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Ba)kHelLwen cOCTaBHOM YacTbio OXJ1aXAaeMbIX

¢poTonpueMHbIX Moaynen aBnseTcs

MUKPOKPUOreHHas cucteMa KpMocTaTUpoBaHus,

BO MHOIrOM onpejensiowas TeXHUKOo-

3KCM/IyaTauMOHHbIe XapakKTepUCTUKU U3aenmns.

B AO «OKB «ACTOPH» paspaboTaHbl U BHeApeHbI

B NPOU3BOACTBO KOHCTPYKLUU MUKPOKPUOT€HHbIX

cucTeM KpuoctaTupoBaHus, [laHHas paspaboTka

SIBNISieTCA COCTaBHOWM 4acCTblo NpOrpaMmbl pasBUTUS

AO «OKB «ACTPOH», rpe pa3paboTaHbl 1 3anyLLeHbl

B NPOU3BOACTBO GpOTONMpPUEMHbIE MOAY/IM AMANA30HA

7-14 MKM pa3mepom 384 x 288 n 640 x 480 3nieMeHTOB.

O 3anuu «CTpaTerMyd Hay4HO-TEeXHOJIOTHYeCKOro
pasButus Poccurickonl ®Pemepaliik», YTBEPK-

JeHHoU YKasoM IIpe3upeHTa Poccurickor Penepaliiu

or 1 /:[eKa6pH 2016 roga N2 642, SBISIIOTCS TeXHOJIOTHH

OITO3/IeKTPOHHUKU U (POTOIEKTPOHUKH. TexHOIOIHH

$OTO3/IEKTPOHUKHU ~ KPUTUYECKHE TeXHOIOTUH, OIIpefie-

JISIIOLNYe CTelleHb TeXHOJIOTMYeCKOIo pa3sBUTHSL FOCyAap-

CTBa. YPOBEHb COBPeMeHHOM (OTOIMEeKTPOHUKH, B CBOIO

oudepenib, BO MHOTOM OIpefe/sieTCsl Pa3BUTHEM TEXHOJIO-

T'UI HOBBIX IIOKOJIEHUH, OX/IasKIaeMbIX GpOTOIIPHEeMHBIX
Mogynet (®IIM) 1 MUKPOKPHOI'eHHBIX CCTeM K HUM.

OJHHUM H3 BaSKHEHIITHX HaHpaBHEHI/Iﬁ peanu-

NMOCTAHOBKA 3AJAYUN

OTevyecTBeHHEIe IIPOM3BOLUTEIM Pa3/IMYHBIX THUIIOB
OXJIKAAeMBIX GOTOIIPHEMHBIX YCTPOMCTB HY KIAOTCS
B KPYIIHOCEPHUIMHOM IIPOM3BOJCTBE MHKDPOKPHOIEH-
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INTEGRAL MICROCRYOGENIC
STIRLING SYSTEMS

AS A PART OF CRYOSTATTING
PHOTORECEIVING MODULES
BASED ON LONG IR REGION
MATRIX
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1JSC "Optical-Mechanical Design Bureau "ASTRON",
Mytishchi, Moscow region
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The most important component of the cooled
photoreceiving modules is the micro cryogenic
cryostat system, which largely determines the
technical and operational characteristics of the
product. JSC"ODB "ASTORN" has developed and

put into production the designs of microcryogenic
cryostatting systems. This development is an integral
part of the ASTRON's development program, where
the photoreceiving modules of the 7-14 pm band

with the size of 384 x288 and 640 x480 elements are

developed and put into production.
O implementation of the "Strategy of scientific

and technological development of the
Russian Federation", approved by Decree of the
President of the Russian Federation No. 642 dated
December 1, 2016, is the technology of optoelectronics
and photoelectronics. Photoelectronics technologies
are the critical ones that determine the degree of
technological development of the state. The level
of modern photoelectronics, in turn, is largely
determined by the development of new generation
technologies, cooled photoreceiving modules (PRM)
and their microcryogenic systems.

ne of the most important areas of

SETTING THE PROBLEM

Domestic manufacturers of various types of
cooled photoreceiving devices require large-scale
production of microcryogenic systems (MCS) with
higher efficiency, lower weight and size indicators
and a life of up to 20 thousand hours and more.

DOI:10.22184/FR0s.2019.13.1.58.64



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
OPTICAL ELECTRONIC SYSTEMS & COMPLEXES
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

HbIx cucTteM (MKC) ¢ 6oee BeicOKMM KIIJI, ITOHMKEH-
HBIMH MaccorabapHUTHBIMU IIOKa3aTelsIMHU U C pecyp-
coM /10 20 TBICSY YaCOB 1 BhIIe. Ha ceroMHANIHUM IeHb
B POCCHM OTCYTCTBYeT BBIIIYCK Ka4eCTBEHHBIX MUKPO-
KpUoreHHeIX cucTeM (MKC), yooBIeTBOPSIOIIHUX IIPO-
usBogutener ®IIM, Torma Kak 3a py6e>K0M BeyTCa
aKTUBHBIe PabOTHL 10 YBeJIMUEHUIO CPOKA 3KCILTyaTa-
LMK CyLeCTBYIOIINX KPHOOX/IaluTe/ ek, IIPOBOSUTCS
paspaboTka M OCBOeHHe MPOM3BOACTBA IPHUHIIUIIH-
JIBHO HOBBIX CHCTEM [JJISI KPHOCTATUPOBAHMA.

B AO «OKB «ACTOPH» pa3paboTaHbl U BHeIpeHBI
B IIPOM3BOACTBO KOHCTPYKUKH MKC, criocobHble KOH-
KypHUPOBaTh C JYYNIMMH aHAJIOTMYHBIMH I10 KJIaccy
3apybeskHBIMU 06pa3LiaMiU CHCTeM OX/IaKIeHHS.

ITpu mpoexkTupoBaHuu MKC AO «OKB «ACTPOH»
OBITM MCIIONB30BAHBI CIIOCOOBI K TEXHOJIOTHYe-
CKHe pelleHHs s MOBBIIIEeHHSA 3PPeKTHUBHOCTH,
yAy4dLIeHUs MaccorabapHUTHBIX, 3HEPreTHYecKUX
U pecypCHBIX IIOKa3aTesiell MHTerpabHbIXx MKC xo510-
JONPOU3BOAUTeNbHOCTBI0 500 1 750 MBT (mpu HKY
u T,=80 K), paboTaromux 1o 3aMKHYTOMYy 06paTHOMY
TepMOra3ogHuHaAMHUYeCKOMY pereHepaTUBHOMY LIMKITY
CTUp/IMHIA C BHYTPeHHeH pereHepalHed TeIlla,
B KauecTBe pabouyero Tejaa KOTOPOIO HCIIONB3YeTCs
CBEPXUMCTBIN ra3000pa3HBIN IeTHH.

OCOBEHHOCTUN KOHCTPYKUWNU MKC
Paspaboranusle MKC (puc. 1) - 3T0O MHKPOMOZYIH,
COCTOSIIMe K3 MOPIIHEBBIX MAIIMH U TeIIoobMeH-
HBIX aIlIIapaToB B BHUJe eQUHOro 610ka. OTCYTCTBYeT
3allOpHasl apMaTypa, yMeHbIlIeHbl pa3Mepsl U Macca,
yIy4IIeHbl SHepreTHYeckye IoKasaTeIu.

Crnegudpurka nukiaa Takux MKC ocHOBaHa Ha
IpoleccaX KOMIIPUMUPOBAHHS M 3KCIAHCHUU KpH-
0areHTa, COIPOBOKIAIUIUXCS TEIIOMACCO0bMeHOM
MeXKIy IOJIOCTAMHU C Pa3sIHYHBIMU TeMIlepaTypaMH,
HeCTAllMOHAPHOCTBIO IIPOLIECCOB B TEIIOOOMEHHBIX
amnmnaparax, QIIOKTyallUsIMU TeMIlepaTyp, [IOTepsIMU
XOJIOAOTIPOU3BOAUTENbHOCTH Pa3TUYHOM IIPHPOAEI.
YKaszaHHBIe OOCTOSTENBCTBA B 3HAUUTENBHON CTe-
IIeHU 3aTPYAHSIIOT MaTeMaTH4YeCKoe MOJe/IMPOBaHKe
IOJOOHBIX YCTPOKMCTB. MaKCHMMAIbHO IIOTHBIM yd4eT
II0TEPh XOJI04O0Impou3BoAuTebHOCTH MKC - 3aor
[IOBBIIIEHUS UX 3PPEeKTHBHOCTH .

ITonHas XOJIOAOIIPOM3BOAUTEIBHOCTh HEaIbHOIOo
nuKkiaa CTUpIUHTA:

Q,=MRT,In(V,/V,),

rge M - MaccoBbIM Pacxof rasa-KpHoareHrTa; R - raso-
Basl IIOCTOSSHHasi pabodero rasa; T, - TemIepaTypa
KPHUOCTAaTUPOBaHUs; V;, V, - 06BeMBI IIOJIOCTEH CXKa-
THS U paCIIHPeHUsI, COOTBETCTBEHHO.

=

Today, no high-quality microcryogenic systems
(MCS) are produced in Russia that may satisfy the
manufacturers of PRM, while abroad there is an
active systematic increase in the life of existing
cryo-coolers, development and mastering of the
production of fundamentally new systems for
cryostatting is underway.

JSC "ODB "ASTORN" has developed and put
into production the designs of the MCS, capable of
competing with the best foreign-class cooling systems
of the same class.

When designing the MCS, the specialists of
JSC "ODB "ASTRON" applied the methods and
process solutions to improve efficiency, improve
the weight and size, energy and operational life
indicators of the integrated MCSs with a cooling
capacity of 500 and 750 mW (under normal climatic
conditions and T,=80 K) operating in a closed reverse
thermogasdynamic regeneration Stirling cycle with
internal heat recovery, using ultrapure helium gas as
the working medium.

FEATURES OF THE MCS DESIGN

The developed MCS (Fig. 1) are the micromodules
consisting of piston machines and heat exchangers in
the form of a single unit. They have no valves, reduced
size and weight, improved energy performance.

The specificity of the cycle of such MCSs is based
on the processes of compression and expansion
of the cryoagent, accompanied by heat and mass
transfer between cavities with different temperatures,
non-stationarity of processes in heat exchangers,
temperature fluctuations, and loss of cooling capacity
of various nature. These circumstances greatly

—

Puc. 1. MukpokpuozeHHbie cucmembl AO «OKE» ACTPOH»
Fig. 1. Microcryogenic systems by JSC “ODB ASTRON"
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ITonmesHass XOJIOAOIIPOM3BOAHUTEIBHOCTD OXJIAJH-
Tesist CTUP/IMHIA:

Q.=Q,-4Q,
rae AQ= QHe;L. +Qpp t Qnep. +Qprt anp. + Qr[poq. - IIOTepH
XOJIOAOIIpOU3BOAUTEIIBHOCTH  OT HEB(I)(I)EKTI/IBHO‘

CTH TeruioobMeHa B pereHepaTope, TeIJIONPHTOKOB
I10 3/IeMeHTaM KOHCTPYKIMH, [lepeTeyek KpHoareHTa,
IlepeHoca TeIlJla BBITeCHHTeJIeM, T'HIpaBIHYeCcKHe
[0TepH, IIpoulie IIOTEPU, COOTBETCTBEHHO [1-3].

MKC maHHOro Kjlacca — 3TO TaKKe BbICOKOTOYHBIN
MeXaHH3M, [eTaJik KOTOPOIO BBIIOJHSIOTCS Ha IIpe-
LIM3MOHHBIX CTaHKaX C TOYHOCThIO 0,1 MKM U IIOBTO-
psemocthio 1 MkM. AO «OKB» ACTPOH» obimazaer
IIapkoOM TaKMX CTaHKOB. Ha puc. 2 mpeacTaBjaeHBI
HEKOTOpbIe pel3uoHHbIe qeTanu MKC.

MKC B HHTerpaJibHOM HCIIOTHEHUH 061afaroT
OOCTaTOYHO BBICOKOM 3$PeKTHUBHOCTBIO, IIOCKOJIBKY
paszmeneHue 6/710KOB IIPHU peajM3alluy LUKIA CIIHAT-
CTUP/JIKHT yBeTHUYHBaeT “MePTBLII» 00beM I10/I0CTeH
YCTPOMCTBA, THUAPAaBANYeCKHe IIOTepH B KaHalax,
a IJIaBHOe, 3aTPYAHSIETCS BO3MOKHOCTD JOCTH KEHMUS
OIITUMAJIBHOIO yrja $pa3oBOr0 CABHMIA MeXKIy MaKCH-
MaJIbHBIM 00BbEMOM IIOJIOCTH CKaTHS U MHHHMAJb-
HBIM [IaB/IeHHeM I10JIOCTH PacllKpeHu4 [3].

MKC ocHaIllleHa 371eKTpPOABHUIaTe/lIeM C peryiupye-
MBIM YHCIOM 060pPOTOB, UTO IT03BOMISIET B CTALIMOHAP-
HOM peXKHMe IIOAJEePKHBATh TeMIIepaTypy KpHOCTa-
THPOBAHHS IIPU HU3KOM 3HeprornorpebieHun (MeHee
3-4 Bt). Masoe sHepromnoTpebieHre OTpaskaeTcs Ha
MOBBIIIeHUH pecypca MKC M ammapaTypsl B LIeJI0M,
yMeHbIIeHUH YPOBHS BHOpPOBO3[eMCTBUS Ha (OTO-
IpueMHBIM MoAynb (PIIM), 4To BecbMa BasKHO /IS
nony4deHUs: TpebyeMbIx POTO3IeKTPUUECKHX IIapaMe-
TpoB. B KavectBe mpusoma MKC

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
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complicate the mathematical modeling of such
devices. The most complete accounting for the loss of
cooling capacity of the MCS is the key to increasing
their efficiency.

Total cooling capacity of the ideal Stirling cycle:

Q,=MRT,In(V,/V,),

where M is the mass flow rate of the cryoagent gas;
R is the gas constant of the working gas; T, is the
temperature of cryostatting; V;, V, is the volume
of the cavities of compression and expansion,
respectively.

Useful cooling capacity of the Stirling cooler:

Qn=Qe_AQ,

where AQ=Q1-Ie,c[. +QTH+Qnep. +Q-BT+QI‘I/IHP. +Qr[p0'{. is the
loss of cooling capacity due to inefficiency of heat
exchange in the regenerator, heat leakage along the
structural elements, overflows of the cryoagent, heat
transfer by the propellant, hydraulic losses, other
losses, respectively [1-3].

The MCS of this class is also a high-precision
mechanism, the details of which are manufactured
on precision machines with an accuracy of 0.1 pm and
a repeatability of 1 pm. JSC "ODB "ASTRON" has a fleet
of such machines. Fig. 2 shows some precision details
of the MCS.

The integral-design MCSs have a sufficiently high
efficiency, since the separation of blocks during the
implementation of the split-Stirling cycle increases the

"dead" volume of the device cavities, hydraulic losses
in the channels, and most importantly, it is difficult
to achieve the optimum phase shift angle between the

HCIIOIb3yeTCd BbICOKOI)PEKTUB-
HBII MOMEHTHBIH 3J1eKTPOJBH-
ratejib B 00Jer4YeHHOM HCIIOJI-
HEHUU COBMECTHOHM Pa3paboTku
000 «Mopem-Texno» u AO «OKb
«ACTPOH»., JIBUraTenb COCTOUT
M3 CTATOPa, COCTOSILEro U3 JeBATU
06MOTOK, K PpOTOpa, BBIIIOJIHEH-
HOTO M3 pefKo3eMeIbHOIO0 Mar-
HUTHOIO MaTepHasa B KONbLIEBOM
HCIIOTHeHUuHU. Ha Baly 371eKTpo-
IOBUIaTe/Nsl YCTAHOBJIEH [JAaTUUK
I0oJIO>KeHUsE XoJ1a. JNeKTPOHHBIN
670K yIpaB/leHHUs peryiupyer
paboty anexrTpomBuraresns, obecre-
YMBasI IUTaHHe 0OMOTOK CTaTopa.

Puc. 2. lNpeyu3uoHHble demanu MKC
Fig. 2. MCS precision parts

BenmuunHa u IIPOAO/IKHUTE/IPHOCTD
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[10,aBaeMOro Toka GOpPMHUPYETCs I10 IT0Ka3aHUIM JaT-
YHKOB X0j1/Ia U TePMOAATYHMKA B 30He KPHOCTATHPOBaA-
HUsl OIIM. D/IeKTPOHHBIN 670K YIIpaBaeHHs BBIIIOJN-
HSETCS BCTPOEHHBIM B 3JIEKTPOABHIATeIb. BasKHBIM
3JIeMeHTOM KOHCTPYKLMH [BHUTaTe/Is SBJISeTCS H30-
THUPYIOLWHN 3KpaH, Pa3fe/sioIlHH I0JIO0CTh 3/1eKTPOo-
ABUTraTessl U BHyTPeHHUH 06beM MKC. 9To 11o3BossieT
KCK/IIOYUTH II0aJlaHue IIOCTOPOHHUMX YaCTHI] CO CTO-
POHBI CTaTOpa B Fa30BYIO [10JIOCTh MalllHBI.

B mycKoBOI1 IIepHof, ccTeMa paboTaeT ¢ MaKCHMaIlb-
HBIM YHC/IOM 060poTOB, obecrieunBas Tpebyemoe BpeMs
TOTOBHOCTH. [IpH JOCTH>KEHHU pabouer TeMIlepaTypsl
KPUOCTaTUPOBAaHHUS CHCTEMa IIePeXOJUT Ha PeKUM
C YHCTIOM 060pOTOB, 0becIIeurBAOIIMM Kb II0/IaBIIe-
HHe TeIUIONPHUTOKOB, KOTOPble IIPX MHTETPAJIbHOM CThI-
KoBke MKC u ®IIM He mpesnimaior 0,2-0,3 BT. TakuMm
obpaszom, MKC paboTaeT B peskuMe 3HeprocbepeskeHHUsI
B IIYCKOBOM IIepuofe, moTpebmsist mo 30 Bt, a B cTauuo-
Hape He 6ostee 3-4 BT. 9To 3HaUMTeIbHO CHIDKaeT BU6po-
akTUBHOCTH MKC, 4TO 0CO6EHHO BasKHO ISl OCHOBHOL'O
pesxkriMa pabotsl PIM, a MOHMKEHHOe YHC/I0 060pOTOB,
KpOMe TOr0, OTKPBIBAET I1yTh COBEPIIEHCTBOBAHMS KOH-
CTPYKLIMM M TEXHOJIOTHM B BOIIPOCaX I0f100pa aHTH-
GPUKLUMOHHBIX MaTepHaJIOB [Jisl [OBeAEeHUs pecypca
pabotsl PIIM mo 10000 1acoB u 6oree.

I[TockonbKy ccTeMa paboTaeT 1o 06paTHOMY LIUKITY
CTUp/IMHIA C MCIIO0/Ib30BaHHEM IIOCTOSSHHOIO KOJIM-
YecTBa KpPHUOAreHTa, 3HAYMTENbHO BO3pacTaeT BiIM-
sSHUe yTe4deK M IlepeTedeK, Ta30BBIJEIeHHH, ¢MepT-
BOro» obbemMa, rUAPABINYECKUX I1I0TePb U Ap. B cBS3HU
C 3THM MCIIO/Ib3yeMble TeXHOJIOTHYeCKHe IIPOLIeCCh
IOJIKHBIL COOTBETCTBOBATb BO3POCUIMM TpebOBaHUSIM,
IIpeabsiB/IsiEMBbIM K IIPou3BoACTBY MKC.

OOHOM U3 IVIaBHBIX ocobeHHoOcTell maHHOM MKC
SIBJISIETCS. HAJIM4He B paboueM obbeMe CHCTeMbl BCTPOeH-
HBIX TeIZIOOOMEHHBIX aIllIapaToB. JTO OOBSICHSIET CIOXK-
HBIM XapaKTep IpOTeKaHHUs IIPOLIeCCOB B LIMKIE, 3aTPYyA-
HSET OLIeHKY BIMSHMS M3MeHEeHMs KaKI0ro rapaMerpa
Y KOHCTPYKTHBHOIO GpaKkTOpa Ha XOI0J0IIPOU3BOAUTE b
HOCTb U 3QPEeKTHBHOCTh CICTEMBI, IIOCKOJIBKY 3T HU3Me-
HEHHS BJIMAIOT He TOJIBKO Ha ITPOLIeCCHl B KOHKPETHOM
37IeMeHTe CUCTeMBI, HO M Ha BeCh PAabOYHE LIUKII.

OCHOBHOM NPHUYHHOMN CHIDKeHHS 3)GeKTHBHOCTU
MKC 4BJISIIOTCS IIOTepU B pereHeparope. B 3aBHCHUMO-
CTH OT YPOBHSI KPUOCTaTHPOBAaHMS, Pa3MepOB M THUIIA
CHCTeMBI II0TePH MOTYT COCTaB/IATE 0T 30 10 90% pacrio-
JlaraeMol MOIIHOCTH OXJIaKIeHHsl. JTO 0OBSCHSeTCS
criennGUKOI PaboThI BCTPOEHHBIX pereHepaTopoB, Tak
KaK ra3oBble II0JIOCTU pereHepaTopa BKIIOYeHsI B pabo-
4y 06beM MKC. OHH COCTaBISIIOT OKosO 70% BCEro
«MepTBOro» obbema CHCTEMBI, T.e. SIBJISIOTCS OFHOM
13 OCHOBHBIX IPUYMH YMeHBIIeHHs yOeabHOH XO0JI0-
JOIIPOM3BOAMTEIBHOCTH, a CJIHOBATE/IbHO, U 3ddeK-

i1

maximum volume of the compression cavity and the
minimum expansion cavity pressure [3].

The MCS is equipped with an electric motor with
an adjustable rotational speed, which makes it
possible to maintain the temperature of cryostatting
at low power consumption (less than 3-4 W). Low
power consumption is reflected in the increase in the
life of the MCS and the equipment as a whole, the
decrease in the level of vibration of the photoreceiving
module (PRM), which is very important for obtaining
the required photoelectric parameters. As the MCS
drive, a highly efficient torque motor is used in a
lightweight version jointly developed by LLC "Modem-
Tekhno" and JSC "ODB "ASTRON". The motor consists
of a stator with nine windings and a rotor made of
a rare-earth magnetic material in a ring design. The
Hall position sensor is installed on the shaft of the
electric motor. The electronic control unit regulates
the operation of the electric motor, supplying power
to the stator windings. The magnitude and duration
of the supplied current is formed according to the
indications of the Hall sensors and a thermal sensor
in the zone of the PRM cryostatting. The electronic
control unit is built into the motor. An important
element in the motor design is an insulating screen
separating the cavity of the electric motor and the
internal volume of the MCS. This eliminates the
ingress of foreign particles from the stator side into
the gas cavity of the machine.

During the start-up period, the system operates
with the maximum number of revolutions, providing
the required readiness time. When the working
temperature of cryostatting is reached, the system
switches to a mode with a speed that provides
only suppression of heat leakages, which, when
integrated, do not exceed 0.2-0.3 W for the MCS and
PRM. Thus, the MCS operates in the energy-saving
mode in the start-up period, consuming up to 30 W,
and in the stationary mode - no more than 3-4 W. This
significantly reduces the MCS’s vibratory activity,
which is particularly important for the main mode
of operation of the PEM, and the reduced number
of revolutions also opens the way for improving the
design and technology in the selection of anti-friction
materials to bring the PRM working life up to 10,000
hours or more.

Since the system operates following the reverse
Stirling cycle using a constant amount of a
cryogenic agent, the impact of leaks and overflows,
outgassing, dead volume, hydraulic losses, etc.
significantly increases. Therefore, the processes
used must meet the increased requirements for the
production of the MCS.
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TUBHOCTH MKC. C/1eCTBHEM 3TOrO SIBJISIETCS SKeCTKOoe
orpaHH4YeHHe Ha pa3Mephl pereHeparopa [1].

ConennduKy KOHCTPYKUHHU pereHepaTopoB MKC
OIlpefensioT IJIaBHBIM o06pa3om Oosblnve ymaensb
Hble IIOBEPXHOCTH HACaAKU pereHeparopa (ot 104
1o 5-10% M?/ M%) 1 TakKe MaJlble IIONIepeYHble pa3Mephbl
TeIlIoNlepeJaloIIuX 3/IeMeHTOB M MaJlblil THIpaBIH-
YecKUI JHaMeTp KaHa/loB pereHeparopa (ot 0,1 MM
U MeHee), 6raromapsi YeMy OHa SIBJSIETCS BBICOKO-
3¢deKTUBHBIM QUIBTPYIOIIMM MaTepHajaoM. BcTpo-
€HHBIe pereHepaTophl UYBCTBHUTEJIbHBI K CTeIeHHU
YHCTOTHI pabouero Tena. 3aTBepleBalollre IIPUMeCH,
IIPOAYKTHl Ta3oBbIZe/IeHHS M H3HOCA, OCaKIasCh
B ¢XOJIONHBIX» CEUEHHSX pereHeparopa, pe3Ko yBelu-
YHBAIOT TUPaBIMYECKOe COIPOTHBIEHHE H, C/Ie[0-
BaTeJbHO, YMEHBIIAIOT XOJIOLOIIPOM3BOAUTEIBHOCTD
MKC. B mpoxXogHOM CeUYeHHM pereHeparopa JTaMH-
HAapHBIM IIOTOK Ta3a XapaKTepHU3yeTcs IleperasoM
JaBjleHUs 107, BAUSHHEM CHUJI TPeHHs M, COIJIACHO
ypaBHeHHUIO [lapcu-Bericbaxa, paBeH:

Ap=(§-p-v>D)/2:dy,

rae § - Ko3bPUIIHEHT COTPOTUBIEHHS CUJIAaM TPEHHUS;
p — YAeNbHBIN Bec ras3a; vV - CpeHsSI CKOPOCThb JBHKe-
HUsI rasa B 3a3ope; | - IuMHA KaHana; d,, - 3KBHBa-
JIeHTHBIM JHaMeTp KaHaja.

IIpy naMHHAapHOM Te4YeHHH Te/lusd B cedye-
HUH pereHeparopa (peXkuM, IIPU KOTOPOM 3KBHBa-
JIEHTHBIN JHaMeTpP MHOrO MeHbllle JJIMHBI KaHasa)
§=64v/(v-d,;), v - KHUHeMaTH4ecKas BSI3KOCTb rasa [4].
Torzma Ap=32-v-p-v*1/d, 2.

TakuM 06pa3oM, Iepernaj AaBIeHHS BCIEACTBHE
CHJI TPEHHUS IIPSIMO IIPOIIOPLIMOHAJIEH CPefHeH CKOpO-
CTH TeNUsl B CeUeHUHU pereHepaTopa X 0OpaTHO ITpo-
IOpPLMOHAJIEH KBaApaTy 3KBUBAJIEHTHOIO AHaMeTpa
Ap~v/d,,?. A TIOCKONIBKY OOBEMHBIM PacXoj IIPOXO-
pamero rasa: G=v-§, roe S - miomaAb IIOIePeUYHOro
ceyeHHUs KaHaua (S~d,,%), TO B UTOre Ieperas AaBje-
HUS 110 JJIMHE pereHepaTopa MeHSeTCS HOCTaTOYHO
OIIYTHMO C H3MeHeHHEeM 3KBHBAJIeHTHOTO JHaMeTpa
(TpPOIOPLIMOHAILHO 4-11 CTeIleHHU).

Hawubosee pacripocTpaHeHa HacaJKka pereHepaTopa
M3 IIPOBOJIOYHBIX CETOK, OHA I103BOJISeT B 3HAUUTEIb-
HOI CTeIleHU YIIPOCTHUTb TeXHOJOTHUIO HM3TOTOBIEHMS
pereHepaTopa U OBBICHUTH ero 3¢pPeXTHBHOCTD 33 CYeT
PaBHOMEPHOIO pacIpefe/ieHHsl MeTala II0 06beMy
anmnapata. CeTKa H3rOTaBIHMBAeTCSI U3 MSITKOH OTO-
SKKeHHOH ITPOBOJIOKH AHaMeTpoM 30 MKM.

OnTuManbHasg KOMIIOHOBKa pereHepartopa MKC
JaHHOIO THIIA — pa3sMellleHre BHYTPU BBITeCHUTEJIA.
TakoM BapHaHT KOHCTPYKTHUBHOIO PelleHHS HCIIO/b-
3yercsi B paspabateiBaemort MKC, 3TO ITO3BOJISIET
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One of the main features of this MCS is the
availability of built-in heat exchangers in the
working volume of the system. This explains the
complex nature of the processes in the cycle, makes
it difficult to assess the impact of changes in each
parameter and design factor on the cooling capacity
and efficiency of the system, since these changes
affect not only the processes in a particular element
of the system, but also the entire working cycle.

The main reason for the decrease in the efficiency
of the MCS is the regenerator losses. Depending on
the level of cryostatting, the system’s size and type,
the losses can be from 30 to 90% of the available
cooling capacity. This is explained by the specifics of
the operation of the embedded regenerators, since
the gas cavities of the regenerator are included in the
MCS’s working volume. They constitute about 70% of
the total "dead"” volume of the system, i.e. they are
one of the main reasons for reducing the specific
cooling capacity, and, therefore, the efficiency of
the MCS. As a consequence, a strict limitation on
the size of the regenerator occurs [1].

The design peculiarity of the MCS regenerators is
mainly determined by the large specific surfaces of
the regenerator nozzles (from 10* to 5-10* m?/m?3) as
well as the small transverse dimensions of the heat
transfer elements and the small hydraulic diameter
of the regenerator channels (from 0.1 mm or less),
so that it is highly effective filtering material.
Built-in regenerators are sensitive to the degree of
purity of the working fluid. Hardening impurities,
gassing and wear products, while precipitating in
the "cold" sections of the regenerator, dramatically
increase the hydraulic resistance and, therefore,
reduce the cooling capacity of the MCS. In the
flow section of the regenerator, the laminar gas
flow is characterized by a pressure drop caused by
friction forces and, according to the Darcy-Weisbach
equation, is equal to:

Ap=(€'p'vz'1)/2'daxs,

where € is the coefficient of resistance to friction
forces; p is the specific gravity of the gas; v is the
average gas velocity in the gap; 1 is the channel
length; d,,, - equivalent channel diameter.

In the case of helium laminar flow in the
regenerator section (the mode when the equivalent
diameter is much less than the channel length)
§=64v/(v-d,,), v is the kinematic viscosity of the
gas [4]. Then Ap=32-v-p-v*1/d, 2.

Thus, the pressure drop due to friction forces is
directly proportional to the average velocity of helium
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YMeHBIIUTh IOIepPeyuHble pa3Mepbl HH3KOTeMIIepa-
TYPHOIM 4YacTH. IIOCKO/NBKY AJIS yBelIHYeHHs Cpoka
CTY>KOBI CHCTeMBI YMeHBIIEHO YHC/IO IIUKIOB, YMeHb"
IIeHBI XOABI IIOPIIHS U BBITECHUTEISI, TO 3TO JaeT BO3-
MO>KHOCTb HECKOJIBKO YBeJTMUHTb UX JUAMETP U IIONY-
YUTb palllOHa/IbHbIe pa3Mepsl pereHeparopa [2].

OBECMEYEHUE YCTOWYNBOW
SKCIMJIYATALUN MKC

OcobeHHOCTH 3KCIUTyaTanuu MKC ompenensiorT sKecT-
Kue TpebOBaHMS K BUOPOAKTHBHOCTH. [[OIyCTHMBEIe
KosebaHUs XOJIOLHOIO LIFUIMHIPA CUCTEMBI B Pa3/INyd-
HBIX IIOCKOCTSIX He NOJIKHBL IIpeBblmaTh 10-20 MKM.
9to TpeboBaHme obecreunBaeTCcs BbIOOPOM pasme-
POB MeXaHHM3Ma K YypPaBHOBeIIMBAaHHEM BO3HHKA-
IOIIUX CHU/JA HHEePUHH M MOMEHTOB BPaIlAIOIIHXCS
Macc. IIpaBHIBHBIA BBIOOD KHHEMATHUYECKHX COOT-
HOILIeHUN MeXaHH3Ma ABUKeHMUS CII0COOCTBYeT yilyd-
IIeHUI0 rabapUTHBIX KM PEeCYPCHBIX XapaKTEPHCTHUK
CHUCTeM. B TaHHOMN cHcTeMe BOIIPOCHl YPaBHOBEIIHBA-
HHS UTPAIOT BaJKHYIO POJib, IIOCKOJIBKY OHa KOHCTPYK-
THBHO pealu3yeT HUHTerpaJbHBIM LHKI CTHPIHHIA,
He UMEeIOIIUI THOKUX Pa3Bsa30K [5].

MKC BrI04aeT B cebsi ABYXPSAHBIN KPHUBOLIUITHO-
IIAaTyHHBI MeXaHH3M, KOTOpBIH obecreunBaer
IIPUBOJ, KOMIIPECCOPDHOIO IIOPIIHS KM BBITECHHUTeN,
IpyuyeM [aBJleHHe HaJ, U II10[ BbITeCHHUTe/IeM IIpaK-
THYeCKH OJHMHAaKOBO U OTIMYAeTCs TOJIBKO BIHUSIHHEM
TUPABIMYeCKOr0 CONPOTHUBJIEHUS PpereHeparopa.
YrinoBoe pacIionoskeHHe IOPIIHeH («raMMar-cxema)
obecrieyrBaeT MaKkCHMalbHY0 3GPeKTHUBHOCTD IIUKIIA,
T.K. B TaKOM HCIIOJIHEHUH peajr3yeTcs OINTHUMAJIb-
HBIH $a30BbII CABUI IIepeMellleHHs ITopIIHeH [6].

BecbMa BasKHBIM MOMEHTOM, HEOOXOAMMBIM [T
HOpMaIbHOM paboTsl MKC, SIBISIeTCS YHCTOTA raso-

i g

in the regenerator section and inversely proportional
to the squared equivalent diameter Ap~v/d,>. And
since the volume flow rate of the passing gas: G=v-S,
where § is the cross-sectional area of the channel
(§~d,?), then the resulting pressure drop along the
regenerator varies quite noticeably with the change
equivalent diameter (proportional to the power
of 4).

The wire-meshed nozzle of the regenerator is the
most common one, it allows you to greatly simplify
the manufacturing technology of the regenerator and
increase its efficiency due to the uniform distribution
of metal throughout the apparatus. The mesh is made
of soft annealed wire with a diameter of 30 microns.

The optimal layout of the regenerator of the MCS of
this type is to be accommodated inside the displacer.
This constructive solution is used in the developed
MCS, it allows to reduce the lateral dimensions of the
low-temperature part. Since in order to increase the
operational life of the system, the number of cycles
is reduced, the travels of the piston and displacer are
reduced, all this makes it possible to slightly increase
their diameter and obtain efficient regenerator
sizes [2].

ENSURING SUSTAINABLE OPERATION

OF THE MCS

The features of the operation of the MCS define
stringent requirements for vibratory activity.
Permissible vibrations of the cold cylinder of the
system in different planes should not exceed
10-20 pm. This requirement is met by the choice
of the size of the mechanism and the balancing
of the inertia forces that arise and the moments
of the rotating masses. The correct choice of the
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BBIX I10JIOCTe, obecrieunBaromasi paboTocriocob6HOCTh
CHCTeMBl B TeueHHe BCero cpoka CIykObl 6e3 mo3a-
IIPaBKHU K 3aMeHbI KPHOareHTa.

Bce meTanu CHCTeMBI COiepsKaT PAaCTBOPEHHBIE B UX
rnybrHe MIM afcopbUpOBaHHBIE Ha IIOBEPXHOCTH
rassl. JTH rasbl C/lefiyeT IpeJBAapUTENbHO YAAIUTS,
TaK Kak OHMU OymyT BbIOeNATbCS B pabounil obbeM
CHCTEMBI, 3arpsI3HSTh ee Ta30BYIO II0JIOCTb, BBICAKH-
BaTbCSl B PereHepaTope, YMeHbIIas TeM CaMbIM XO0JIO-
JOIIPOM3BOOHTENIBHOCTE MKC, a TakKe JOJITOBEYHOCTh
Y HaJIe>KHOCTb paboTel cucTeMBI [7].

ObecrieueHre TpebyeMbIX HafeKHOCTH U MHOJIO-
BeuHOCTH paborsl MKC mpenpsBiseT ocobble TpeboBa-
HHUS K KOHIUIMK KpHoareHTa. IIpoBefeHHbIe PaboThl
IIO0Ka3ajM, 4To Haubosee IOTHO COOTBETCTBYET Tpe-
byeMBIM HOpMaM Tra3000pasHBIM TelHH BBICOKOH
YKCTOTHI C 06BbeMHOM mojteit 99,9999% 110 reauio.

OCOBEHHOCTU UHTEIPALLMUN MKC
[TonHOCTBIO COOpaHHAsi M 3allOJIHEHHasl rejlHeM
MKC rmocTynaer Ha uHTerpauuio ¢ MOIIY. YYHUTHI-
Bas cle MUKy y3na compsbkeHus MKC c @IIM,
IIPOLeCC HMHTErpallMM MAOCTATOYHO C/IOXKEH M IIpef-
cTaBisgeT cob60l OTBETCTBEHHBIM KOMILIEKC TEeXHO-
JIOTUYeCcKUX OIlepallkil, IIOCKOJIbKYy B ero IIpoliecce
Hapyuraercs repmeTu4HocTh MKC, rasoBble I10JIOCTH
BCTYIAIOT B KOHTAKT C OKPY>KAIOLIMM BO3IyXOM, yCTa-
HAB/JIMBAIOTCS HOBBIE CTATHYECKHE YIUIOTHAMIIHE
3JIeMEHThl B MeCTO CThIKOBKM MKC c ®IIM, mpose-
PSIIOTCSL JOMYCKK QOPMBL U pa3MepoB pabouell mapsl
TU/Ib3a-BBITECHUTE/Ib. B CBA3HM C 3THM TeXHOJIOTHS
nHTerpauuyn MKC ¢ ®OIIM Tpebyer Oosee TImaTens-
HOTO KOHTPOJISI, IIOBBIIIEHHBIX TPeOOBAHUM K UUCTOTE
IIOMeLIeHHs WU IPOBeJeHHI0 OIlepalliM IO BaKyy-
MHPOBAaHHIO BHyTpeHHeH nonoctd MKC M 3ampaBke
rejileM C IIOC/eyIOllel POBePKON I'epMeTUYHOCTH
CHCTeMBI.
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kinematic relations of the movement mechanism
contributes to the improvement of the overall and
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resource characteristics of the systems. In this system,

the balancing issues play an important role, since it

constructively implements the Stirling integral cycle,

which does not have flexible junctions [5].
The MCS includes a two-row crank mechanism

that drives the compressor piston and the displacer,

and the pressure above and below the displacer is
almost the same and differs only in the influence
of the hydraulic resistance of the regenerator. The
angular arrangement of the pistons ("gamma’
scheme) ensures maximum cycle efficiency, since in
this design, the optimum phase shift of the piston
movement is implemented [6].

A very important issue, necessary for the normal

operation of the MCS, is the purity of the gas cavities,

which ensures the system’s operation during the
entire operational life without refueling and replacing
the cryoagent.

All parts of the system contain gases dissolved
in their depth or adsorbed on the surface. These
gases should be removed in advance, since they will

be released into the working volume of the system,

contaminate its gas cavity, precipitate in the
regenerator, thereby reducing the cooling capacity of
the MCS, as well as the durability and reliability of the
system [7].

Ensuring the required reliability and durability
of the MCS is especially demanding towards the
condition of the cryoagent. The works carried out
showed that the highest purity helium gas with a
volume fraction of 99.9999% for helium most fully
meets the required standards.

FEATURES OF THE MCS INTEGRATION
Fully assembled and filled with helium, the MCS
enters the integration with MPRD. Considering

the specifics of the MCS interface unit with PRM,

the integration process is rather complicated and

is a responsible set of technological operations,

since the MCS tightness is violated due to its
implementation, the gas cavities come in contact
with the surrounding air, new static sealing
elements are installed at the MCS docking site
with PRM, tolerances of the shape and size of the
working pair of a sleeve-displacer are checked. In
this regard, the process of integrating the MCS with
PRM requires more careful monitoring, increased
demands on the room cleanliness and conducting
operations on evacuating the internal cavity of
the MCS and filling it with helium, followed by
checking the tightness of the system.



