOTO THUana3oHa U MH(ppakpacHo-
ro u3aydeHus oavkHeil obmactu (puc. 4a). I1pu atom
uHTerpajabHbie Ko3ddulmeHTsl ociaadnennss GNF B uc-
cJeayeMoM auarna3oHe JUHEHHO 3aBUCAT OT MacCOBOI
KOHIIeHTpanuu (puc. 40).

DKCcnepumMeHmanvHas yCmaHosKka o u3y4eHus
Haepesa GNF monoxpomamuuecKum usiyveHuem

Hnsa uzyyenus npouecca HarpeBa GNF ObLia pa3zpa-
0oTaHa yCTaHOBKa, OOIIMiA BUI KOTOPO MpeacTaBieH
Ha puc. 5. B ycTaHOBKe UCITONB3YeTCd HMIMHAPUIECKAsT
€MKOCTh C BHYTPEHHUM auamMeTpoM 80 MM U BBICOTOM
100 MM, yepe3 CTeHKY KOTOpPO# YCTaHOBJIEHBI 5 TepMOIIap
¢ maroM 20 MM, 0003HaUE€HHBIE TI0 Mepe yBEeJTUUECHMUS
nryounsl emkocTu Kak TC1, TC2, TC3, TC4 u TCS.
B kxauecTBe MCTOUHMKA MOHOXPOMATUYECKOTO U3JTyde-
HUS UCIIOJIb30BaHbI UeThIpe Jla3epa MOILIHOCThIO 1 BT
¢ nmuHaMHu BoJtH 450, 520, 638 1 808 HM. Be1Gop Takux
3HAYE€HUW JJIMH BOJIH OCHOBAH Ha UX COOTBETCTBUU
0a30BbIM KOMITOHEHTAM COJIHEYHOTO cIieKTpa. JanHa
BosHbI 808 HM TIpencrasisieT OmmkHI0I0 MK-061acTh,
Ha KOTOPYIO IPUXOOUTCs ~53% CONTHEYHOTO U3ITyde-
HUS, B TO BpeMs Kak 450, 520 1 638 HM oxBaThIBAIOT
BUANMYIO 0071acTh (~44%). DTO MO3BOJISIET U3YYUTh
BKJIaJ pa3IMYHBIX CIEKTPAIbHBIX 00IacTeil B HAarpeB
rpaceHOBOM HAHOXUIKOCTU.

DKCIIEpUMEHTHI IIPOBOAMINCH JJIST OTKPHITOM I10-
BEPXHOCTU €MKOCTH, YTO MO3BOJISET BLISIBUTH 3 (DEKT
normomieHuss GNF mpu ee mpssMOM KOHTaKTe € Magao-
MM M3TydeHreM. TeMmeparypa 1 BIaXKHOCTb () OKpYy-
JKalolel cpelbl BO BpeMs 9KCIIEpUMEHTa NU3MEPSUINCh

KOJIJIOUJHBIN XYPHAN Ne 3
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Puc. 4. 3aBUCUMOCTD CIIEKTPOB MPOITyCKAaHUS (a) U MHTETpaabHOro KoadduineHTa aKecTuHKIMK GNF mpu pa3Hbix Mac-

COBBIX KOHLIEHTpaLusx (0).

7

Puc. 5. OkcriepyuMeHTalbHasl YCTAHOBKA JJIs MCCEno-
BaHus B3aumoneiictBust GNF ¢ MOHOXpOMaTHYECKUMU
U3JIyYEeHUSIMU: | — €eMKOCTb JIJIS pa3MellleHUsI HaHO-
KUAKOCTE; 2 — UCTOYHUK U3TyIeHUsT; 3 — TepMOTaphl;
4 — u3mepurenab-peryasarop TPM138; 5 — natyuk Tem-
MepaTypbl M BIaXKHOCTH BO31yXa; 6 — mpeobpazoBaTeib
AC4-M; 7— kommbloTep.

¢ omoupio marynka OBEH IT1BT10. Cepuun akcriepu-
MEHTOB 10 BIMSIHUIO MOHOXPOMATUYECKOTO U3TyYeHUS
obu ripoBeneHbl 11t GNF ¢ MaccoBoii KOHIIEHTpa-
mueit 200 ppm 1 HaYaJIbHOI TeMIIepaTypoii 0Opa3loB
15.5 + 0.2°C. TemnepaTypa Bo3ayxa B Hayajie JaHHOTO
9KCIepuMeHTa cocTabisiia 18.4 + 1.5°C, a B1aXXHOCTb —
32.9 £+ 3.7%. 3aMeHeHUe TeMITepaTyphl BO3IyXa U BIaxk-
HOCTH B ITpoOLIecCe IKCIIEPUMEHTA He MpeBbIIao 5%.

Yemanoexa 0nsa uccnedosarnus eauanus
GNF Ha sgpgpekmusrnocmo DASC

Hust uccnenoBanus BaussHust GNF Ha addexTun-
HOCTh (DOTOTEPMUUYECKOTO Mpeodpa3oBaHus ObLIa
paspabotana ycranoBka ¢ DASC (puc. 6). [lmaBHBIM

KOJIJIOUOHBIM )KYPHAT  tom87 Ne3 2025

3JIEMEHTOM YCTAaHOBKH SIBJISIETCS COTHEUHBII KOJUIEKTOD,
coOpaHHBII U3 60 CTEKITHHBIX TPYOOK JUTMHOM 425 MM
C BHYTpEHHUM auaMmeTpoM (d) 4 MM 1 TONIIMHOMN 1 MM.
CTreKJIsIHHBIE TPYOKU PacCIoIoXeHbI Ha TETUION30JISLIN-
OHHO TJIUTE TONIUHOI 20 MM U3 3KCTPYIUPOBAHHOTO
MEHOMNOJIMCTUPOJIA, KO3 GUILIMEHT TETJIOIPOBOTHOCTH
kotoporo coctanisieT 0.032 Br/(m-K), u coennHeHb
MEXIy COOO0M TETISIMU U3 CUJTMKOHOBOM Tpyoku. KoH-
LIbI CTEKJISTHHBIX TPYOOK C MEeTISIMU TeTLIOU30J1MPOBaHbI
C IByX CTOPOH CJIOEM BCTIIEHEHHOTO MOJUITUIeHA U TI0-
KPBIThI METaJLIMUECKOM (POJIbroii 1151 OTpaxkeHus CBeTa.
JmmHa pabouero yyacTka (L) Kaxkmoii TpyOKY COCTABIISIET
360 MM, a paccTosSTHIE MEXIY OCIMU TPYOOK paBHO
11 MM (puc. 66). Temmnieparypa paboueit XUIKOCTU U3Me-
peHa ceMblo TepMorapamu tuma K, 0603HaueHHBIMM KaK
TC1, TC2, TC3, TC4, TC5, TC6 u TC7, nBe 13 KOTOPBIX
TC1 u TC7, cooTBEeTCTBEHHO, YCTAHOBJIEHBI Ha BXOIE
U BBIXOJIE KOJIJIEKTOPA, a OCTaJIbHbIE — B TIETIISIX ITOCIIE
Kaxabpix 10 crekstHHBIX TpyOOK. Ilepenan naBaeHMUs
B KOJUIEKTOPE OIpeAesIcH 110 Pa3HOCTH ITOKa3aHWM AaT-
yiKOB n30bsTouHoro gasienus I[171100-110.06-181-0.5
(xnaccel TouHocTH 0.5%) Ha BXOIE U BBIXOJE, COOTBET-
cTBeHHO. CUTHAJIBI OT TepMOMap 1 JaTYMKOB JaBJICHMS
NpUHUMaeT peryasarop-usmepurenab TPM138 u yepes
npeodbpasosartesib AC4-M nepenaet B KOMIbIOTEDP ISk
00padoTku. BiaxxHOCTh 1 TeMIIEpaTypa BO3ayxa BO Bpe-
MsI 9KCTIEpUMEHTA 3aIMChIBAIOTCS ¢ TTOMOIIIBIO CEHCopa
OBEH IIBT10. YcTaHoBKa MOXeT paboTaTh IO OTKPHI-
TOMY WJIY 3aMKHYTOMY LIUKJTY. JIJIst mpoKauku paboueit
KUIKOCTH Yepe3 CUCTEMY MCTIOJIb3YeTCsl LUPKYIISILIOH-
HbIIl HAcOC ¢ MaKCUMAaJIbHOI MoIITHOCThIO 22 BT. Pac-
X0Jl paboyeil XXKUIKOCTU B CUCTeME KOHTPOJIUPYETCS
C MOMOIIIbIO PETYJUPOBAHUS HATIPSIKEHUSI TUTaHUS
Hacoca u usMepsiercss poramerpom LZB-DKS800-6F,
MMeELIMM Auana3oH pacxona ot 3.5 10 25 n/4. beuio
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paccmotpeHo BiausHue KoHneHTpauuu GNF Ha addek-
tuBHOCTHL DASC mipu pacxone 3.5 1/4.

Crenyetr OTMETUTD, YTO KOHCTPYKIIMU KOJIJIEKTOpa
TIPSIMOTO TIOTJIOIIEHUST TIPUMEHSIOTCS TIPEUMYIIECTBEHHO
B apaboJOUMIMHAPUIECKNX KOHIIeHTpaTopax. [1o-
3TOMY IIpUBEIEM HEKOTOPhIe 000CHOBaHMS ISl BEIOOpa
TaKOT0 MCTIOJIHEHUST COJTHEYHOTO KOJUIEKTOpa MPSIMOTO
TOIJIONIEHUS B HACTOSIIEM dKCIiepuMeHTe. JJist e
uccieqoBaHus 3 dekra poToTepMUIECKOro Ipeosd-
pa3oBaHMsI HAHOXUIKOCTE! BRIOPAHO TIPEICTABICHHOE
HCITOJIHEHUE TECTOBOTO KOJUIEKTOpA IO CIAEHYIOIINM
npuurHamMm. Mcxoas U3 Toro, 4To peajbHbIN Mmapabdo-
JIOUMJUHAPUIECKUI KOHLIEHTPATOP OOBIYHO UMEET
0O0JIbIIYIO MTPOTSXKEHHOCTh, B HACTOSIIIIEM HUCCIIeI0BA-
HUU OBUT paCCMOTPEH KOJUIEKTOP € TPYOKOM OOJIBIIIOTO
OTHOIICHUS [UTMHBI K TUaMeTPY (B SKCIIEpUMEHTATBHOM
yCTaHOBKE acIleKTHOE OTHoIlleHUue cocTaBisieT 5400).
[Tomo6ue ncnoab3yeMoro B padboTe MCIOJTHEHUS KOJI-
JIeKTOpa 1 CTaHJApTHOI'O MapaboJOMIMHAPUIECKO-
To KOHIIEHTpAaTOopa 3aKJIi0yaeTcs B TOM, 4TO paboydast
KUIKOCTh TeUeT B MWIMHAPUIECKOit TpyoKe. Ommane
COCTOUT B TOM, UTO B ITPEACTaBJICHHO 3KCTIEPUMEHTaITb-
HOM yCTaHOBKE OTCYTCTBYET KOHIIEHTPATOP COJTHEUHO-
ro usjydyeHus (rmapabdoanyeckuii xeno06). OmHako 3To
HE UMeeT OIPeIeISTIoNIero 3HaYeHUsI, TaK KakK B TIep-
BYIO O4epenb UCCISMYeTCS BIMSHIE HAHOXUIKOCTEIH
Ha 3¢ ¢eKT HarpeBa, a He BAUSIHUE UHTEHCUBHOCTHU

YAH u np.

COJIHEYHOTO M3TydeHusI. CIION TETION3OJISINHI U TIPO-
3pavyHOro MOKPHITUS B TIPEAJTOXKEHHON KOHCTPYKLIMU
MO3BOJISIIOT MUHUMU3UPOBATh BIUSIHUE OKPYXKAIOIIEHi
cpensl (BeTep, TEIJIONOTEePH 32 CUET KOHBEKTUBHOTO
TeIuiooOMeHa, 1 T.4.). PazpaboraHHOe TeXHUYEeCKOe
pelleHre MO3BOoJISIeT ¢Ae1aTh KOMIIAKTHYIO TECTOBYIO
YCTaHOBKY, C TIOMOILIbIO KOTOPOIi ucciienyetcst apdekT
HarpeBa paboyeil KMIKOCTH 3a CYET MPSMOTO MOIIOIIIe-
HUS COJTHEYHOTO M3TYICHUS, TIO3TOMY B IIEJIOM TaKasl
KOHCTPYKILIMSI HE SIBJISIETCS] TUTOCKUM KOJIJIeKTOpoM. Bax-
HO OTMETHUTh, YTO B Pa3HbIX UCCIICNOBAHUSIX COJTHEUHBIE
KOJIIEKTOPBI MPSIMOTO TTOTJIOIIEHUS MCTIOTHEHBI B pa3-
JINYHBIX KOHPUTYpausx, HarpuMmep, B padore [12] uc-
CJIeOBAJIV COJTHEUHbI KOJUIEKTOP MPSIMOTO TOTIOLIEHUS
Ha HaHOXUJIKOCTSIX, UCTIO/Ib3Ys TECTOBBIN armapaT B BUIE
TJTOCKOTO MUKPOCOJIHEYHOTO KOJUIEKTOpa pa3MepoM
3 x 5 cMm? ¢ m1y6uHO# KaHana 150 MxM. OCHOBHas LiE/Ib
Hallero MCCieoBaHUS 3aKJII04AeTCsl B OLIEHKE CIIOCO0-
HOCTH IrpacdeHOBOM XXKMIKOCTH YIy4IlaTh MOIVIOLIEHHUE
COJIHEYHOM 3HEPTUM U YBEINUUBATh 3((HEKTUBHOCTh
TEeTJIOOOMEeHa T10 CPaBHEHUIO C TPAAUILIMOHHBIM Te-
IoHocuTeneM (Boaoit). Beibop uncToii Bombl B Kaye-
CTBe 0a3bl /11 CPaBHEHUS MO3BOJISIET KOJTUUYECTBEHHO
OIIEHUTD BKJIAJ HAHOYACTHUII B TETIJIOBBIC M ONITUICCKHE
XapaKTEepUCTUKU ccTeMBbI. be3 Takoro 6a30Boro ypoBHst
CpaBHEHUS CJIOXHO OMpeneUTh, HACKOJIbKO UMEHHO
HaHOXUAKOCTD YJTy4IlIaeT XapaKTePUCTUKHN KOJUIEKTOPA.
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DeKTpUIeCcKue JTUHUU

Puc. 6. Cxema ycTaHOBKY C COJTHEUHBIM KOJUTEKTOPOM TIPSIMOTO ToronieHus (a). [TonepeuyHoe cedeHre COTHETHOTO KOJUTEK-
Topa npsiMoro noromeHus (6): 1 — ConHeUHbII KOJJICKTOP TTPSIMOTO MOMIOLIEHHUS; 2 — TepMOoTaphbl; 3 — IaTYNKU JaBJICHUST
4 — pacxomoMep; 5 — HUPKYJISILMOHHBIN HACOC; 6 — eMKOCTH XpaHEHUs XXUIKOCTHU; 7 — BEHTWIb; & — PEryJIsTOp-U3MepUTesib
TPM-138; 9— cencop OBEH I1BT10; /10— npeo6pasoBatenb AC4-M; 11 — komrnblotep; /2 — cTekisiHHas Tpyoka; 13 — te-
TUTOM3OJISILIMOHHAS TUIUTA U3 KCTPYIMPOBAHHOTO MIEHOTIOIUCTUPOJIA; /4 — ITpO3padyHOe 3aIlMTHOE TTOKPHITHE.

KOJIJIOUOHBIM )KYPHATT  TtomM87 Ne3 2025
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Hixe mpuBeneHa Metonuka pacyera 3()(eKTUBHOCTU
U TIOTePb COTHEUHOI SHEPTUU B TECTOBOM KOJIJIEKTOPE.
OO011ee BeIpaxkeHue [Jisl onpeneneHust 3(hHeKTUBHOCTU
COJTHEYHBIX CCTEM, TJIe HAHOXHMIKOCTHA TTPUMEHSIOTCS
B KauecTBe TETUIOHOCUTENIEl, OnpenesieTcsl Kak OTHO-
IIeHWE TTOJIE3HOTO TeTlIa K MagaIneMy COTHEUHOMY
M3IIy9EHUIO 110 COOTHOIIeHMIO (1):

out m)

1
FJqsolar ( )

rae G — 0ObEMHBIN Pacxo HAHOXUIKOCTH, M>/C; p-
[JIOTHOCTD XUIKOCTH, KI/M?; ¢, — yaeJlbHas MacoBast
TeroeMKocTh, Jx/(xrK); T, T;, — TemmepaTypbl
Ha BbIXoJe U Bxoje cucteMnbl, K; F = L -b — nomanb
00TyyaeMoii TOBEPXHOCTH ¢ mmpuHoi L = 0.36 M u 1iu-
Hoit b = 0.655 M; g,},; — TUIOTHOCTb NAJAIOLIETO MO~
TOKa u3nydyeHus, Br/m2. B HacTosIEM MCCIENOBAHUN
TeMreparypsl Ha Beixoze (7)) u Bxoze (7;,) cuctemMsl
COOTBETCTBYIOT IToKazaHusaM tepmoriap TC7 u TC1.

CymMa foJieid 1osie3HOi 9HEPTUU U BCEX TUIIOB I10-
Tepb JOJDKHA YIOBIETBOPUTH CIIEAYIOIIee COOTHOLIIEHNE:

(2)

II€ Y, — A0/ ONTUYECKUX OTEPD, Y | —AOJIs TEIUIOBbIX
MOTEPb 3a CYET KOHBEKTUBHOTO TEIIOOOMEHA K 1aJa10-
1Ie# MIOTHOCTY COTHEYHOM SHEPTUU, ONPEENAIOIIAACA
T0 CJIEAYIOIIEMY OTHOLUEHUIO

Qt.l 3
T 3)
" Gsolar
e O, | — CyMMapHble TeIUIONOTEPH, KOTOPBIE CKJIa/bl-

BAlOTCSl U3 TIOTEPh YePe3 CBETOIPO3PaYHOE MTOKPHITHE
(Q/), uepes 6oxkoBble cTeHKU (Q[}) uepe3 JHO KopIryca

©Qf), r.e.

G- -p-c,(T T.
Ny = i p(

N+ Y+ Yor =1

Yol =

Qu =00 +00 +0d. 4)
[MockonbKy Qf | ABISIOTCS OCHOBHBIMU TMOTEPSIMU,
B JaHHOM pacyeTe MOXHO IpeHeopeus Q) m 0f]. C yue-
ToM, uT0 Q{| = ¢{| - F, ypaBHeHue (3) OyneT UMEThb BUIL:
40
Ve = : ©)
Gsolar

TIe g{ | — YIeTbHBIE TETJIONOTEPH Yepe3 CBETOIPO3pay-
HOE MOKPBITUE, OTIpeeIIoNIne 110 (popmyiie

qt'.l = K- AT, (6)
rne AT — TemmepaTypHBIi HAIIOP MEXIY TOBEPXHOCTEN

TpyOOK 1 OKPYXKaIOIIUM BO3ayXoM, K — KO3 ULIMEHT
Terionepeaayu, KOTOphIil onpenessiercs: o popmysie

1
K = , 7
1 8air Sg 1 ( )
+ + =+
Olair. 1 A’air 7"g Olair.2
KOJ]J]OI/I[[HbIl;I XKYPHAIJ TOM 87 Ne 3 2025

253

TIe Oy, | — KO3 OULUEHT TeMI00TAaYH OT TOBEPXHO-
CTU TPYOOK K BO3/yXY B IPOCIONKE; 8 4., Ayi, — TOJLIM-
Ha ¥ KO3 PULIMEHT TEIJIONPOBOAHOCTH BO3AYIIHOM
MPOCJIONKHU, COOTBETCTBEHHO; Sg,kg — TOJIIIMHA U KO-
3¢bGULIMEHT TEIUIONPOBOIHOCTH CBETOMPO3PAYHOTO
MOKPBITUS, COOTBETCTBEHHO; O,ir 2 — KOI(DGHOUILUEHT
TEIUIOOTIAYN OT MTOBEPXHOCTHU MTOKPHITUS K OKPYXKaIo-
1ieMy BO3Zyxy. JLIst onpeneneHust o.,;, | BOCIIONb30BaThCst
CJICOYIOIIMMHM COTHOIICHUSIMU JJIsT CBOOOITHOIM KOHBEK-
LIMY Ha TOPU3OHTAILHOM LIMITMHAPE [25]

npu Ra=102..10>:  Nu =1.02- Ra"",
mpu Ra =1072...10* :  Nu =0.85-Ra""’,

®)
®

e Ra — yucio Panes.

Cpennuit KO3(POULMEHT TEMIOOTAAYM O 5. 5 OTIPEIE-
JISIETCS1, UCXOMIS1 U3 CJICAYIONIETO COOTHOIIEHUS IS JTaMU-
HapHOTro pexrMa TedeHust xkunkoctu (Re < 5 - 10° ) c o-
CTOSTHHBIMY (DM3NIECKUMI CBOMCTBAMU BIOJIb TIJIOCKOM
MOBEPXHOCTH [23]

Nu = 0.69 - \[Re, - /Pr,

rae Re; —uncno PefiHonbaca, onpenensiomuii o xapak-
TepHOMY pa3Mepy /. B Hallem ciyyae / paBHO IIMpUHE
pabodero yyacTka KoJjiiekropa, T.e. / = 0.36 m.

Cuurasl COCTOSTHUE XUIKOCTH BHYTPU TPYOOK KBa-
3WCTAllMOHAPHBIM, pacIpeneieHre TeMITEpaTyphI I10 TOJ-
IIMHE CTEHKU OMPENeseTCs BbIpaXeHUEeM:

(10)

T _ Tf_Tair

D

I1e ¥ — paauanabHOE PACCTOSIHUE OT LIEHTpa TPYyOKU 10 €€
CTEHKU; T; = (T out T T )/ 2 —cpenHss TeMIepaTypa Xuj-
KOCTH BHYTPH TPYOOK KOJIJIEKTOpa U BO3ayXa B IIPOCIOM-
K€, COOTBETCTBEHHO; T,,, — TeMIiepaTypa OKpyXaroleit
cpensl; A, — KoaOUIIMEHT TETIONPOBOTHOCTH CTEHKH
TPYOKH; Oy — KOOGD@MULIUEHT TEIJIOOTIAYU CO CTOPOHBI
SKUIKOCTU, KOTOPbII OIpeesisieTCsl Ha OCHOBE SMITMpPHUYE-
CKOTO0 cooTHoIIeHs KpuTepust Hyccensra mist BI3KOCT-
HOTO pexxuMa TedeHus BHyTpH TpyOrl (Re < 2300) [25]

-0.14
Nu = 4.36[“—W) ,
M

(12)

rne Uy, ,ly — IMHaMHU4YecKas BA3KOCTb XKUAKOCTU IIPpU
TEMIIEPATYPE CTECHKU U XKNIKOCTHU, COOTBETCTBECHHO.
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PE3YJIBTATbBI 1 OBCYKAEHUE AT, °C
5 —
Bzaumodeiicmeue GNF 4
C MOHOXPOMAMUHECKUM U3LYYEHUEM Harpes
Addexr HarpeBa GNF npu B3aumMoneiicTBuy ¢ MOHO- 3T
XPOMAaTHUYECKUMH M3TyISHUSIMH OBLT pacCMOTPEH Ha OC- 2+
HOBe M3MEHEeHMSI ToKa3aHus repBoii Tepmonapsl (TC1),
KOTOpasi yCTAaHOBJIEHA Ha IIyOuHE 2 MM IO MexKha3Hoi L
noBepxHocThio «GNF-Bo3nyx» (puc. 7). [TonyyeHo, uto 0
GNF xopomio HarpeBajiach o IeCTBUEM JIa3€pOB
¢ mmHaMmu BostH 520 u 808 uMm. I1pu aTom HarpeB GNF -1 F
npu oosryyeHunu jazepom 808 HM okasbiBajics Ha ~ (0.5°C 5 L OXJIaxIeHHe
CUJIbHee, 4eM B citydyae o0ayueHust azepoM 520 Hm. [pu
JHax BOJIH 450 11 638 HM XUAKOCTh Y TIOBEPXHOCTH -3 b

GNF He HarpeBajach, a HEMHOTO oxJIaxKanach 3a CYeT
MPOLECCOB UCTIapeHUsI 1 KOHBEKTUBHOTO TeIji000Me-
Ha. CliemyeT OTMETUTD, YTO BoJa TaKKe He3HAYNTETHHO
HarpeBajach Ipu oomydeHuu tazepamu 520 u 808 HM.
ITpenmnonaraercs, uyro HarpeB GNF npu obnydyeHun
JlazepaMu ¢ JiarMHaMu BojiH 520 1 808 HM mpoucXoauT
3a CUeT TUTA3MOHHOTO pe30HaHca, TaK Kak rpacdeH nMeeT
BBICOKYIO IUIOTHOCTb CBOOOAHBIX 3JIEKTPOHOB [22, 27].
Pacnipenenenue temmeparypsl mo mryoune GNF npu
B3aMMOAEHCTBUY C MOHOXPOMATUUECKUM U3JTyYeHUEM
520 u 808 um mmoka3aHo Ha puc. 8. [1o xapakTepy pac-
TIpeneIeHus TeMIIepaTyphl 110 IIyOMHE XOPOIIIo BUIHO,
YTO MpU 00IyUYeHUHU JazepoM 3eeHoro upeTa (520 HM)
temnepatypa GNF MeHsutach 6osee raBHo (puc. 8a).
Otmmune noka3zareneit mexay TC1 u TC2 cymectBeHHO
npu niepexoze ot 520 k 808 um. ITpu o6rydyeHUM 1azepom
B OJ1MXKHel obJactu MH(ppakpacHoro usnydeHust (808
HM) HarpeB GNF cocpenoToueH BOJIM3U ee TOBEPXHO-
ctu (puc. 80).

T,°C
0 . @ TCI~TC5
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14 1 1 1 1 1 ]
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0 100 20 30 40 50 60 70 80 90
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Puc. 7. BaussHrue MOHOXpPOMATUYECKOTO M3JIYUYEeHUS
Ha npouecc HarpeBa GNF npu npsimoM B3aumoneii-
cTBUU (CrutolHble JUHUM oTHOCcSATCS K GNF, Toueu-
HbIC JIMHUU — TUCTWLIMPOBAHHOM BOIE, LIBET OTOOpa-
JKaeT JUIMHY BOJIHbI, ¢ KoTopoii B3auMoneiictByeT GNF:
ronyooit — 450 HM, 3eneHblit — 520 HM, KpacHBIN —
638 uM, yepHbIil — 808 HM).

Bausnue konyenmpayuu epagenoswix
xaonves Ha 3gpgpexmusrnocms DASC

PCSy.]'[BTaTI)I N3MEPCHUA TEMIIEPATYPhI HA pa3HbIX
ydqacCcTKaxX KOJUIEKTOpa, a TaAKXKE YCIIOBUA ITPOBCACHU A
SKCIIEpUMCEHTA, BKIIIO4Yad pacrpeacji€Hnue COJTHEYHOTO
MN3JIY4CHUA, TEMIICPATYPY U BJIIA’)KHOCTDH BO34yXa B UC-
CJICOJOBAaHUM BJIMAHHWA KOHOCHTpAalIlUM1 I‘pa(beHOBLIX
XJIOIIbEB ITOKa3aHbl HA pUC. 9. CJ'IC,E[yeT OTMETUTDb, YTO
HCCIIEA0BAHUEC ITPOBOANIIOCH HA OTKPbITOM BO3AYXEC 1O

T,°C
9 . (©) TCI1~TC5
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Puc. 8. Pacnipenenenue remriepatypsl o niyorHe ctosdoa GNF B o6acTi BOJIM3Y TMHUM TTPOXOXICHMS Jlazepa ¢ JUTMHOM

BoJiHbI 520 HM (a) 1 808 HM (0).

KOJIJIOUOHBIM )KYPHATT  TtomM87 Ne3 2025
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Puc. 9. DxcnepumeHTanbHbIe pe3ysbTaThl u3MepeHus npouecca HarpeBa GNF B DASC non aeiicTBeEM COJIHEYHOTO M3-

JIYYEeHUSI.

IeMCTBUEM COTHEYHOTO U3TyIeHUs, TIO3TOMY He yIa-
BaJIOCh 00€CIIeYNTh OMMHAKOBBIC YCIOBUS TSI BCEX
BKCIIEPUMEHTOB, B TOM YMCJIe, HAIIPUMEP CKOPOCTh
BETpa BapbMpoBaJiach B Auara3oHe ot 1 1o 4 m/c. Bnu-
sIHMe BeTpa Ha Ipoliecc HarpeBa paboyeil SKUIKOCTH
CHIDKAeTCs TIPY IIPUMEHEHUH 3aIIUTHOM IPO3pavHOit
MOBEPXHOCTH KOJIJIEKTOPA B KAYeCTBE TEIJIOU30IUPYIO-
IIETO CJI0SI. DKCIIEPUMEHT IMPOBOIUIICS TIPU CKOPOCTHU
TE€YEHUS KUIKOCTU BHYTpH Tpyook 0.078 m/c. OueHka
cpenteii addexrusroctr DASC (M¢p ) Ha OCHOBE 110~
JTYYeHHBIX PE3YJIBTATOB BHITIOHSIIACH TS TIPOMEXYTKA
BpeMeHHU (OT ¢, 10 f,) C OTHOCUTENBHO CTAOMIBHBIM Ha-
rpeBoM paboueii XxuakocTu. Terodusnyeckue CBOMRCTBa
GNF ouenuBamch 1o Mmonenu 3(pHEeKTUBHOMN Cpembl
U IpuBeneHbI B Ta01. 1. [Ipu 3TOM npenronaraercs, 4To
TeruIo@uU3NIecKre U ONITHISCKHE CBOMCTBAa 6a30BOI
SKUAKOCTU Y TPpadeHOBBIX XJIOMbEB ITOCTOSTHHBI B TIPO-
necce HarpeBa. OcHOBHbBIE CBOIcTBa KOMITIOHEHTOB GNF
npu Temiepatype 300K cienyroliue: MI0THOCTb BOIbI
996.56 xr/M>, a IuIOTHOCTB rpadeHa 2267 kr/m? (13 gomy-
IIEHMSI, 9TO YJIOKEHHBIe ¥ BEIPOBHEHHBIE JIUCTH TpadeHa
001a1a10T IUVIOTHOCTBIO, OJIM3KOM K INIOTHOCTH KPUCTa-
JInueckoro rpacgura); yueabHasl TeIUIOEMKOCTh BOIbI
4181 Ix/(xr-K). ITockonbKy yaeiabHasi TeII0eMKOCTh

KOJIJIOUJHBIN XXKYPHAI Ne 3
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rpadeHa He U3MepeHa HaIpsIMYIo, B TAHHOI MOIen
cIeJTaHO MOITYIICHME, YTO OHA MPUOIU3UTETHLHO PaB-
Ha yIeJIbHOM TeIUIOEMKOCTH rpacduTa IIpy KOMHATHOI
temrepatype (~700 JIx/(kr-K)). Pe3ynsrarsl pacuera
Ncp 4MCAEHHO NPUBEIEHBI B Ta0J. 2 U rpaduyecKu
npeacrapieHbl Ha puc. 10a. [Totepu conHeuHOM Hep-
MU B TECTOBOM KOJIJIEKTOPE OMpe/IeeHbI MO ONMMCaHHO
METOAMKE C MPUMEHEHUEM MEeTOo/1a Mocea0BaTeIbHO-
TO TIPUOIMKEHUS 1T YTOUHEHUS TeMITepaTyp CTeHKU
TpyOoK. Pacuer cpenHero ko3¢ GuireHTa TeriooTIayn
0L, o BBITIOJIHEH MPU CKOpPOCTH BeTpa 2 M/c. OLieHKu
COJTHEYHBIX ITOTEPh B KOJIJIEKTOPE MPUBEICHBI B Ta0JI. 3.

B pesynbrare 1mojydeHo, 4YTo Mo Mepe MOBBILICHUS
KOHILIEHTpalMu rpadeHOBBIX XJI0TbeB 3((HEKTUBHOCTh
(poroTepmuueckoro mpeodbpazoBaHMs pociia U JOCTUIIA
MaKCUMaJIbHOTO 3HaueHus ~64% mipu g, = 50 ppm, a npu
&np = 100 ppm yMEHBIINIIACH 10 YPOBHSI 57%. llanenue
apdextuBHocT DASC nipu ucnonszoBanuu GNF 80
u 100 ppm cBsI3aHO C CHJIBHBIM IIPOLIECCOM KOaryJisi-
LIMU ¥ IPUIUIIaHUuEM rpadeHOBBIX XJIOIbEB K CTEH-
KaM TpyOOK. DTO XOPOIIO BUAHO MPU MPOMYCKaHUU
yepes cuctreMy GNF ¢ koHLeHTpauueit rpadeHOBBIX
xsomnbeB 500 ppm (puc. 106). CienyeT OTMETUTD, YTO
CJIOM TIpHIUHAOIINX TpadeHOBBIX XJIONBbEB CO30aeT
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Puc. 10. BausiHue KoHlleHTpauuu rpacdeHoBbIX xionbeB Ha 3¢ dektuBHOCTh DASC (a). [Ipununanue rpadeHOBbIX XJ10-

MbEB K CTEHKaM CUJIMKOHOBOI U CTEKJISTHHBIX TPYOOK (0).

Ha CTeHKe JOMOJIHUTEIbHOE TeTUIOBOE CONTPOTUBJICHHUE,
YTO MIPUBOJAUT K MEHBIIIEMY HArpeBY XXUIKOCTU BHYTPU
Tpy6oK. B pabore [26] mokazaHo, 4YTO KoaryJupOBaH-
Hble rpadeHOBbIE XJIOMbs BbI3bIBAJIX HEOIHOPOIHOE
TeMIlepaTypHOe ToJie U yXyIIIaJIu CKOPOCTb Harpena
obbeMa KUAKOCTU. s penreHust JaHHOI MpoOIeMbl
HeoOXoIMMO pa3BUBaTh CTPATETUU ITOJyYeHUs OoJiee
crabwibHOit GNF.

Baxno OTMETUTD, UYTO OCHOBHBI BUI IIOTEPb COJI-
HEYHOM OHEPIMH B KOJUICKTOPEC ABJIACTCA OIITUICCKUM,
ITOCKOJIbKY B CUCTEME HE IIPUMCEHAIACH ITOITIoIIaroniasa
ITOBEPXHOCTDb, a HEBBICOKAA KOHLCHTPaI s I’pa(l)eHOBI)IX
XJIONBEB B KMAKOCTU HE MOIJIa 3aXBaTUTb BECH ITOTOK
Inagaromero U3J1y4dceHusd. HpI/I 9TOM TCILJIOBBLIC ITIOTCPU
B KOJUICKTOPE MaJIO 3aBUCAT OT KOHILCHTPpALIM XJIOIIHLEB
B XKNIKOCTHU U COCTABJIAIOT IPUMEPHO 2%.

Tepmuueckasn ycmoituueocmo GNF

Tepmuueckast ycroiiunBoctb GNF Obli1a paccmo-
TpeHa LI obpasia ¢ MaccoBoii KoHreHrpanueit 0.1%
B YCJIOBUSIX LIMKJIMUECKOTO HArpeBa U MEXaHUUECKOTO
BoszelicTBUs. B KauecTBe MCTOUHMKA HarpeBa UCMOJIb-
30BaJicsl MH(paKpacHbII HarpeBaTeabHbIN 3JIEMEHT
ICH-402, MmexaHndeckoe BO3AeCTBHE CO3AaBaIOCh C TT0-
Monibio MarHuTHOM Memankyu MSH-20D Daihan. O6beMm
100 M1 GNF ¢ maccoBoii koH1ieHTpauueii 0.1% monsep-
raJicst BpalleHUIo co CKopocThbio 600 06/MUH 1 HarpeBy
1o 85°C B teyenue 1 yaca. [Tocie KaxXIoro UCIbITAHUS
obOpasel] oxJaxaaucs u 00padaTbIBaJiCs B YJIBTPa3ByKO-
BOIi BaHHe B TeueHHe 30 MUH riepel HOBbIM UCITBITAHUEM.
Bcero npoBeneno 10 ucneiranmii. [Tocie Tepmuyeckoit
00paboTKM MPOBOAWIOCH U3MepeHUE KO3 huireHTa

Taomna 1. Termmogusnyeckue cBoiicTBa KomrmoHeHToB GNF mpu 300 K

Martepuan B I'paceHOBEIE XTOTIBS GNF GNF GNF GNF
15 ppm 50 ppm 80 ppm 100 ppm
ITnotHOCTD, KI/M> | 996.560 2267 996.568 996.588 996.605 996.616
TeroemocTs, 4180.6 700 4180.55 4180.43 4180.32 4180.25
[/ (kr-K)
Taomuna 2. BiusiHue KoHIIeHTpauy rpadeHOBBIX XJI0ITbeB Ha 3 dexktnBHOCTE DASC
ap» PPM Gopars BT/M? Harpes AT, °C Nep
0 216 + 11 7.042 £ 0.042 0.565 £ 0.031
15 289+ 3 9.87 £ 0.13 0.591 £ 0.015
50 335t 14 12.35+ 0.26 0.638 +0.032
80 362+ 19 12.24 + 0.18 0.586 + 0.034
100 363+ 3 11.92 £ 0.63 0.569 + 0.032
KOJIJIOUJHBIN )KYPHAJI  tom87 Ne3 2025
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Taomuua 3. OrieHKa MoTeph COTHEYHOM 9HEPTUU B TECTOBOM KOJIIEKTOPE

= o aairla ®air2> K, '
Enps Tfa Tair’ Bf’ B qi1>
o K T/ T/ Bt/ Br/ tl Ytl Yol
pom | *C Col k) | oK) | oK) | k) | Bme t °
0 32.1 27.6 674.26 | 8.661 9.531 1.001 4.505 0.021 0.414
15 35.4 29.2 679.71 9.160 9.528 1.013 6.281 0.022 0.387
50 38.5 30.8 684.60 | 9.544 9.525 1.022 7.869 0.023 0.339
80 38.2 31.2 684.23 | 9.382 9.523 1.021 7.147 0.020 0.394
100 39.4 33.3 686.15 | 9.135 9.519 1.021 6.228 0.017 0.414
(a) (©)
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Puc. 11. Bausinue npoliecca HarpeBa Ha KoadduimeHt nponyckanust GNF 0.1%: I — 6e3 TepMudeckoil 06paboTKu; 2 —
rnocJie JJIUTeIbHON TepMUYecKoit 00paboTKu. MI3MeHeHue CTPYKTYpbl rpade€HOBBIX XJIOMbEB MO/ BO3AEHCTBUEM TEpMUYE-

CKOIl 1 MeXaHN4YeCcKoit 00paboTK (0).

nporyckanus ucciemnyemoro oopasiia GNF u cpaBHeHUe
C UCXOIHBIM HeoOpaboTaHHBIM 00pa3LoM (puc. 11a).
W3 mony4eHHBIX JAHHBIX BUTHO, YTO, BO-TIEPBBIX, 13-
MEHEHME MHTErpajbHOro K03 (pulimeHTa IponycKaHus
o6pa3uoB GNF npoucxonniio ¢ BEICOKOI CKOPOCTBIO
WMEHHO B TeUeHHMe TIepBOTro Yaca. B mocnemytonmii gac
KO3 PUIIMEHT MPOITyCKaHUSI MaIo MeHsUICS. JlaHHbBII
a(dexT 3aKioyaeTcs: B TOM, YTO UCTOJIb3yeMble Irpa-
(beHOBEIE XJIOMIbS TIPEACTABIISIOT COOOM CMECh YaCTUL]
LIMPOKOTO IMara3oHa JlaTepaibHbIX pa3mepoB. [Toatomy
B HayaJbHBIM MOMEHT U3MEPEHUST KpYITHbIE Tpad)eHOBbIE
XJIOTIbs OBICTPO BhIMaAaau B ocagok. I1o ucreueHuu yaca
B CYCIIEH3UM OCTaBAJIMCh B OCHOBHOM XJIOTIbSI C MaJIbl-
MM JIaTepaJIbHBIMU pa3MepaMHu, UTO JeJIa0 CyCIIeH3UI0
JIOBOJBHO CTaOMJIbHOM. BO-BTOPBIX, ONITUYECKME CBOIA-
crBa GNF kapanHanbHO MEHSIMCH IIOCIIE IIpolecca
JUTUTEJTLHOTO HarpeBa 1o CPaBHEHUIO C MCXOMHBIM He-
obpaboranHbIM 00pa3oM. KoadduimeHT mpormycka-
HUsI oOpaboTaHHoro oopasua GNF B HauanbHBIN MO-
MeHT TipeBbitaet 100%, 1 co BpeMeHeM, KoTaa KpyITHEIe
Ne3 2025

KOJITIOUJTHBIM )KYPHAL  ToMm 87

rpacdeHOBBIE XJIOIbs BBITAAAIN B 0CaI0K, KO3(hGUIIMEHT
MPOITYCKAHUS MOCTEIIEHHO CHIXKAJICS IO BETUYNHEI,
menbIeit 100%. IMocie 10 MUKITOB HarpeBa U Mexa-
HUYECKOTro BO3AeHCTBUS Haboqaiach 3HaUMTeIbHAas
KoaryJsius rpadeHoBbIX xJ10mbeB (puc. 116). Jlaxe mo-
CJIe YABTPa3BYKOBOI 00pabOTKM KPYITHBIE JIaTepaTbHBIC
CTPYKTYPHI TOCTATOYHO OBICTPO CHOBA arpernpoBaiu
1 BBIMafajv B ocamok. CemmMeHTalys TUCTIepCHOM a3kl
SIBJISICTCST TIPSIMBIM CBUACTEIBCTBOM HECTAOMITBLHOCTH
cycrien3uu. CeayeT OTMETUTD, YTO TOCJIE OCAXKIECHMS
KOaryJaMpoBaHHBIX arperaToB B CYCIIEH3UM OCTaeTCsI
JIAIITb HE3HAYUTETbHOE KOJTMYECTBO MEJTKUX XJIOIThEB.
B 3T0T MOMEHT KO3 PULIMEHT IPOIMYCKAHMS CYCIICH3UN
cHxaeTcs 10 80%, MOCKOJIBKY KOHIIEHTPALMsT MEJTKUX
YacTUI] HETOCTAaTOYHA 1J11 3HAYUTEIHbHOTO OCIa0IeHUs
npoxopsiuero usnydeHus. [Ipesesnuenne 100% B Koa¢h-
(pumeHTe mpomnyckaHust oopadoranHoro oopasua GNF
Ha HavyaJIbHOM 3Tare, BEpOSITHO, 00YCIOBJIEHO OITH-
yecKUMM 3(PpdeKTaMu, TaAKUMU KaK MHTepPepeHIIN,
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paccestHue 1 u3MeHeHne pedpaKIIMOHHBIX CBOCTB
CpeIbl TTociie TepMOOOPaOOTKI.

SAKJIIOYEHUE

B Hacrosiiieit pabote ncciaenoBaHa moTeHIMaIbHAsI
BO3MOXHOCTB ITPMMEHEHNS TpadeHOBOI HAHOXKMIKOCTH
B COJIHEYHBIX CUCTEMax, 0COOEHHO B COJTHEUHBIX KOJIJIEK-
Topax MpsIMOTO ToryolieHus. Ha ocHoBe MmoTydeHHbIX
pe3yJIbTaTOB MOXHO CIENATh CIICTYIOIINE BBIBOIBI:

1. ITomy4yeHo, 4TO ITOA IEMCTBUEM JIa3€POB MOIII-
HocThio 1 BT ¢ nmaMeTpom o0y4eHUsI OKOJIO 2 MM
v pymmHaMu BoH 520 u 808 HM 32 90 MUH XUOKOCTH
y nmoBepxHoct GNF HarpeBaiack Ha 3.06 1 3.56°C,
COOTBETCTBEHHO. B TO BpeMsI Kak 4ncTasi BoAa IouYTU
He MONIOIIAET U, CIEA0OBATEIbHO, HE HATPEBAEeTCS COJI-
HEYHBIM U3Ty4eHUEM B BUIMMOM JUara30He.

2. UccnenoBanue BAMSIHUS KOHLIEHTpAIMK rpadeHo-
BBIX XJIOTIbeB Ha 3(P(HEKTUBHOCTb COJTHEUHOTO KOJLIEK-
TOpa NPSIMOTO TMOIJIOIIeHUS T0KA3aJ10, UTO yaydllieHue
HaOTIOMAIOCh MaXke P OYeHb MaJIeHbKOM KOHIIEHTpa-
LMK AucrnepcHoi ¢dasbl. DPDHEKTUBHOCTD KOJIJIEKTOpa
JOCTUTaja MaKCUMaJILHOTO 3HAaYEHU S MPU KOHIICH -
tpanuu 50 ppm, a 3aTeM HaunMHaua cHuKaTtbes. [Ipu
koHueHTpauuu 100 ppm 3¢ hEKTUBHOCTD KOJIJIEKTOpa
¢ GNF nouTtu He omiMyanach OT TAKOBOI IJIs1 KOJIEKTOpa
C IUCTWUIMPOBAHHOI Bonoii. [TpuunHoii aTOTO SIBIEHUS
SIBJISIETCSI MHTEHCUBHBIH Tpollecc Koaryassiuuu U Ha-
KoTuieHUS TpacheHOBBIX XJIOMBEB B CUCTEME, KOTOPBIM
CO3/1aeT AOTMOJHUTEIBHOE TEPMUYECKOE COMTPOTUBIIEHUE
JUIS1 TETJIOOTAAYM OT CTEHOK TPYOOK K XKUAKOCTH.

3. HanouacTuiisl B 11€JIOM U rpad€HOBBIE XJIOMb
B YaCTHOCTHU CITOCOOHBI YIyUIINTh MOTIOIIAOIILYIO CIIO-
COOHOCTBh paboyeii >KUIKOCTU U MOBLICUTh 3(p(PEKTUB-
HOCTbh COJTHEYHBIX KOJIJIEKTOPOB. OQHAKO TTPU UX MAaJIOi
KOHLEHTpaLMU HEOOXOAUMO MPYMEHUTD AOTIOTHUTEb-
HYIO TTIONIOIIAIOIIYIO [TOBEPXHOCTh JJIsI YMEHBIICHUS
ONTUYECKUX TTOTEPh COJTHEUHOUN SHEPTUH.

I'pacbeH mMeeT BEICOKMIT TTOTEHIIAI AJIST TIPUMEHEe-
HUS B 00JIaCTH COJTHEYHOM TerjioaHepreTuku. biaro-
Japst IPEeBOCXOIHBIM TEILTO(U3NIECKUM, OTITUUECKUM
CBOICTBaM M yIIPaBISIEMOCTA MarHUTHBIM ITOJIEM, Tpa-
(beH OTKpBIBAET BO3MOXHOCTH MOJYyYEeHUS] HOBBIX pa-
0OYMX XKUIKOCTEH M1 KOMIIOHEHTOB JIJISI 9HEPTEeTUKMU.
OnHaxko st Toro, yto npumMeHuTbh GNF B sHepre-
TUYECKUX CUCTEMAX B KaueCTBe paboueii XKUIKOCTH,
Heo0XxoauMOo pa3padoTaTh TEXHUYECKME pELIeHUS A5
TMOBBIIIEHUST CTAOMIBHOCTHU T'padeHOBOM XKUIKOCTU
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DEVELOPMENT OF RESEARCH ON GRAPHENE-BASED NANOFLUIDS
AS HEAT CARRIERS IN DIRECT ABSORPTION SOLAR COLLECTORS

Q. T. Tran, I. A. Mikhailova, I. N. Pavlov, E. 1. Ibragimova

National Research University “Moscow Power Engineering Institute”, Moscow, 111250 Russia

This study considers the potential application of graphene nanofluid as a heat transfer medium in direct
absorption solar collectors. It is found that graphene nanofluid has superior absorption ability in interac-
tion with monochromatic (520 nm) and near infrared radiation. The use of graphene nanofluid as work-
ing fluid compared to distilled water in the direct absorption solar collector increased its efficiency even
at very low concentration of dispersed phase particles. However, in order to apply graphene nanofluid in
energy systems as a working fluid, some issues need to be addressed, primarily related to its low stability
and thermal instability.

Keywords: graphene nanofluid, solar radiation, direct absorption solar collector, photothermal effect, thermal stability
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