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Posenanymo npunyun pobomu, KOHCMPYKYil0 ma icHYIOUY MAmemMamuymy mooensb mikpoxoroounvuukie (MKX) 3 epexmom
JDicoyns-Tomcona 0nst 0X0N00HCeHHS MIKPOeLeKMPOHIKU I IH(pauepsonux damuuxig. IIpunyun pobomu epexmy [ocoyns-Tomcona
nonseae 8 adiabamuomy 0xXon0024CY8aHHI NOMOKY 2a3y NPU PI3KOMY PO3UWUPEHHI NiCisA NPoxXo0xceHHs yepe3 Opocens. OpeaHizayis npo-
MUBOMOUHO20 MENTO0OMIHY MIdC NPAMUM CIMUCIUM ROMOKOM 2a3y 00 OpOCels i OXON0OHNCEHUM POSUWUPEHUM NICIHS OPOCENa MOHCe
docsieamu kpuozennux memnepamyp. Ocmanni oecamupiuus Oyau npucesueni euoopy koncmpykyii maxux MKX, a maxosc pozeum-
Ky MAmMemMamuiynux Mooenetl i KoMn 1I0mepuux npocpam 3 Memoio ubopy onmumaibHux napamempis yux KoOHcmpykyit. B pobomi
Ha NpUKIadi MIHIAMIOPHO2O MIKPOXOIOOUIbHUKA 3I CRIPAILHOIO KANLISIPHOIO MpYyOKoio 3 peopami, CONJIOM, ONpasorw ma cocyooMm
Ivroapa poszensidaemocs iCHYIOUA 080BUMIDHA MOOETb MEPMO2A300UHAMIYHO20 CIMAHY MIKPOXOLOOUIbHUKIE 3 POOOUUM 2A30M A30Mm I
NPONOHYEMBCA OLNbIUL MOYHA MPUSUMIDHA MAMEMAMUYHA I KOMN TOMepHi MoOeli, Wo i € HOBU3HOI pobomu.

The principle of operation, design and existing mathematical model of microrefrigerators (MCRs) with the Joule-Thomson
effect for cooling microelectronics and infrared sensors are considered. The principle of operation of the Joule-Thomson effect is the
adiabatic cooling of the gas flow during its sharp expansion after passing through the throttle. The organization of countercurrent
heat exchange between the direct compressed gas flow to the throttle and the cooled expanded gas flow after the throttle can reach
cryogenic temperatures. The last decades have been devoted to the choice of the design of such heat exchangers and the development
of mathematical models and computer programs in order to select the optimal parameters of these structures. In the work, using the
example of a miniature microrefrigerator with a spiral capillary tube with ribs, a nozzle, a frame, and a Dewar vessel, the existing two-
dimensional model of the thermogasodynamic state of microrefrigerators with nitrogen as the working gas is considered and a more
accurate three-dimensional mathematical and computer model is proposed, which is the novelty of the work.

biomn. 6, puc. 3, Tadm. 1.
Kuarouosi ciioBa: mikpoxonoaunbHUKH, edext [xoymnsa-ToMcoHa, MOIEIOBaHHS.

Beryn

Mixkpoxonomunbaukn (MKX) 3 edexrom Jxoymns-Tom-
COHa MPU3HAYEH] ISl LIBUIKOTO OXOJIOIKCHHSI KOMIIOHEHTIB
Ta PEUOBMH Yy CTiCHEHHX yMmoBax. Lli mpucTpoi MaroTsh
nwtiHIpraHi GopMmu i Mami po3mipu (3-15 MM B miameTpi i
3-10 cM moBkuHOM), Baroto 1o 20 Tpam, KOPOTKHil Jac 3a-
xonokeHHs (10 10 cekyH) 1 BUCOKY CTaOUIBHICTh pOOOTH
NpoTAroM TpuBajoro yacy [1]. HacTo iX BUKOPUCTOBYIOTh
JUTSL OXOJIOJKEHHSI MIKPOENIEKTPOHIKHY, , B MEINIIMHI, a Ta-
KO B KOCMIUHIH 1 000poHHIH TexHimi. OcoOIMBO BaXKIINBY
POJIb BOHHU BIiAIrparOTh AJISI OXOJIO[DKEHHS J0 KPIOTCHHUX
Temneparyp iHppadepBOHNX JaTYHKIB po3mipamu 10 10 MM
3 TEIUIOBUAIIEHHSIM 10 1,5 BT.
IpuHuMn podoTH Ta KOHCTPYKUifAA MiKPOX0/J10AHIbHUKA

[Mpuanun pobotn edexry Jxoyns-TomcoHa monsirae
B a/1ia0aTHOMY OXOJIOJKYBaHHI IOTOKY Ta3y IPH Pi3KOMY
PO3LIMPEHHI  HichAs  NPOXOMKEHHS  4Yepe3  JPOCEIb.
Opranizariiss TPOTHBOTOYHOTO TEIIOOOMIHY MK MPSIMHM

CTHCIIMIM ITOTOKOM Ta3y J0 APOCENs i 3BOPOTHUM OXOJIOJI-
KEHUM 1 PO3MIUPEHUM TIICIS APOCENs MOXKE IOCSATaTH
KpuoreHHux temneparyp [1]. IlpunHnunoBa cxema Tako-
TO MIKpPOXOJIOMUIbHUKA 3 cocynoMm Jlproapa moka3Ha Ha
puc.l,a, e yepes mty1ep 1 ra3 BUCOKOro TUCKY MOJIA€ThCA
B CIIipalbHO HAMOTaHy Ha OmpaBy 2 opeOpeHy KamIspHy
TpyOKy 3, silka € OCHOBHOK YaCTHHOK TEIUIOOOMiHHUKA,
OLTBIIT TeTaTpHO MMOKa3aHoro Ha puc.1,0 [2] . Ha mpuxmani
a3oTy, (SK poOo4oro rasy BHUCOKOrO THCKy Big 10 1o
40 Mlla) npu kiMHaTHI TemIieparypi MOTIK IPOXO-
IATH 4epe3 npocens 4, posmuproeThes (o 0,5 artm),
OX0JIO/PKYEThCs (moTeHIiiHO 10 60 K) i moBepraerbes
yepe3 30BHILIHIO TOBEPXHIO OpeOpeHoi MOBepXHi
TEIUIOOOMIHHWKA B 3BOPOTHOMY HAMPSIMKY 1 BUXOIHTH
Ha30BHI. [Ipy 1bOMYy BiH OXOJOMKY€E MPSIMHUH TOTIK BH-
COKOTO THCKY, SIKHH NPOXOIUTh Yepe3 CEPeAHI0 YaCTUHY
KariisipHOi TPYOKH i BHYTPINIHIO YaCTHHY CTiHKH COCY/a
Hproapa 5.
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bimpnr merampHa cxeMa MIKpPOXOIOMMIBHUKA HaBeIeHA
Ha puc. 2. [3] Pobounii ra3 BUCOKOTO TUCKY HAIXOIUTh Uepes3
LITYLEep Mofa4i ra3y BUCOKOTO TUCKY | B peOprCTHIA Kamijisip,
1 1T Tede CripasbHO BCEPEIHHI ITHOTO OpeOPEHOTO Kamiyisipa
Ha ompasi 5. Ha Buxozi 3 Kamisgpa MOTIK PO3IIUPIOETHCS
130€HTaNBIIHO Yepe3 OTBIP A0 HIKYOTO TUCKY. SHIKEHHS TH-
CKy TIpH TIOCTIHHIHM eHTaNbITIi IPU3BOIUTH 1O 3HIKCHHS TEM-
neparypu. ['a3 micis i30€HTabIIHHOTO PO3IIUPEHHS Yepes3
comio 10 Mik ra30M BUCOKOTO i HU3BKOTO TUCKY. ['a3 HU3bKOTO

THCKY Ta HU3bKOI TEMIIepaTypH IOTPAILIIE B TETUIOOOMIHHHK
4epe3 KUTbLIEBHI OTBIp MiXK OIIPABKOIO Ta BHY TPIIIIHBOIO YaCTH-
HOIO CTiHKH cocyaa Jptoapa (TyT He noka3anuii). [ToTik razy
HH3BKOTO THUCKY TE€Ye Y 3yCTPIYHOMY/TIOTIEPEIHOMY HANPSMKY
3 TIOTOKOM 3 OOKY TpyOH, HaBKOJIO PEOPHCTOrO KaIijsipa, Mixk
pedpaMu Ta OXOJNOIKYE MOTIK 3 00Ky TpyOu. Buxin moroky
HU3BKOTO THCKY BiZIBOMUTHCSA depe3 mTyrep 2. HaiOurpmm
XOJIOJTHOIO € TIOPOKHUHA § PO3IIUPEHHS ITOTOKY TTICJIs COTLIa
10, me 1 po3rarioBaHi JaT4uK a00 eIEKTPOHHA cxema 9

High pressure stream

a

Puc. 1. IIpunyunosa cxema mikpoxonoounavHuka 3 cocyoom /[vioapa (a) i yuaiHOpuUHOIO ONPABOIo 3 CRIPATLHO
Hamomanow opedpenoro Kaninapuoio mpyokoio (6). Ha puc. a: 1 — wimyyep ona nooaui 2a3za 6UcoKo20 mucky,
2 — onpaea xonoounvHuka, 3 — opedpena kaninapua mpyoka; 4 — conno, 5 — cminku cocyoa /[vroapa,
6 — KpinienHsa MIKPOX0100unbHuUKa 3 cocyoom /vioapa [2]
Figure 1. Schematic diagram of a microrefrigerator with a Dewar vessel (a) and a cylindrical frame with a spirally
wound finned capillary tube, mounting a microrefrigerator with a Dewar vessel (b). In Fig. a: 1 — high-pressure gas

supply fitting, 2- refrigerator frame, 3 — finned capillary tube; 4 — nozzle, 5 — Dewar vessel walls, 6 — mounting a

microrefrigerator with a Dewar vessel [2]
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Puc. 2. /lemanvna cxema mikpoxonoounvnuka. 1 — wimyuyep nooaui 2azy 6ucoko2o mucky, 2 — wimyuep 6i06ooy
HOMOKY HU3bK020 MUCKY, 3 — onpasa, 4 — noKanbHull Po3pi3 X0100UTbHUKA, 5 — CRIPAIbHA KOMYUIKA 3 OPEOPEHOI0
KaninapHolo mpyokoro Ha onpaei, 6 — pedpa cnipaivHoi KOMywKu, 7 — 360PONHII HANPAMOK HOMOKY 2a3y
HU3bK020 MUCKY, 8§ — HOPOHCHUNA POUWUDPEHHA HOMOKY RICA conaa, 9 — damuuk ado eeKmponna cxemd,

10 — conno misc zazom 6ucoKozo i HU3bKO20 MUCKY
Figure 2. Detailed diagram of a microrefrigerator. 1 - high-pressure gas supply fitting, 2 - low-pressure flow outlet
fitting, 3 - frame, 4 - local section of the refrigerator, 5 - spiral coil with finned capillary tube on the frame, 6 - fins of
the spiral coil, 7 - reverse direction of low-pressure gas flow, 8 - flow expansion cavity after the nozzle,

9 - sensor or electronic circuit, 10 - nozzle between high and low pressure gas
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Cepemai po3Mmipw  3aralbHUX 1 OKPEMHX YaCTHH
MIKpPOXOJOIUIILHUKIB HaBeleHO B Tabi.l, 1o mokasye
HACKUIBKM BOHHU MiHiaTIOpHI.

XapaKTepuCTHKa XOJIOAOMPOIYKTUBHOCTI Takux MKX
€ TeX MaJia 1 JeXUTh B Jiana3oHi 1-4 Bara 1 3aJIE)KUTH BiJ
piBHs THCKy Ha Bxoai B MKX, a mBHIKiCTE HOTO 0XOJION-
YKSHHS (CaMOOXOJIOJKEHHST ), CsiTae IeKiTbka cekyHa. Pobo-
ya temriepatrypa MKX 3anexuts Bix THITy poOdoUoro Tina,
HaNPUKIAJI, a30T JUIsl JoCATHeHHs piBHs -196 °C. s 3a-
Oe3MeveHHs] MiHIMaJIBHUX BHTpAT poOodoro Tima B MKX
ICHY€ JPOCENIbHUI MIKPOKJIANaH, SIKHH CaMOpPETYITHEThCS
B 3aJIEKHOCTI BiJ TeMIepaTypu poOOUOro Tijia 3a COTUIOM.

OcranHi gecsaTupivds Oyiaw TpHUCBSIYeHI BHOOpY Ha-
BeleHUX BUIIe KOHCTPYKIi MKX, a Tako po3BUTKY Ma-
TEMaTHYHUX MOZEJCH 1 KOMIT FOTEPHUX MPOrpaM 3 METO0
BHOOPY ONTUMAIBHUX IapaMeTpiB IMHMX KOHCTPYKIIiH.
MopemntoBaHHS pi3HOMaHITHUX KOHCTpykmin MKX cra-
JIO BaYJIMBUM IHCTPYMEHTOM JOCII/DKEHHS 1 ONTHMi3arlil
napaMmeTpiB TepMorazofauHaMiyHoro ctany MKX, BpaxoBy-
104H cepeaHi po3Mipu i okpemi yactua MKX (nuB. Tabm. 1),
B TOW 4Yac SK €KCIIEPUMEHTAJIbHI JIOCIIPKEHHS € Habararo
CKJIQIHIIITNMU.

Buxomsum 3 Ha3Bu 1€l poOOTH Ha TPHUKIAIL
MIHIaTIOPHOTO ~ MIKpPOXOJIOMWIBHUKA 31  CHipalibHOIO
KalJsIpHOKO TPYOKOIO 3 pebpamu, COIUIOM, OIPaBOIO
Ta cocymoMm Jlproapa HWXKYE cepel HHM3KH Mojenen [1-
4] po3mIsmaEcThesl iCHyIOYa THUIOBA JBOBHUMIpHAa MOJENb
tTepMmorazoarHamivyHoro ctany MKX 3 /Iproapom [4], sika He
BpaxoOBY€ TPAIIEHTH TEMIEPATyp B paAialIbHOMY HAIPSIMKY
r (puc.112), o € neBHO0 MPodJ1eMOI0 ITPH MOJICITIOBAaHHI.

MeTo10 po00TH € JONOBHEHHS 1CHYIOUOT ABOBUMIipHOT
MaTeMaTHIHOT MOJICITi IO PiBHS OUTBII TOYHOI TPUBUMIPHOT
Mojeni Juist TBepaux aeraieit MKX, a Takoxk 3acTocyBaHHS

CY4acCHHX KOMIT IOTEPHUX TEXHOJIOTIH pearizalii Moaeme,
110 € HOBU3HOK POOOTH.
Po3paxynkoBi moaeJii MikpoXo101u/IbHUKIB
CydacHe pO3paxyHKOBE MOICTIOBAHHS OyIb-sIKUX
00’€KTiB CKJIaJa€ThCsl 3 HACTYNMHUX 4-X eTaliB: po3-

pobka ceomempuunoi, pizuunoi, mamemamuunoi i
Komn’romephoi Mopenei.
T'eomempuuna  THIOBa  MOAETH  MIHIaTIOPHOTO

MIKPOXOJIONWILHUKA, PO3MIIIIEHOro B cocymi Jlproapa, mo-
Ka3zaHa B cucteMi koopauHar X, ri& Ha puc.l,ai?2. B moxgeni
npibHA TeoMeTpis MiaMeTpa KarmspHoi TpyOku i pedpa Ha
Hill TIpe/ICTaBISETCA SK TOHKI KOAKCialbHI IMIJTMHH, IO
Cepe/Hiil 13 IKMX Tedye ra3 BUCOKOIO THCKY, a 10 IIiJIMHAM
3BepXy 1 HU3y HOTO B 3BOPOTHOMY HAIIPSIMKY Tede ra3 HU3b-
KOro THCKy. ['eomeTpisi coma, gaTdyuka abo eleKTpOHHA
cXeMa BPaXOBYIOTHCS TEXK.

@Di3uuna MoaeNb MiHIATIOPHOTO MIKPOXOJOIMIIbHUKA,
po3mimieHoro B cocyai Jlproapa ciioBaMH OMHCYE YCi
TEPMOTa30IMHAMIYHI MPOIIECH SK BCEPEAMHI MPHIAAY, IO
PO3IIISIAETHCS, TAK 1 B3aEMOJIIT IIMX MPOIIECIB 3 OTOUYHOUUM
CEPEIOBHIIEM SIK B CTAIIOHAPHOMY, TaK 1 HE CTAI[iOHAPHOMY
pexumi. TyT BaKIMBO MPAaBHIBHO 3aJlaTH 3HAYCHHS BCIX
(hi3muHUX TapaMeTpiB BCEPEAUHI MpUiamy, Tak i Ha HOro
MTOBEPXHSIX.

Mamemamuyna MOJIENb TI0 CYTi onucye Qi3UUHY MO-
nenb qudepeHiaTbHIMY 1 anreOpaiYyHuMHA MaTeMaTHIHHU-
MU PIBHSHHSIMH, sIKI MOTEHI[IHHO JO3BOJIAIOTH KiJIBKICHO
pO3paxoByBaTu napaMeTpu TEPMOTa30IMHAMITHAX
IpoleciB npuiany. PIBHSAHHS [IMX MOJENe PO3paxoBYHOTh
AHATITHYHUMH 1 YUCEIbHUMHU MeToaMu. MaTeMaTHuHa MO-
nenb (1) - (11) mikpoxonoauiabHHEKA 3 cocynoM J[proapa
PO3LIISIAETHCS HUKYE.,

Tabmums 1. CepenHi po3Mipu 3araibHUX i oKpeMux yacTiH MKX [2]

Table 1. Average sizes of common and individual parts of the MCC[2]

T'eomempuyunuit napamemp Po3mip, mm

JiameTp 0HOTO BHTKA IO OCI Karmiisipa 4,07
Buytpiwniii giamerp kaninspa 0,3
30BHIIIHIH giameTp Kamiispa 0,5

Kpok HamoTku TpyOu 0,95
KinbKkicTh BUTKIB 42
Bucora opebpenns 0,2

Kpoxk opebpenns 0,132

TosmuHa OpeOpeHHs 0,08
3azanvHuil diamemp MiKpOX0100UIbHUKA 5,0

3azanvHa 008)CUHA MIKPOXOTI0OUIbHUKA 52,0

KinpkicTs pebep Ha omuH 00epT Karmisapa 55 mr.
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Komn’romepna Mozens 1o CyTi peallizye MaTeMaTHIHY
MoZIeNb (i3UYHUX MPOIIECiB, a came, B 3pYYHOMY BHIVIS
KUTBKICHO IpuiiMa€e BUXiAHI JIaHi AJIs1 pO3paxyHKiB 1 BHIA€E
pe3yIbTaTH pO3paxyHKiB TapaMeTpiB TEPMOTA30AMHAMITHIX
nporeciB npuiany. Hapasi icHye HU3Ka MOTYKHHX 1 TOTO-
BUX KOMII FOTEPHHUX Iporpam (cepenosuiy) [5-6], siki go-
3BOJISIIOTH  Pealli30ByBaTH IMIHPOKAN CIICKTP (DI3UIHHX 1 Ma-
TEMaTUYHUX MOJIENEH, B TOMY YHCI MiKPOXOJIOIUILHUKH 3
cocynoM Jlproapa Jitsi OXOMOMKEHHS MIKPOCXEM 1 JATYHKIB.
Tunosa MmaTeMaTHY3MYHA MO/IeJIb MiKPOXO0JIOAUJILHUKIB

Hwx4e HaBeleHa TUIIOBA HECTalliOHApPHA MaTeMaTHY-
Ha Monenb MKX [4], mo ommcye Bci ¢i3uuHi mporecH,
0 TPOTIKaIOTh B MIHIATIOPHOMY MIKpPOXOJIOMIIBHUKY,
po3MimieHoMy B B cocyai Jlproapa, ajie He BpaxoBYy€ TEIUIO-
BUH CTaH Ba)XJIMBHUX YaCTHH KpiruieHHs [proapa i maTumka,
IO CYTTEBO BIUIMBA€E HAa TEMIIEPATYPy LbOTO IaTYHKA.

I'a3 BHCOKOIO THCKY

PiBusinust Hepo3puBHOcCTi (1), immynecy (2) Ta eneprii
(3) 1151 Ta3y BUCOKOTO TUCKY, L0 T€YE B3JOBXK CHIPaIbHOTO
HanpsAMKy opeOpenoi TpyOku, & (puc.1), 3amucano Tax

om
dpuu _ 9P  2fpu®
= T o (2)
T aC,T d 2
oA [Cp 22+ u 22 4+ LD =y () (T, = T, (3)

Jie T-9ac, m — MacoBa BUTPaTa; p — 'yCTHHA; U — HIBUJKICTb
rasy; P — tuck rasy; f — xoedilieHT TepTs MOTOKY rasy;
d — BHyTpimIHIN giameTp KaHaIy; A — TUTOIIA TIOTIEPEUHO-
ro mepepilzy noToky razy; Cp — muToMa TeIIOEMHICTh Ta3y;
T — Temneparypa; h — xoediieHT TeroBianayi, a HUKHI
iHgeKcH h Ta 1 mo3HAuaroTh ra3 BUCOKOTO THCKY Ta TOBEpPX-
HIO TPYOKH,.

Koediuient TepTs rasy Ta TemioBigaadi Ajs rasy BU-
COKOI'O TUCKY PO3PaxOBY€ThCS 32 EMIIIPUYHUM PIBHSIHHSIM.

I'a3 HU3bKOTO THCKY

PiBusinHst Hepo3puBHOCTI (4), immynscy (5) Ta eneprii
(6) s ra3y HU3BKOTO TUCKY B3JOBX IMO3JOBXHBOTO Ha-
MPSMKY XOJIOAMIIBbHUKA X 3aITUCAHO TaK

aTy 9CpTy 6(u2/2) _
pAl [C tu 0x 0x ] -

= —hA, () — Tj) — heAy ¢(Ty — Tp),

(6)

Je Ap no3Havae KijbleBy IJI0ILYy HOTOKY; dl — rizpaBiniunuii
niaMeTp Mpoxomy; a HikHI iHmeked 1, f, m ta d mo3nauga-
I0Th Ta3 HHU3BKOTO THCKY, peOpo, ompaBy Ta cocya Jpro-
apa BigmoBizHo. KoediumieHT TepTs rasy HHM3BKOTO TH-
CKy pPO3paxoOBY€THCS 3a CEMIIIPUYHUM pPIBHAHHIM [8], a
KOC(IIIEHT TEIUIOBI 11Ul — 32 EMITIPUYHUM PIBHSIHHSIM IS
psizy Tpyo.

CuipajabHa TpyOKa i pedpa

EnepreTrune piBHSHHS AJISl OJHOIIAPOBOT CIIpaTbHOT
TpyOKH Ta peOpa B310BK CHIpaIbHOTO HAPSIMKY MOKHA 3a-
NHCaTh TaK

92T,
mef a = k¢Ae afzt + hhAp ti(Th — Ty) +
(7
kek s
+ Ay o (T —Tp) + 2 WWfo(Tt - Tr)

e m — maca; k — rermonpoBigHicTh; W — mmpuHa pedpa;
t — ToBIIMHA peOpa; L — nomkuHa pedpa; a HYKHIN 1HJIEKC ti
M03HA4Ya€ BHYTPIITHIO Ta 30BHINIHIO CTOPOHHU.

Omnpasa

OmnpaBka OXOJOKYETBCSI Ta30M HH3BKOTO THCKY
B3/I0BXX 30BHIITHBOI ITOBEPXHi, a BHYTPIIIHS TOBEPXHSI
BBaXKa€ThCsl aniabarnynoro. Tomy piBHsSHHA eHeprii (8)
B3JI0B)K OCHOBOT'O HAIPSIMKY 3aIIHCY€THCS TaK

AT 92T,
mmCm ot =k Am 92 +hApm(Tl m)a (8)
0Tm 92Ty, 02T,
mmCm P =k Am o2 +Am? + hlAp,'m(Tl - Tm),
(8a)
Cocyn Ipiopa

Cocyn Jlptoapa 3HH3Y OXOJIOMKYETHCS Ta30M HU3BKO-
TO THCKY B3IOBX BHYTPIIIHBOI ITOBEPXHi, a 30BHIIIHS TI0-
BEPXHsI Ma€ KOHBEKTUBHUH 1 pafialiiHuil TerooOMiH, 1o
BU3HAYA€ThCS 32 Popmyioro (9)

I _ g
ax 4) aTd 92 Td
dpuu _ _O_P 2fpu? ded ded + hl pd(Tl Td) +
ax  ox ' d ) )
+ hy (Tl'ddo)(TéL - T;mb)'
Tennogpisuka ma mennoeHepaemuka, 2025, m. 47, Ne3 57



TEMNNO- | MACOOBMIHHI NMPOLIECU TA AMNAPATW, TEOPIA TA NPAKTUKA CYLLIHHA

aT a2t a%T,
ded a—: = deszd +Ad arzd + hlhlAp,d(Tl — Td) +
(%a)
+ hr (T[ddo)(Tc‘l} - T;mb)e

e hr — xoe(imieHT paiaiifHoro TermI000MiHy; a - HIXKHIN
iH7eKc, amb — TeMIieparypa HaBKOJIHUIIIHBOTO CEPEIOBHIIIA.

Comio
Macoga BuTpaTta m 0e3 3MiHH eHTanbITil H gepes cormto
3aIUCYETHCS SIK

(r+1)0,5

. 2 —_
m = Cq [YPizPnzAnz [; + 1] v , Hoye = Hin, (10)

ne Cd — xoedilieHT MpOTIKAHHS COILIA; Y —TEIJIOEMHICTb
ra3y; H — eHTanbmis; a HKHIHN 1HIEKC NZ TIO3HAYa€ COILIO.

TepMonuHaMiuHi BIACTUBOCTI poOOUOro Tija raszy (Ha-
MIPUKIIA]T A30TY) 3HAXOAATHCS OKPEMO 13 YHCETbHUX JIKEPETL.

Takum uymHom anani3z mopeni (1)-(10) moxkasye, 1o
ABTOPU HE BPAXOBYIOTh TEIUIOBHH CTaH BAXIMBUX MACHB-
HUX YacTHH MpHJIaLy, a came IITyLep Tojadi razy BHCO-
KOTO THCKY 1 KpiruieHHs J[proapa 3 MiKpOXOJIOIUIBHHKOM
(pucl,a, mo3uttii 1 i 6) a Takok HAWO1IBIIT XOJIOIHOTO JIBOTO
nozBiHOrO TopIst Jlptoapa 3 marumkom (puc.l,a i 2), mo
CYTTEBO BIUIMBAE Ha TeMIepaTypy jaardmka, camoro MKX
1 Oro  XOJIOMOBHPOOHHUIITBO. B WX MICIAX TpamieHTH
TEeMIEpaTyp 1 TEIJIOB] TIOTOKK 3HAYHI 1 HATPABJICHI B3IOBXK
oci r (puc. 1 i 2), aje BOHH HE BPaxOBYIOTbCS B MOJEIi
(1)-(10), sixa o cyTi € ABOBUMIpHOIO (Tinbku oci X i, &)

contour3 1

Static Temperature (mi
1550

1 1€ 1 HeZIOMIK. ABTOPH ITi€l pOOOTH JTOTIOBHHIIHM iCHYIOUY
JIBOBUMIpHY MOJIEIb JIO PiBHS OLJIbII TOYHOI TPUBUMIPHOT
Mozem HuIIXoM 3aMiHM piBHAHB (8) 1 (9) Ha piBHSAHHA
(8,2) i (9,a2), B IKMUX IpyTi JOAATKA HA TEMHOMY (DOHI BKE
BpPaxoBYIOTh BCI TPaJi€HTH TEMIEpaTyp 1 TEIUIOBi IMOTO-
ku. Jlopeui, piBeHb TEMJIOBUX MPHUTOKIB Yepe3 IUTyuep i
kpituteHHs [[proapa B B cam J{roap i MKX ckmnanae 6inbiie
50% Bix 3aransHOTO X0NMomoBupooHUITBa MKX. KinmbkicHi
PO3IOJIIN TeMIIepaTyp, TEIJIOBUX MOTOKIB 1 XOJI0I0BHPOO-
HunTBo MKX B npumani tumy puc.l i 2 aBTOpH IUTaHYIOTh
TOCITIKYyBaTH HaIai.

Po3msiHyTi MaTemarnuHi Mozpeni (Gi3MYHHX MPOLECiB
HE BUKOPHUCTOBYIOTh Cy4acHi KOMIT IOT€PHI TEXHOJOTIT s
MOJICTIIOBAaHHS TEPMOTa30AMHAMIYHUX TIporeciB. Hapasi
ICHY€ HHM3Ka MOTY)KHUX 1 TOTOBHX KOMIT IOTEpHHX MPOTpam
(cepemoBui) [5-6], sIKi JTO3BOJIAIOTH PpEaNi30BYBATH IIIH-
pOKHii CrieKTp (DI3UIHUX 1 MATEMAaTHIHUX MOJETICH, B TOMY
YHUCII MIKPOXOJIOIMJIBHUKK 3 cocyoM Jlproapa Jjisi oxo-
JIOIKEHHS MIKpOCXeM 1 gaTyukiB. Cepen TaKuX TEXHOJOTIH
€ Tak 3BaHa moimroBa CFD TexHojOTisA, B paMKax SKoi
00’€eKT po30MBAETHLCS HA BEJIIUKY KiNBKICTh PO3PaXyHKOBUX
KOMIPOK 1 0fIepKy€ ACTaTbHUI PO3MOILT BETHUNH (Hi3HIHUX
mporeciB (puc. 3, mo3. 1). € Takok Tak 3BaHa BY3JIOBa
TEXHOJIOTIs, B paMKax sIKOi B 00’€KTI BHIISIETHCS TICBHA
KUJIBKICTh PO3PaxXyHKOBHX BY3JIiB, B SIKHUX PO3PaXOBYIOTHCS
3HaueHHs (DI3UIHUX BEJIUYHH IIporeciB (puc. 3, 1mo3. 3).

CFD TexHosorisi J03BOJISIE aHAli3yBaTU JCTaIbHUIMA
po3mofin BenuuuH (Pi3MYHHMX TMPOLECIB OKPEMO B3STHX
00’€KTiB, B TOH Yac sIK By3JI0BA TEXHOJIOTIS 103BOJISIE OTHO-
JacHO aHaNi3yBaTd (i3WUHI MPOIECH MOBIUIHHOI KITHKOCTI
00’extiB. OOMIBI TEXHOJOTIT MOXIIUBO 00’ €THYBaTH MiX
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Puc. 3. Komn’romepnua mooenv mikpoxonoounvhuxa 3 cocyoom /vroapa: 1 — cocyo /vioapa euxonanuii ¢ pamxax CFD

mexHonocii ¢ komn’romepnomy cepeoosuuii ANSYS CFD, 2 — pucynok mMikpoxonoounvHuka, 3 — Kown’iomephna

Mo0enb MIKpOX0100UNbHUKA, BUKOHAHA 8 PAMKAX 8Y371060i mexnonocii ¢ cepedosuuii FIOWNEX SE

Figure 3.— Computer model of a microrefrigerator with a Dewar vessel: 1 - Dewar vessel made within the framework

of CFD technology in the ANSYS CFD computer environment, 2 - drawing of a microrefrigerator, 3 - computer

model of a microrefrigerator made within the framework of nodal technology in the FIOWNEX SE environment
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c000I0 I CTBOPEHHS TaK 3BaHUX TIOpUIHUX MOIETCH,
sIKa TAKOXK MOKazaHa Ha puc. 3, 1e Mojaenb cocyny Jproa-
pa BukoHanuii B pamkax CFD Texnomnorii (puc. 3, nos. 1),
a momenb MKX BHKOHaHA B paMKax BY3JIOBOI TEXHOJOTIl
(puc. 3, mo3. 3), 0 J03BOJIIE BPaxyBaTu BCi OCOOIMBOCTI
MKX 3 cocynom [proapa. Lle Oyzne Tex nokazaHo B OAaIb-
muX poOOTax aBTOPIB.

BucHoBkn

1. PosmstHyTO mpHHOMI POOOTH 1 KOHCTPYKIIIO
MmikpoxononmibHUKIB (MKX) 3 edexrom [Ixoymsa-Tomco-
Ha JUIsl OXOJOJKEHHSI MIKPOEGJIEKTPOHIKH 1 iHppauepBOHNX
JaTt4yrKiB. Buxonsum i3 MiHIaTIOpHHX PpO3MIpIB Camoro
MKX (3-15 mm B giametpi i 3-10 cM JOBKHHOIO) i OKpEMHUX
4acTHH (011 MM) TEINIOOOMIHHHUKA (OPMYJIFOETHCSI BUCHO-
BOK, 1110 Cy4YacHe MOZICIIOBaHHS € BKJIMBHM 1HCTPYMEHTOM
JIeTaJbHOIO aHallizy TepMorazoanHamiuHoro crany MKX 3
cocynoM Jlproapa i onTuMmizariii ix mapameTpis.

2. Posmisimaerscsi  icHyroua JIBOBHMIpHa  MOZETb
tepMorazonuHamiunoro crany MKX 3 cocynom /lproapa,
sAKa HE BPaxXOBy€ TEIUIOBHI CTaH MITyIepa Mojadi rasy i
Kpimenns J[proapa 3 MIKpOXOJOAMIBHUKOM i1 MOJBIHHOTO
Topus /lproapa, 1o cyTTeBO BIUIMBAE HA TEMIIEPaTypy AaT-
guka, camoro MKX 1 #oro XomomoBUPOOHHUIITBO.

3. TlpomonyeThcs Oinbll TOYHA TPUBUMIpHA MaTeMa-
THUYHA 1 KOMIT FOTEPHA MOJIEINb, 1110 T03BOJISIE BPAaXyBaTH Te-
IUIOBUH CTaH NepepaxoBaHUX BUILE YaCTUH IIPUIIALLY.

4. Po3mIstHYTI KOMIT FOTE€PHI TEXHOJIOTIT 1 KOMIT IOTepHI
porpamMu (CepeoBHIN), sIKi JO3BOJISIIOTH  Pealli3oByBaTH
(hizmuHI 1 MaTeMaTHYHI MO IS aHaTi3y 1 omTHMi3alii
napamerpie MKX 3 cocynom Jlproapa jisi OXOJIOMKSHHSI
MIKPOCXEM 1 JJaTYHKIB.
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The principle of operation and design of
microrefrigerators (MRCs) with the Joule-Thomson
effect for cooling microelectronics and infrared sensors
are considered. The organization of countercurrent heat
exchange between a direct compressed gas flow to the
throttle and a cooled expanded gas flow after the throttle can
reach cryogenic temperatures. The last decades have been
devoted to the choice of the design of such MRCs, as well
as the development of mathematical models and computer
programs to select the optimal parameters of these designs.
Based on the miniature dimensions of the MRC itself (3-15
mm in diameter and 3-10 cm in length) and individual parts
(fractions of mm) of the heat exchanger. The cooling capacity
characteristic of such MRCs is also small and lies in the
range of 1-4 watts and depends on the pressure level at the
MRC inlet, and the rate of its cooling (self-cooling) reaches
several seconds. The operating temperature of the MRC
depends on the type of working fluid, for example, nitrogen
to reach the level of -196 °C. To ensure minimum working
fluid consumption in the MCC, there is a throttle microvalve,
which is self-regulating depending on the temperature of the
working fluid behind the nozzle. It is concluded that modern
modeling is an important tool for detailed analysis of the
thermo-gas-dynamic state of the MCC with a Dewar vessel
and optimization of their parameters. The cooling capacity
characteristic of such MCCs is also small and lies in the
range of 1-4 watts and depends on the pressure level at the
inlet to the MCC, and the rate of its cooling (self-cooling)
reaches several seconds. The operating temperature of the

MCC depends on the type of working fluid, for example,
nitrogen to reach the level of -196 °C. To ensure minimum
working fluid consumption in the MCC, there is a throttle
microvalve, which is self-regulating depending on the
temperature of the working fluid behind the nozzle. Thus,
the miniaturization of the MCC and the Dewar vessel leads
to the conclusion that the possibility of modeling various
MCC designs has become an important tool for studying and
optimizing the parameters of the thermogas-dynamic state
of the MCC, taking into account the average dimensions and
individual parts of the MCC, while experimental studies are
much more complicated. Based on the title of this work,
using the example of a miniature microrefrigerator with
a spiral capillary tube with ribs, a nozzle, a frame and a
Dewar vessel, the existing typical two-dimensional model
of the thermogas-dynamic state of the MCC with a Dewar
is considered, which does not take into account temperature
gradients in the radial direction, which is a certain problem
in modeling. The aim of the work was to supplement the
existing two-dimensional mathematical model to the level
of a more accurate three-dimensional model to take into
account solid parts of the MCC, as well as the use of modern
computer technologies for implementing models, which
is the novelty of the work. The authors of this work have
supplemented the existing two-dimensional model to the
level of a more accurate three-dimensional model by adding
differential components along the radial axis of the model to
take into account all temperature gradients and heat flows,
which also significantly affect the overall refrigeration of the
MCC. The application of computer technology for modeling
the thermo-gasodynamic processes of a microrefrigerator
with a Dewar vessel for cooling microcircuits and sensors,
namely field CFD and nodal technology for creating both
separate and so-called hybrid models, is also considered.
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