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HCC/TEAOBAHHE ITAPAMETPOB

ITPOLIECCA TEII/IOOBMEHA IIPH 3AMOPA’>KHUBAHHHU
I'OPHBIX ITOPOA C TIPUMEHEHHEM

TBEPAOIO AHOKCH/A VI7TIEPOAA

PaccmotpeH TermoobmeH Mexay TBepAbIM AHOKCHAOM Yr/ieposa M JKUAKOCTAMH TMPHU UX
B3aHUMozercTBHe. [laHHBIF MPOLIeCC MPOUCXOANT MPH CO3AaHHH OX/IaXKAAIOIHUX CMeCcer
Ha OCHOBe AHOKcHa yrriepoaa. OCHOBHBIM ero rapaMeTpoM SIB/ISeTCs Tell/IOBOk MTOTOK OT
JKUAKOCTH K TBepAOMY AHMOKCHAY YI/iepoaa, KOTOPBIE orpeae/sieT CKOPOCTh CYG/IUMALIMH
TBepAoro AHokcuaa. [l/1s ero oLleHKH chopMHpOBaHa MeToAHKa /1abopaToOpHOIO HCC/Ie-
ZI0BaHHUs1, [0 KOTOPOH NMpoBeaeHo 36 /1abopaTopHbIX OIBITOB. Termoo6MeH paccMOTpeH
C HEeCKO/IbKUMH XKHUAKOCTSIMH: BOHBIFT PAcTBOP X/IOPUCTOTO Ka/IbLIMA (PA3/IMYHBIX KOH-
LIeHTpaLIME), TPOIMH/IEHI/IMKO/Ib M ero BOAHBIN pacTBOp, MeTurieHxAopua. 1o pesyib-
TaTaM arrpOKCHMALIMU TO/TYYeHHbIX AaHHBIX ObI/IM BbIBeJAEeHbI /TMHEeHHbIe 3aBUCHMOCTH,
YZIOB/IETBOPHTE/IBHO OIMHUCHIBAOIIHe AaHHBIE Mpoliecc TerzioobMeHa. IlonyyeHHble 3aBH-
CHUMOCTH IO3BO/IAIOT AaTh PeKOMeHAaLIHH I10 MPOeKTHPOBaHUIO UCKYCCTBEHHOTO 3aMO-
paxkUBaHHs IPYHTOB C NMPHMEeHeHHeM OX/IaKAaloIIUX CMeCeH Ha OCHOBE TBep/Oro AHOK-
cuza yraeposaa. IlpeactaBieHbl 3aBUCUMOCTH /15 OfpeaeeHUs: KOHCTPYKLIMK Ter/io06-
MEeHHOIO anrapara, Ko/IndecTBa AHOKCH/a YIviepoaa U 4acTOThl 3arPY3KH ero B arrapar.
KrroueBble cr0Ba: TBepablii AHOKCHA Yrriepoaa, «CyxoF /nea», Tell/IOHOCUTe/IU, 3aMopa-
JKHUBalOIIHe CMeCH C AMOKCH/IOM YI/leposa, HCKYCCTBeHHOe 3aMOpa’KHBaHHe I'DYHTOB,

6espaccom>Hoe 3aMOpakHUBaHHe, pecypcoc6epe)KeHne B ITOA3€MHOM CTPOHUTE/IbCTBE.

Paspa6aTblBaeMaﬂ B HacTosillee
BpeMsi TeXHO/IOTHSI 3aMOPakKUBa-
HUA TpyHTOB [1] moapasymeBaer HCIonb-
30BaHKe TBepAOro [AWOKCHAA Yriaeposa
B KaueCTBe X/a/ZlareHTa, KOTOPbI B pe-
3y7sTaTe cy6/MMaLMi OTHHMaeT Tervio OT
IPYHTa, TeM CaMbIM 3aMOpakUBasi coaep-
JKalllviecss B HeM TPYHTOBbIe Bob! [ Ipes-
MIaraloTCsi HECKO/IBKO TTPUHLIMITHA/IBHBIX
CXeM pea/r3alM{ AaHHOTO [poLiecca,
YacTb M3 KOTOPbIX OCHOBaHa Ha Ha/lM4KU
MIPOMERYTOYHOIO  TervioHocuTtens 2],
KOTOPBIM OX/IaXK/aaeTcsi MpPU Herocpea-
CTBEHHOM KOHTaKTe C TBep/bIM IMOKCH-
[IOM B CMelMaZbHOM eMKOCTH (McrapuTe-
ne), ¥ B AarbHerneM, YKe UMEeHHO Ipo-
MEXYTOUHO TerVIOHOCUTe/Ib YUacTBYeT B
npotiecce TervioobMeHa. [1as MpoekTH-
POBaHUs JaHHOWM TeXHO/IOTHU HeOOXOaU-
MO MMeTh BO3MOKHOCTb OIpe/ie/IiTh reo-
MeTpHUeCKhe pasMepbl 3TOM eMKOCTH,
KO/IMUeCTBO /[MOKCH/A Yrieposa, da-
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CTOTY ero 3arpyKeHusl, pPexKUM TeueHHs
JKHAKOCTU Yepe3 eMKOCTb, [TO3BO/ISONINE
ee OX/axkaaTh 0 TpebyeMOol TeMIepaTy-
pel. OaHako, BBUAY TOTO, UTO IPOLIECC
Terzioo6MeHa MeXay KUAKOCTHIO U TBep-
[IBIM IMOKCHZIOM VI7Iepo/ia WCCeoBaH
He/JIOCTaTOYHO, He CVIIeCTBYeT 3aBMUCU-
MOCTel, TTO3BO/ISAIONIMX 3TO CAeaTh.

B paMKkax AaHHOrO WCC/en0BaHUSs
Obi/la TOCTaB/eHa3aa4a0d UccieaoBa-
HUe Tpoliecca TervioobMeHa C Lie/bio
HaXOKICHWs 3aBHMCHMOCTEH TO3BO/ISIO-
A orpenensiTh OCHOBHbIE TMapaMeTphbl
TEXHO/IOTHH 3aMOpPaKUBaHHSA T'PYHTOB,
IO MpearaeMoi TeXHO/IOTUH.

[potiecc TensorepenaunmMeRkay au-
OKCH/IOM YI7iepo/ia U KUAKOCTbIO, OT/IN-
YaeTcsl C/I0KHOCTBIO MaTeMaTHUeCKOTrO
ornucaHus. [lpoTekaiomue oAHOBpe-
MEHHO IPOLIeCCH Ter/IONPOBOAHOCTH,
BBIHYXKJEHHOM M CBOOOAHON KOHBEK-
LMK, MaccollepeHoca, MPOUCXOAsIIre



B TYpOY/IGHTHOM IOTOKE, 00pasyeMoM
HeIpepbIBHBIM BbiZIe/ICHUEM ra3a CTaBsT
BOIIPOC O BO3MOMKHOCTH BbIBOZA AOCTO-
BepHBbIX aHA/IMTHUECKUX Mozaerneit. Pe-
IIMTh TTOCTAB/ICHHYIO 3a7a4y BO3MOXKHO
[0 CpescTBaM M1abopPaTOPHOro HCC/1eno-
BaHMs, Ha OCHOBE KOTOPOIO MOTYT ObITh
[aHbl TIPUTOAHBIE A1 TPAKTHYECKOro
MpHUMEHeHUsT A0CTaTOYHO MPOCThIE 3M-
MMpUYECKHe 3aBHCUMOCTH.

B naHHOM HccnenoBaHepaccMOTPeH
Mpoliecc TerriooOMeHa Mexay TPaHy/In-
POBaHHBIM TBEP/IbIM AHOKCHUIOM YI71epo-
f1a BbIpabOTaHHbBIM MPECCOBBIM METO0M
us xuakoro CO, nnotHocteio or 1400
no 1600 kr/m® amamerpoMm rpaHyn 6 u
10 MM, ¥ XKUAKOCTAMH: BOAHBIM PaCTBO-
POM X/IOPUCTOTO Ka/lbLIMS PasIAYHON
KOHLIGHTPALIMK, IPOIH/ICHITINKO/IeM MU
ero 52% BOAHBIM PacTBOPOM, METU/ICH-
xnopuaoM. CBOMCTB HCC/IeAYeMbIX K-
KOCTeH IpescTaB/ieHbl B TabuLie.

Bribop AaHHBIX KHUAKOCTEN B Kaue-
CTBe TeIVIOHOCHTe/Iel OCHOBaH Ha Ipo-
BEICHHOM aHa/IUTHUECKOM UCCIea0Ba-
HYe UX (PUSHUKO-XUMUUYECKUX, TeXHO/IO-
rMYecKUx (B TOM 4KC/Ie IO KPUTePUSM
6e30IMacHOCTH A/l YesioBeKa U IoxKap-
HOM 6e30ITaCHOCTH) U 3KOHOMUUYECKUX
cBOMCTB. /laHHble }KUAKOCTU OT/IMUAIOT-
ca OonblIIMM pasHooOpa3ueM usrye-
CKUX CBOWCTB, B/MSIONIMX Ha IPOLIecC
TerziooO6MeHa, 3TO II03BO/WT, IPU He-
0OXOMMMOCTH, TIePeHeCTH I0/1yYeHHbIe
3aBHCHMOCTU M Ha ApYrve KUAKOCTH CO

CBOVICTBAMH, O/IM3KUMH K HCC/IeAYeMbIM,
HepacCMaTPUBAEMBIXB JaHHOM paboTe.
B ocHoBe mpoBeneHHOro uccrieno-
BaHUA /IeXXUT 3akoHOM HbioToHa-Pux-
MaHa, OIlpeae/AoNNA KOHBEKTHUBHYIO
TeIv100TAa4ya OT CTeHKH K KUAKOCTH [4]:

dQ=o-(t, —t.)-dF, Br (1)

rae dQ — TernzioBoi notok, Br; dF — nio-
Iaab IMOBEPXHOCTH TeIziooOMeHa, M?;
(t, - t ) — pasHOCTb Meay TeMriepary-
POl RKUAKOCTH U CTeHKH, C; o — Koadp-
duLmenT Tennooraauu, Br/(m?-°C).

CrnoxHOCTh TMPHUMEHEeHHst /IaHHOTO
3aKOHa 3aK/II0YaeTcss B TOM, YTO BHCCIIe-
[IOBaHMe IMpoLiecce Hen3BeCTHa M/I0MIaab
Ter/1000MeHa, Kak B Hada/IbHbI MOMEHT
BPEMEHH, TaK ee M3MeHeHle C TeUeHUEM
mpoiiecca TerrioobMeHa. ITO 0BYCIOB-
7IGHO TeM, 4TO TBepbli AWOKCHUA Yrrie-
poda TMpHHMMas Tervio CYyoIMMUpyer,
T.e. ero Macca MOCTOSIHHO YMeHbIlaeT-
Csl, YMEHBIIAIOTCH pa3Mepbl rpaHy/, Tak
e, BO3MOKHO AOTPYKEHHsT AMOKCHIa B
eMKOCTh B Tpoliecce TerioobMeHa, YTo
MPYBOAWT K HEBO3MOXKHOCTH OIlpe/e-
UTh TOYHOE CO/epKaHue TpaHy/1 pas-
HBIX IMaMeTPOB.

[lns mpyMeHeHWsl JaHHOTO YpaBHe-
HUs, 11e1ecoo0pasHO  AOIMYCTHUTb, YTO
I/IoNa/Ib KOHTaKTa AMOKCHAA YI7ieposa
C XUAKOCTBIO, XOTH U MEHSIETCSl BMeCTe C
Mi3MeHeHe MacChl, HO MPU 3TOM IV/IOMIAIb
TerzioobMeHa, OTHeCeHHasl K eavHHIIe
MaCChl OCTaeTCs [MOCTOAHHON Be/TMUMHOM:

Csor¥icTBa HccaeayeMsbix TennoHocHtener (npu +20 °C)

HasBanue IMnotnoctsb, [Temnepatypa| Tennonpo- | Tenaoem- Bsaskocts,
Kr/m3 3aMep3HMA, | BOOHOCTD, ), | KocTb, C , n mlla-c
°C Br/m A/ (Kr-°&)
29,2% BomHBINM pacTBOP
X/TOPUCTOTO Ka/IbLIUS 1290 -55 0,5024 2788 3,58
25,7% BoaHBIN pacTBOP
X/IOPHCTOTO Ka/IbLIUS 1240 -31,2 0,5327 2918 2,68
[porrieHrMKonb 1,036 -60 0,218 2483 56
52% BoaHbIMt pacTBOp
MPOIH/ICHI/THKO/1s] 1,015 -40 - 3125 -
Merunenxnopua (aumerun-
xnopua, Ppeon-30) 1336 -96,7 0,1523 1213 0,435
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= const

, M2/Kr (2)

Meo,

rae M, — Macca AMOKCHAA Yr7ieposa, Kr.

[aHHoOe mnpearnono)keHue Mo3BO/Is-
eT paccMaTpvBaTh TeI/IOBOM IIOTOK B
ypaBHeHue (1) He Kak PYHKLIMIO I/10111a-
av, a Kak QyHKIMIO Maccel. /lonyctu-
MO MPearonoKUTb, UYTO KO3(PULIMEeHT
Ter/IooTZIauu o He M3MeHsieTcsl 1o To-
BEepXHOCTH TerzioobMeHa (B HalieM Cay-
Yau He M3MeHsIeTCs B 3aBUCHMOCTH OT
BBIOOPA TOV W/IK MHOW eIMHULIBI MACChl).
B peayabrare rnonyumm:

Q:a.(t»{_tc‘r).mCOz ,BT (3)
rae @ — «MacCOBBIM» KO3(PDULIMeHT Te-
nnootaauun, Br/(kr-°C).

Llenecoo6pa3Ho AOMYCTUThL UTO BMS-
HUue audpdysHr, TerviIonpOBOAHOCTH,
TYPOYIGHTHOCTH RKUAKOCTH, U APYIUX
MepeMeHHbIX (PaKTOPOB Ha TerriooOMeH
SIB/ISIIOTCS Ma/IbIMU T10 Be/IMYUHE 1 [TOCTO-
SIHHBIM [IPM [@HHOM TeMIlepaTyphbl /s
[@HHOW e/IMHHIIBI MacChl, TOT/Ia BbI3BaH-
HbIM MU TeI7IOOOMEH, B IIePBOM ITPUOIH-
JKeHMe, MOKeT ObITh OIMUCaH YpaBHEHUEM
(3), mpu 3TOM pPasHOOOpPasUe BAUSIOLIMX
dakTOpoB Gyaer 0O6OOIIEHO B BblpaxKe-
HHe /151 HaXOXKAeH s KoadulivieHTa o .

TakuM o6pa3oM, Lieblo JaHHOTO /1a-
OOPaTOPHOIO UCCIeIOBaHUe AB/ACTCSH
HaXOXK/IeHHe «MacCOBOro» KoadULIM-
eHTa TerZiooTAauu O .

N3 dpopmyret (3) creayer:

Q
(t,—t,) -mg, , Br/(°C-kr) 4)

&:

Puc. 1. /TaboparopHbiii creHA
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['Ipu stom TernzoBoi NoToK (Q MomHo-
CTbIO BOCIIPUHUMAETCA AUOKCHU/IOM Yr7/ie-
poda, T.e. TMO/HOCTBIO Harlpab/eH Ha
HU3MeHeHNre SHTa/lbITMU XKUAKOCTU B O6’b-
eMe eMKOCTU, TOr/Zla ero MOXKHO HaMTu
10 BbIpakeHHUIO:

Q:mM-C-At}K

AT , Bt (51)

rae m,_— Macca XUAKOCTH, Kr; C — Te-
[7I0eMKOCTb  KUaKoCTH, [Ix/(kr-°C);
At — v3MeHeHUe TeMIlepaTyphbl KHUAKO-
CTU 3a BpeMsd AT.

Ecnu paccmarpyBaTh gaHHOE Bbi-
paxenue mpu At—>0 MOKHO MMONYUHTD
dopMyny 7151 TerZIOBOTO MTOTOKA:

Q=m,-C- dt,
dt , Br (5.2
[NoacTaBuB nonyyeHHOe BhIpaxkeHHe
B dhopmyny (4) rMonyyruM pacueTrHoe BhI-
pazkeHHe A1 HaXOXKAeHHe «MacCOBOIO»
Ko3appuUlIMeHTa Ter/iooTaauu:

m, ..

T
(t, —78.5°C)-me,, , Br/(°C-xr)(6)

B Bhipaxkenue (6) nepeMeHHbIMU Be-
MMYVHaMU HAB/14eTCA MacCCa AWOKCHAa
yraeposa m,, ¥ TeMreparypa KHaKo-
ctu t_. Mix onpenenenne B naGopatop-
HOM 3KCIIepHMEeHTe BO3MOKHO I10 Crie-
AYIolIer MeToAUKe:

M3oTepMuyeckasi eMKOCTb,  3aros-
HeHHasl KHUAKOCTbIO YCTaHaB/IHMBAETCH
Ha 3/IGKTPOHHBIX Becax. B aTy KUAKOCTb
MOMelllaeTcsi  M3BECTHOE  KO/IMUeCTBO
TBepAOro AWOKcHUaa yrriepoaa. [lpo-
HCXOIUT TMpOLIecC TerviooOMeHa, Mpu
KOTOPOM (PHKCUPYeTCsl AWHAMHKa H3-
MeHeHHs TeMriepaTypsl U Macchl. [locrie
3aBeplleHus: cybmMMalivig Gorblieit ya-
CTH AMOKCH/A TMPOUCKOAUT TOBTOPHOE
ero sarpyeHre B eMKOCTb, TTOC/Ie Uero
ITPOLIeCC TIOBTOPSIETCS.

[laGopatopubiit creHa (puc. 1) co-
CTOUT W3 H30TEepPMHUECKOM eMKOCTH 1
obbeMoM 3 M3, YCTAHOB/IGHHOM Ha
3MIeKTPOHHbBIE BeChl 2 C AUCKPETHOCTHIO

&:



vamepennit 1o 0,05 r,TepMonarunka 3
mvamerpoM 2 MM U anuHHOM 100 MM,
TepMOMeTpa COTPOTHB/IeHMs 4 nuaraso-
HoM uaMmepenuit ot -150 °C mno +100 °C
u avckperHoctsio 0,5% ot MsmMepeHHoro
3HayeHusi. Becbl U 3/1eKTpOHHBIN O/10K
TepMOMeTpa TMOAK/IIOUaZIUCh K Tepco-
Ha/IbHOMY KOMIBIOTEpY 5 ¢ YCTaHOB-
NeHHbIM Ha HeM CrellHa/IM3UPOBaHHBIM
[IPOrpPaMMHBIM OGecriedeHreM, MO3BO/Is-
IONIMM CHUMATh [MOKa3aH s U3MEPeHH C
TpeGyeMbIM HIaroM o BpeMeHH.

Beiio npousBeneHo 36  OMBITOB
(12 ommitoB ana 29,2% pactBopa X10-
PHCTOrO Kasiblivisi, 4 OrbiTa /151 MeTH/IeH
Xaopuaa U mo 6 A7si OCTaZlbHbIX KHUAKO-
ctert). O606IIeHHbIe Pe3y/IbTaThl OIlbl-
TOB TpPe/ICTaB/IeHbI Ha pUC. 2—6.

[Ipy npoBeneHue pacueToB OTMe-
YeHO, UTO KCKOMBINA KO3(ppULIMeHT 3a-
BUCUT OT MacChl AMOKCHAA Yraepoaa

4 100

a=0.52t+58 x 80

HaxOSLICHCH B AaHHBIM MOMEHT B KM/
KocTu. /s 0606111eH s 3TON 3aBUCHMO-
CTU, 3a Olpeaesounii MapaMerp HaMu
NPHHATa ero KOHUeHTpauus (m,,/m.).
[Ipu Marbix KOHLIGHTpALMAX Haboaa-
ercsi pes3Koe CHHKEeHHe AaHHOTO KOo3d-
duiMeHTa, CBA3aHHOE, C TeM, 4YTO Ma-
710e KO/TMUECTBO AMOKCHAA He CITOCOOHO
obecrieunTh Tpebyemoe «IepeMellrBa-
HYe» XKUIKOCTH, UTO PEe3KO CHUKaeT Te-
[1/10TIePEeHOC, BbI3BAaHHbBIN BbIHYKACHHOM!
KOHBEKLIMM, B HCC1enyeMoM obbeMe
KUIKOCTH.

[pu yBenuueHre KOHLIGHTPALIMK 10
1-8% (B 3aBMCUMMOCTH OT KHIKOCTH)
MacCOBBI KO(P(ULIMEHT Ter/IooTAauyu
[IOCTUraeT MaKCUMa/lbHBIX 3HAUeHWH U
CTAaHOBUTCS [TOCTOSIHHBIM.

[Ipu oueHb GOMBIIMX KOHILIEHTPALIM-
ax (6onbmwe 8-12% nns paccMmaTpuBa-
eMBbIX XKUAKOCTeM, KpOMe METH/IeHX/O-

"MaccoBbiit" KoapdpuumeHT Tennootaaum, Bt/(kr*°C)

40 30 20 10 0 -10

Temnepartypa, °C

O1% X 2% X 4% O 6%

e [IUHEHAA ()

Puc. 2. I'papuk 3aBHCHMOCTH «MacCOBOro» Koa(h(bHLIHEHTa TelIooTAa4H OT TeMIepa-
Typbl 29,2% pacTtBopa XIOPHCTOro Ka/bUHSA, H OT MaCCOBOH KOHLICHTPaUHH AHOKCHAA
yriaepoaa B eMKOCTH B AaHHbIH MOMEHT BpeMeHH
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Puc. 3. I'papuk 3aBHCHMOCTH «MacCOBOro» Koa(hhbHLUHEeHTa Tel/I00Taa4YH OT TeMIepa-
Typbl 25,7% pacTtBopa XI0PHCTOro Ka/lbUHsA, H OT MacCCOBOH KOHLIEHTPAUHH AHOKCHAA
yriaepoaa B eMKOCTH B AaHHbIH MOMEHT BpeMeHH

& 140
a=193t+76.3 g
t
o o 120 E
2 s
100 z
xX g
o
=
c
(4
=
3
g
=
E
(=}
x
=
3
[
S
o
©
2
< Fal .
25 15 5 -15 -25 -35
Temnepartypa, °C
O 1% 0O 2% A 4% X 6% e [lUHENHAA ()

Puc. 4. I'padpur 3aBHCHMOCTH «MacCOBOro» Koa(hhbHLUHEeHTa Tel/Io0Taa4YH OT TeMIepa-
TYpbl BOAHOTO pacTBOpa NPONH/ICHITHKO/IsS, H OT MacCOBOH KOHLEHTPAaLHH AHOKCHAA
yriaepoaa B eMKOCTH B IaHHbIH MOMEHT BpeMeHH

pYda) HACTyraeT AO0CTATOYHO Pe3Koe
CHIXKeHHe KO3(p(HUIIMeHTa TerviooTaa-
yu, 0OYC/IOB/IEHHAs TeM, YTO MPU TaKOM
KO/IMYeCTBe AMOKCH/IAa HapyllaeTcsl CBO-
OoaHas LUPKRYIALIMM KHUAKOCTH B 00B-
eMe, UTO MPUBOAUT K /I0KA/TbHOMY, 00-
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Pa3oBaHUIO «CHera», a 3aTeM M I1O/THOM
KPUCTA//TM3ALIMK  KUAKOCTH, TaK Kak
TemriepaTypa 3aMep3aHrs UCCIeaYeMbIX
KUAKOCTeH (KpOMe MeTW/ICHX/IOPH/IA)
BhIIlIe TeMIlepaTyphbl CY6/AMMALIN AUOK-
cuza yraeposa.



3HaueHre KOHIIEHTpalNi, C Hauyy-
IIMMH MapaMeTpaMM TerviooTAauH, A/
KOTODBIX [10/Iy4eHbl 3aBUCHUMOCTH, A1
KaKIOW M3 KUAKOCTeM pasnudHbl. [las
BOZIHBIX PACTBOPOB (X/IOPHCTOTO Karlb-
LIMS1 M TTPOTU/ICHI/TMKO/IS), OT/TMYAIOIIHX-
€ CXOXKeCTbIO (PU3HUECKHX CBOKCTB, OI1-
TUMa/ZIbHbIMM MOXKHO CUMUTaTb KOHLIEHT-
patmu ot 2% no 8%. [last uictoro mpo-

40

TW/ICHI7IMKO/IS, XKUAKOCTH ob/1agaoner
OUeHb BBICOKOM BfI3KOCTBIO, OT 6% 10
12%. [as MeTwneHXAopvzaa MaKCH-
MasibHasgs — TerviooT/adya  Halbmoaaercs
IpY KOHLIeHTpaLwmsax 6ornee 3%, u He
OrpaHMyeHa BepxXHUM 3HaueHWeM, TaK
KaK, TO/IBKO 3Ta MKUAKOCTb B pPaccMa-
TPUBAEMOM OIbITe He 3aMmep3aer IIpu

-78,5 °C.
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Puc. 5. I'padpuk 3aBHCHMOCTH «MacCOBOro» Koa(h(bHUHEHTa Tel/1o0Taa4H OT TeMIlepa-
TYPbI NPOMH/ICHITTHKO/IA, H OT MacCOBOH KOHLIGHTpaLHH AHOKCHAA yriaepoaa B eMKOCTH

B ZaHHBIH MOMEHT BpeMeHH
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Puc. 6. I'pacpuk 3aBHCHMOCTH «MacCOBOro» Koa(hhHLHEHTa Tel/100TAa4YH OT TeMIepa-
TYPbI METH/IEeHX/IOPHAa, H OT MacCCOBOH KOHLIGHTPaLUHH AHOKCHAA Vriepoaa B eMKOCTH

B ZaHHBIH MOMEHT BpeMeHH
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OKcreprMeHTazbHble AaHHbIe XOPO-
O AMPOKCUMHPYIOTCS npsaMbiMu. [las
OLICHKM WX TOYHOCTH PaCCUMTHIBA/ICH
Koo purLMeHT netepMuHaliiy R? (orpe-
AensgeMbll Kak earHWLIa MUHYC AMCIIep-
CUsl CIYyJaiHOM OMMOKU Mozeny). Beiv
TMO/Iy4eHsbl c/ieAyiolre 3aBUCUMOCTH:

* 77151 BOAHOTO PacTBOpa X/IOPHUCTO-
ro kanbLmd (29,7%) (R? = 0,53)

a=0,52-t_+58, Br/(°C-xr) (7)

* [/ BOAHOTO PacTBOPaA X/IOPUCTO-
ro KazbLms (25,2%) (R? = 0,76)

a=0,52-t_+69, Br/(°C-kr) (8)

* 717151 BOZHOTO PacTBOPa IMPOITH/IeH-
rnvikonsd (R? = 0,88)

a=193-t_+76,3, Br/(°C-xkr) 9)
* ans nporneHravkons (R? = 0,86)

a=0,45-t_+22,5, Br/(°Ckr) (10)
nns metunenxaopuaa (R? = 0,64)

a=12-t_+1150, Br/(°C-kr) (11)

B peaynbraTe, ¢ MCMoOnb30BaHWEM I10-
NMYYeHHbIX 3aBHCHUMOCTeM MOKHO OIlpe-
AenUTb OCHOBHbIE MapaMeTpbl TeXHO/IO-
TMU 3aMOpaxKUBaHHWsA, [0 C/AeaAYIoUIMN
MeTOIUKe:

Oripenensietcss cpeaHsisi TeMriepary-
pa B Ucrnapurere:

1
tcp:§~At+t2’C (12)

rae At — pa3HOCTb TeMITepaTypbl Ha BXO-
[le W BBIXO/Ie M3 3aMOpaxKUBAalOIIeH KO-
noHry, °C; t, — Tpebyemas Temriepatypa
Ha BbIxoze u3 vcrnapurensi, °C.

3amaeMcss BpeMeHeM T, 3a KOTOpoe
envHUlla obbeMa Ter/ZiIoHocUTenst Gyaer
MIPOXOAUTh Yepes ucrapuresns. Yem oHo
Oyaer 6Gorblile, TeM MeHbllle TBepaAOro
AMOKCHUaa yrraeposa HeoOXoanMo aep-
’KaTb B HeM. MOXKHO pPeKOMEHIOBAaThb
IIPUHSATb 3TO BpeMsi paBHbIM T = 60 c.

OnpenernsieM Ter/ioBoM MOTOK [1OCTY-
MaIINA OT TelVIOHOCUTE/S TBEPAOMY
[MOKCUAY Yriieponaa:
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V.p-C-At

Q= a-(t,-785°C) By

1
i (13)

r/1e p — I/IOTHOCTh TeTZIOHOCHTE/Is, KT/ M?;
C - Tern/oeMKOCTb TeI/IOHOCHTe/ s,
[I&/Kr; 0. — MacCOBBIN KO(PHULIMEHT
terinootaauy, Brt/(xkr-°C), onpenensie-
MBI 10 rpadpMRy puc. 3.

OnpenensieM KO/MMYECTBO AMOKCHUIA
yr7ieposa pacxoayeMoe B eArHHLY Bpe-
MEHH:

Q

508 KX

m=

(14)

, Kr/c

KIr

rae 528 k/[k/Kr — ckpbiTast Terviora cyo-
IVMAlIMK TBEPAOTO AMOKCHAA YI7iepoa.

3anaeMcsi YaCTOTOM 3arpyKeHus AMOK-
cvza yraepoaa B eMKOCTb, 3aBUCSIIYIO OT
TeXHO/IOTMYECKUX TapaMeTpPOB KOHKpPEeT-
HOM CTPOUTE/TbHOM Ii7101aaky. Yem 6or1b-
e GyaeT MPUHATO BpeMsi Mexkay 3arpys-
KaMK — TeM Ooriblile A0/KeH ObITb Mpu-
HAT pa3Mep vcrapuresst. [ [prmeM Bpems
Mexnay sarpyskamu 1 yac (tr; = 3600 c).
Takum 06pa3oM o MTOraM 3TOrO uaca,
T.K. KO/IMUECTBO AMOKCHAA Vyr7iepona B
eMKOCTH, [0 pPe3y/bTaTaM NCC/Ie0BaHMS,
ONTHMA/BHO B Mpesaenax oT 2 a0 8% ot
MacChl, HaxOAsllerMcs B HeW XKWUAKOCTH,
B HCIMapUTe/M A0MKHO octaTtbest 2% au-
okcvaa yrrepoaa. CrieaoBaTenibHO, KO-
MMYECTBO AHMOKCH/IA YI7Iepoaa B eMKOCTU
B Haya/IbHBIM TIepHoA COCTaBHT (KI):

100% + 2%
100% (15)

M komvuecTBO AMOKCHAa Yrrieposaa
3arpy:kaemMoe 3a OIvH Pas3:

M =m - 3600 , xr (16)
OnpenenviM 06beM HCIIapUTEIs.
Macca TernzioHoCHTenss HaxoAAIero-

csl B MCTIapUTere:

Ol

M6m=(m-3600)~(

100%
M_=M.—2
o 8% (17)
O6’b€M Terl/IOHOCHUTe/1d:
VTI'III = MTI'I[] : p; (18)



O6beM avokcuaa yrriaepoaa:
v M, - 1650 &r/m?

coz = Mos (19)

W B pesynbrate, 06beM UcCapuTens
Oymer paBeH:

v cr = VTnn + VCOZ

(20)
2t
Takum o0b6pasoM, mpoBeaeHHoe 1abo-
PaTOPHOE UCCIeIoBaHMs TO3BO/IN/IO TTOMY-
YKTh 3aBUICUMOCTH, [TO3BO/IAIONIME OTlpe/e-

[TATb IapaMeTPbl TerriooOMeHa TIPH OX/1azK-

[EeHUU KW/IKOCTeN TBepabiM AUOKCUIAOM
yraepoaa. [lomyyeHHbId «MacCOBBIF» KO-
3(pPULIMEHT Ter/I00TAa4YH MO3BO/IsIeT OIl-
penenuTb TeI/ZIOBOM IMOTOK OT XKHUAKOCTH
K AMOKCUAY YI7lepoaa B KaKAbIi MOMEHT
BpeMeHHU, B 3aBUCHMOCTU OT Temriepary-
PBI KMAKOCTH, OIpeaenyTb CKOPOCTb CyO-
MYMallU TBEPZOro AMOKCHAA YI7ieposa,
1 KaK WUTOT OIpeae/IMTb KO/IMYeCTBO 1 Ya-
CTOTY 3arpyXKeHus AWOKCHAa YyI7ziepoaa B
eMKOCTb ITpY 3aMOpaKrBaHKe I'PYHTOB.
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RESEARCH OF HEAT TRANSFER PARAMETERS IN ARTIFICIAL GROUND FREEZING WITH
USING SOLID CARBON DIOXIDE

Shuplik M.N., Doctor of Technical Sciences, Professor, Deputy Head of Chair, e-mail: MiShup@mail.ru,
Nikolaev P.V., Graduate Student, e-mail: PeNi@bk.ru,
Moscow Mining Institute, National University of Science and Technology «MISiS».

This article discusses the heat transfer between the solid and liquid carbon dioxide during their interaction.
This process occurs at creating refrigerant mixtures by carbon dioxide. Its main parameter is the heat flow
from the liquid to the solid carbon dioxide, which in turn determines the rate of sublimation of the solid carbon
dioxide. For estimating this parameter is formed methodology laboratory research which were 36 by labora-
tory experiments. Heat exchange examined with several liquids: aqueous calcium chloride solution (various
concentrations), propylene glycol and its aqueous solution, methylene chloride. According to the results of the
approximation of the data were derived linear dependence, which satisfactorily describe the process of heat
transfer. Presented dependence allow us to give recommendations for the design of artificial freezing of soils
using refrigerant mixtures based on solid carbon dioxide. This paper presents the design according to the defi-
nition of the heat exchanger, the amount of carbon dioxide and the frequency of loading it into the machine.

Key words: solid carbon dioxide, «Dry ice», heat transfer fluids, freezing mixture with carbon dioxide, arti-
ficial ground freezing, resource-conscious production technologies in underground construction.
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