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Abstract. The concept of a heat meter is proposed to measure the heat load supplied to the thermal control sys-
tem (TCS) from the scientific equipment operating at a temperature of minus 100 °C. A stable low temperature
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level maintained by the controlled phase transition of liquid flow. To maintain the preset temperature, a heater

is applied.

Keywords: heat meter, preset temperature, thermal control, heater

For citation: A.Yu. Kochetkov, E.Yu. Kotlyarov, A.F. Shabarchin, E.V. Shemetova. Concept development, calculat-
ing and experimental analysis of the heat exchanger and heat load meter operating characteristics for implemen-
tation of thermal vacuum tests with low temperature equipment for space application. NANOINDUSTRY. 2022.
V. 15, no. 3-4. PP. 204-215. https://doi.org/10.22184/1993-8578.2022.15.3-4.204.215

BBEAAEHUE U NOCTAHOBKA 3A1AYU

[Ipu IpOeKTHPOBAHUU U CO3MAHUHU CUCTeM obecrieve-
HUS TEIIJIOBOTO pesKKUMa (COTP), BXOLAILIUX B COCTAB
KOCMHUYecKoro amnmapata (KA), IpUHSTO onpesesiTh
IapaMeTphl TaK Ha3blBaeMbIX TeIlJIOBBIX HHTepden-
coB. TepMUH "TelI0BOM HHTepderic' OTHOCUTEIbHO
COBPeMeHHBIU M 3aIMCTBOBAHHBIN U3 MeKIyHapO.-
HBIX IIPOEKTOB, HO 10 CMBICTY, B popMe TpeboBaHUI,
OH OITMCBIBAeT TeIlJIOBble TPAHHYHbIe YC/IOBHS B 30He
CTHIKA (B3aHMOIEHCTBUS) CybCcHCcTeM, UTO IPHUMe-
HsIeTCs B IIpolLiecce BBIIIOJTHEHU S paboT I10 CO3aHHUIO
COTP KA c ;aBHUX BpeMeH. B kauecTBe B3aU MO M-
CTBYIOHIHUX CyOCHCTeM MOTYT BBICTYIAaTh Ipubop-
Has [IaHeJab U eJUHHUYHBIN npubop, cbopka obopy-
JIOBaHUS U TeIJIOOTBOJSIIMM TPaKT U T.II. B HameM
cnydae, HHTepdelc ImpeaCcTaBasieT CoO0OM MJo-
CKYI0 KOHTAKTHYIO II0BepXHOCTb, UMeIoIyo raba-
PUTHL 140 X80 MM, K KOTOPOH C IIOMOIIIBIO TEIIJIOBBIX
Tpy6 oT mone3Hoi Harpysku (ITH) mocTymaet Temo-
BOI ITOTOK He 6osiee 15 BT, eciu TeMnepaTypa Ha IaH-
HOU IIOBEPXHOCTH COCTaBJIsIeT okoso — 110 °C.

Bropas cybcucTema npeacTaBiaseT cobor Temo-
OTBOJSIIMH TPaKT, TO eCThb oTAenbHY0 COTP, KoTO-
pasi OTBOAUT YKa3aHHBIM TEIJIOBOU IIOTOK B OKPY-
JKawpmyio cpeny. Jist obecrieueHUs 3alaHHBIX YCJI0-
BUU QyHKIHMOHHUPoBaHU ITH B coctaBe KA Temmnepa-
Typa Ha CThIKe JByX cybcucteM (ITH u COTP) monskHA
6p1Th He BbIme -110 °C. JIOMOJHUTENIBHO OTOBAPH-
BAIOTCS YCIOBHSI MEeXaHHYeCKOro CoefUHeHHs Cy6-
CHCTeM, BIHSIONIMEe Ha TeIJIOBOU Pe>XKUM, B HaCTHO-
CTH, YCTaHaB/IUBAIOTCS TPe6OBAHHUS K YCHUIUIO IIPH-
JKaTH S KOHTAKTHPYOIIUX I0BEPXHOCTeH, IIpHUMe-
HEeHMIO 3aII0JIHUTEe/I B KOHTAKTHOM 3a30pe U T.II.
Ilepen tem, Kak coequHUTB COTP c [TH oTxgensHO Ipo-
BepAT To, YTo COTP oTBOAMT He MeHee 15 Bt, a I[TH
MONBOAUT He 6onee 15 BT pU 3aJaHHOM I'PAHUYHOMN
TeMIlepaType.

[TopparmeHTHBIE TeIJIOBAKYYMHbBIe UCIIBITAHU S
B IIpoLiecce paboT 110 CO3JAHUI0 CUCTEM TepMOpeTyIH-
poBaHUs KA IPUMeHSIOT JOCTAaTOYHO YacTo [1]. 3To
Heobxomumo st mpoektupoBaHus COTP, a Takxke
II4 MoCJIefyoleld JUAarHOCTUKH TelJ0TexXHHU4e-
CKHMX XapaKTepUCTHK cybcrucTtem. Huke, Ha puc.l,

INTRODUCTION AND PROBLEM DEFINITION

When designing and producing temperature control
systems (TCS), which make a part of a spacecraft (SC),
it is necessary to define parameters of the so-called
thermal interfaces. The term "thermal interface" is rel-
atively modern and borrowed from international proj-
ects, but by its meaning and in terms of requirements,
it describes thermal boundary conditions in a junc-
tion zone (interaction) of subsystems, which has been
applied when developing SCs since long ago. The inter-
acting subsystems can be an instrument panel and an
instrument assembly, a heat sink, etc. In our case the
interface is a flat contact surface, having dimensions
of 140x80 mm, to which a heat flow of no more than
15 W is delivered from workload (WL) using heat pipes,
if the temperature on this surface is about -110°C.

The second subsystem is a WL heat dissipation path,
i.e. a separate TCS which dissipates the specified heat
flow into the environment. In order to ensure specified
operating conditions of the WL within a spacecraft,

VICTOYHUKM TennoBblaeNeHns

Heat sources
TennonpoBozbl Ha 6a3e TennoBbIX Tpy6

Heating lines based on heat pipes

TennounsonnpoBaHHas
KOHCTPYKL NS CBOPKM MH
WI thermally insulated
assembly design

DNeMeHT KOHTAKTHOro
MHTepderica co cTopoHbl MH
Contact interface element
on WLside

MIMUTATOP KOHTAKTHOrO
MHTepdemnca co cTopoHbl COTP
Contact interface simulator

on the TCS side

KoMneHCcaUVoHHbLIA HarpesaTesb
Compensation heater

OCHOBHbIe 3/1eMEHTbI TernaoMepa
/I Heat meter basic elements

A30THbIN TEMI006MEHHNK
Nitrogen heat exchanger
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Puc.1. Cxema asmoHOMHbIX UcnbiMaHul HU3Komemnepamyp-
Hou MH
Fig.1. Diagram of autonomous low-temperature WL tests
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[oKa3aHa NPUHIUIINAJIbHAS CXeMa IIOCTAHOBKH'
aBTOHOMHBIX HCIIBITAHUH I10/Ie3HOM HAarpy3KHU KaK
cybcucTteMsl. B coctaBe ITH nMeeTCsl TPU HUCTOYU-
HMKa TeIJIOBBIIe/IeHH S, a TAKKe TPU TeIIOIIPOBOL -
IIHX COeJUHEeHU s, KOTOpPble "NOCTABISIOT" BCe BbIIE-
nsieMoe TeIlo K obimemy (paccMaTpUBaeMOMY 3/1eCh)
nHTepdericy. BMecTe ¢ COGCTBeHHBIM TeI/IOBbIIe/Ie-
HueM cbopka ITH mosydyaeT mapasUTHEIe TeIlJIOBbIe
"HaTeyKH'" Ha TPAHCIIOPTHBIE YYACTKH U 3/IeMEHTHI
KOHCTpyKU KU [IH. Bce TemnaoBble mOTOKH oT ITH
K MHTepdelicy, B MITATHOM BapHaHTe, JOJIKHA
orBoguTh COTP KA, ogHaKo, B C/ly4dae aBTOHOMHBIX
UcHbITaHuU ITH, 0TBOJ Temia NAaHHuPYeTCs BBIIIOM-
HSITh C [IOMOIIBIO TeIlJI00OMeHHHKa-TeIlJIoMepa.

KoHTaKTHBIHN HHTepelic co cTopoHsl ITH nMeeT
rabaputsl 140 x 85 MM U BBIIIOJIHEH U3 AJIFOMHUHHEBOTO
criytaBa. OTBeTHBIM KOHTAaKTHBIM HHTeperc TakKe
IpeACTaBsieT COOOH Mapasienenues U3 aTloOMH-
HHeBOIO CI1JIaBa C IIJIOCKOM KOHTAKTHOU MTOBEPXHO-
CTBIO COOTBETCTBYIOLIHUX Pa3MepoB. MexaHHYeCKoe
coefHEHHe KOHTAaKTHOM IVIACTUHBL U TeIIo06MeH-
HHKa BBIIIOJTHEHO "Ha 6onTax" U, IO CYTH, SBISETCS
TeIJIoMepoM. Jlajee IoKa3aHo, 4YTo paboduir mepe-
Iaj TeMIIepaTyp Ha TeIllJIoMepe B TeYeHHe UCIIbITa~
HUU J0J/IKeH IO eP>KUBAThCS IIPaKTUYeCKH HeH3-
MeHHBIM, II03TOMY YCTPOHCTBO (TemJ1006MeHHHK-
TersioMep) CHabkeHO KOMIIEHCAIIHOHHBIM HarpeBa-
TejieM 6, yCTAHOBJIEHHBIM Ha KOHTAKTHOM IIJIAaCTHHe
TeIJioMepa, C BHyTPeHHel CTOPOHBI.

OcobeHHOCTH pellaeMOM 3/eCh TeXHHUUYECKOH
3ajaud MOXHO OXapaKTepHU30BaTh T€M, YTO IIPHU
MIpoBeJleHUH aBTOHOMHBIX MCIIBITAHHU I10JIe3HOU
Harpysku (ITH) Tennoo6MeHHHUK-TelJioMep L0~
>keH 06ecredUTh MoAgep>kaHue 3alaHHON TeMIle-
pPaTypsl Ha uHTepderice ¢ ITH ¥ ofHOBpeMeHHO 0Cy-
IIeCTBUTh U3MepeHHe 0oTBogHMMOTro oT [IH (qepe3
HHTepderc) TelI0BOro IoToKa.

MPEANATAEMbIWA NPUHLMM U3MEPEHUS

TENJ1I0BOro NOTOKA OT MH

[IpenBapuUTe/bHBIN aHAIN3 BO3MOKHOCTEH IIpHMe-

HeHMSI HU3KOTeMIIepaTyPHBIX 1ab0paTOpHBIX Tep-

MOCTaTOB (KOTOpble MOKHO IIPHOOpPecTH Ha KOM-

MepuecKol OCHOBe), a TaK>Ke OIBIT HCII0/Ib30BAHHUS

cobcTBeHHOrO "mapKa" CTeHZO0BOTO 060pyLOBaHU S

OJ1s1 IpoBeleHU sl MoAOOHBIX UCIIBITAHU K [TOKa3aJjl

clenyrouee:

* MCIIOJb30BaHHUE PeryjJupyeMblX TepMOCTATOB,
OpPraHMU30BaHHBIX Ha 6a3e MPOMEeKYyTOUHBIX LIUP-
KyJIHPYIOMUX 0HOPA3HBIX HU3KOTeMIIepaTyPHBIX
TeIJIOHOCHUTe el CyIeCTBeHHO YCIOKHUT U Y0~
POKUT KaK CTeHJ0Boe 06opyLoBaHUe, TaK U CAMU
ucnbiTaHus [TH. KpoMe Toro, CyIeCTBeHHO BO3-
pacTeT BpeMs Ha MOATOTOBKY HCIBITATElIbHOIO
CTeH[a;
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the temperature at the junction of two subsystems
(WL and TCS) must not exceed -110°C. Additional con-
ditions of mechanical connection of the subsystems,
influencing thermal conditions in particular, require
that the contacting surfaces pressing force, use of a
filler in a contact gap, etc., are stipulated. Before the
connection of the TCS with the WL, it must be checked
separately that the TCS dissipates at least 15 W and
the WL supplies no more than 15 W at a given limit
temperature.

Fragmented thermo-vacuum tests are used quite
often when developing the SC thermal management
systems [1]. This is necessary to develop the TCS, as
well as to perform subsequently a diagnostic of the
thermal characteristics of subsystems. Below, Fig.1
shows a schematic diagram of the "staging" of autono-
mous tests of the WL as a subsystem. There are three
heat emission sources as part of the WL, as well as
three heat conductive connections that "deliver" all
of the emitted heat to the common (considered here)
interface. Together with its own heat emission, the
WL assembly receives parasitic heat "leaks" into the
transport areas and the structural elements of the
WL. All heat flows from the WL to the interface, in the
normal case, must be dissipated by the SCs TCS, how-
ever, in the case of autonomous WL tests, heat dissipa-
tion is planned to be provided with a heat exchanger/
temperature meter.

The WL-side contact interface has dimensions of
140x85 mm and is made of an aluminium alloy. The
return contact interface is also a parallelepiped made of
an aluminium alloy with a flat contact surface of suit-
able dimensions. The mechanical connection between
the contact plate and the heat exchanger is "bolted"
and is essentially a heat meter. It is further shown that
the operating temperature difference at the heat meter
must be kept almost constant during the test, so the
device (heat exchanger/heat meter) is provided with a
compensating heater 6 mounted on the inside of the
heat meter contact plate.

The specific features of the technical problem solved
here can be characterised by the fact that when con-
ducting autonomous WL tests, the heat exchanger-
thermometer must ensure that the target temperature
is maintained at the interface with the WL and, at the
same time, measure the heat flux dissipated from the
WL (via the interface).

THE PROPOSED PRINCIPLE OF WL HEAT FLOW
MEASUREMENT

A preliminary analysis of applicability of low-tem-
perature laboratory thermostats (commercially avail-
able), as well as the experience of using our own "set"
of bench-top equipment for such tests, has shown the
following:
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* IOMBITKH CTAOUIBHO MOALEePKUBATh PA3THIHBIE
TeMIlepaTyphl B fuamna3soHe (-150...-80°C) c momo-
b0 IPSIMOM MOJauu ABYXxPa3HOro a3oTa B KOH-
TaKTHBIN TeII00OMeHHUK (U3 yAaIeHHO pa3MelleH-
HBIX COCY/IOB JIp0apa), XapaKTepU3yIOTCs 3aTpyAHe-
HUSMHU, BEIPasKeHHBIMH B HEYIIPaBJIsieMBIX H3Me-
HeHUSIX peXKMMOB Te4eHHU s AByXpa3HOro a3orTa.
OnbIT U3MepeHU s Heb6OIbIIUX TeIJIOBBIX IIOTO-

KOB [JIsi HU3KOTeMIepaTypHHX I[IH u arpera-

TOB IIOKa3aJ, 4To Haubojiee mMpeAIOUYTHUTENb"

HBIMU U IOBePUTEJbHBIMHU CII0cO6aMU H3Mepe-

HUS$ TeIlJIOBOTO [TOTOKA SBJISIOTCS CTallMOHAPHBIH

MeTo[, (110 yCTAHOBUBILEHCS PAa3HOCTU TeMIIepaTyp

Ha "KanubpoBaHHOM" TepMHYeCKOM COIIPOTHBIIE-

HHU) U MeTOJ, PeTyIsIPHBIX PeXKUMOB (HecTallHoO-

HapHBIH). TOUHOCTb KaJIOPUMeTPUYIECKOro criocoba

[0 U3MePeHHI0 Pacxo/ia U Pa3sHOCTH TeMIIepaTyp

TeIJIOHOCHUTes (/IS MaJIblX IIOTOKOB) SIBSIETCS

Hey/lOBJIeTBOPUTEe/IIbHOM. B HameM ciydae, M3Me-

psSieMBIH TeIJI0BOM IIOTOK CTPOTO IMPUBSI3aH K TeM-

IepaTypHOMY cocTosiHUIO [TH, 03TOMy IpUMeHe-

HHe MeToJla PeTy/lsipPHOro pekxuMa (T.e. HecTalho-

HapHOT0) TaK>Ke MOYKHO CYUTATh HEOIIPaBAAaHHBIM.
[IpennaraeMmasi 3/ech KOHIeIIIIMSI H3Mepe-

HHS$ Tel/J0BOT0O IOTOKA OCHOBAaHA Ha CIeJyMIHX

NPUHLHUIAX:

* B KOHTAaKTHOM TeIlJIOOOMeHHHUKe ClefyeT IOA-
IOep>KUuBaTh MUHUMAJIBHYIO TeMIIepaTypy, KOTO-
PYI0 MOKHO JOCTHYb C IIOMOIIBIO CKBO3HOM IIPO-
JTUBKH XKHJKOr0 a3oTa. Pacxof a3oTa J0JKeH
OBITH HACTOJIBKO BeIUK, YTOOBI Te1000MeHHHUK
(Tepmorniata) 6571 Mao4yBCTBUTE/NEH K H3MeHe-
HUIO TEIJIOBOM HarPy3KHU U BO3JEeHCTBUIO CTEH/0-
BBIX TEIIJIONPUTOKOB, HMMEIOIIHUX MeCTO B JaHHBIX
HMCIBITAaHUAX. JIOYCTUM, TaKas TeMIlepaTypa
cocTtaBisietT -180°C;

e TeIJioOMep, COeJUHSIOMMUIN Tem1000MeHHHUK
C TeNJOBHIM HHTeppercom [o0JKeH Co34aBaTh
TeMIlepaTyPHBIM Mepenaj, 3HAUHUTe/lbHO Ipe-
BBIIIAIONMH TeMIlepaTypHble OCLU/IISLUU, CBS-
3aHHBIe C UClIapeHHeM/KHIIeHHeM U PeXXHuMaMU
TeueHHS a30Ta B TelJlooOMeHHHUKe. B HameMm
cjllydae 3TOT Iepemnaj, OTPaHUYEeH 3HAaYeHUSIMHU
-110 °C (cBepxy) u -180 °C (cHH3Y), TO eCTbh MOXKeT
LOCTHUTaTh He 6ojtee 70 K;

* IIOCKOJBKY TOYHOe 3HaueHHe TeIJ0BOro IM0ToKa
oT ITH Heu3BeCTHO, TO eCHUT SIBJASIETCS HCKO-
MBIM, Ha HHTepderice J0IKeH ObITh yCTAHOBIEH
HarpeBaTesb, 3aBefoMo 6oJiblIero HOMHHaAA
(4eM Bce TemJo, IocTynawpmiee oT I[TH), KOTOpPbIH
MOCTOSIHHO OymeT momgepskUBaTh CTAOHUIBHYIO
TeMIlepaTypy -110 °C Ha uHTepderice;

* 3Has MOIIHOCTb HarpesaTessi, KOTopas Heobxo-
OHMa A4 NOAJepKaHUus TeMIepaTyphl HHTep-
derica Ha ypoBHe -110 °C, npu oTcyTcTBUU ITH H,

+ The use of regulated thermostats based on interme-
diate circulating single-phase low-temperature cool-
ants will significantly complicate and increase the
cost of both the test bench equipment and the WL
tests themselves. In addition, test bench preparation
time will increase significantly;

« The attempts to stabilize different temperatures
in the range (-150...-80 °C) by direct supply of two-
phase nitrogen to the contact heat exchanger (from
remotely located Dewar flasks) are characterised by
the difficulties connected with uncontrolled changes
in the two-phase nitrogen flow.

Experience in small heat flows measurements for
low WL temperature and units has shown that the
most preferable and reliable methods of heat flow
measurement are the steady-state method (based on
the steady-state temperature difference at the "cal-
ibrated" thermal resistance) and the regular mode
method (non-steady-state). Accuracy of calorimetric
method, by measuring flow rate and temperature dif-
ference of coolant, (for small flows) is unsatisfactory.
In our case the measured heat flow is strictly bound to
the temperature state of the PWL, so the regular mode
method application (i.e. non-stationary method) can
also be considered unjustified.

The heat flux measurement concept proposed here
is based on the following principles:

« the contact heat exchanger should be kept at a min-
imum temperature, which can be achieved by pour-
ing liquid nitrogen through. The nitrogen flow
should be so high that the heat exchanger (thermo-
plate) is insensitive to variations in heat load and to
the effects of bench heat fluxes occurring in these
tests. Let us assume this temperature is minus
-180 °C;

+ the heat meter connecting the heat exchanger to
the thermal interface must produce a temperature
differential well above the temperature oscillations
associated with evaporation/boiling and nitrogen
flow regimes in the heat exchanger. In our case
this difference is limited to values of -110 °C (top)
and -180 °C (bottom), i.e. it can reach no more than
70 K;

+ since the exact value of the WL heat flow is not
known, i.e. the desired value, the heater must be
installed at the interface, knowingly of a higher rat-
ing (than all the heat coming from the WL), which
will maintain a stable temperature of -110 °C at the
interface at all times;

+ knowing the heater power, which is necessary to
maintain the interface temperature at -110 °C, in
the absence of a WL and, reducing the power of
this heater after the connection of the WL (until
the specified temperature is reached), we obtain
from the difference of the two power values the

Vor.15 No. 3-4 2022 NANO INDUSTRY
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CHU>Kasl MOLIHOCTH JAHHOTO HarpeBaTessl II0CJie
npucoenuHeHus [1H (mo HocTHUKeHUS yKa3aH-
HOM TeMIIepaTypbl), IOTYYHUM U3 PAa3HOCTH ABYX
3HAYeHHU N MOILIHOCTH COCTABJ/ISIONYI0, IIOCTYIIAI0-
myo ot ITH, To ecTb MomHOCTb [TH 3aMeHHUT/KOM-
[IeHCHPYeT YacTh MOIHOCTH CTeH/I0BOI'0 HarpeBa-
TeJssl ISl yoep>KaHHU S 3aJaHHON TeMIIepaTyphl
-110 °C.

PasymeeTcsi, TemjaoMep LOJIKeH ObITh Ipen-
BapUTeJIbHO "oTKaiubpoBaH", a B ero KOH-
CTPYKUHUHU (0 MpOBeNeHUS HUCIBITAHUM ¢ [TH)
He JOIIYCKaeTCs IPOU3BOLUTH HUKAKHUX H3Me-
HeHHM, BKIO4Yas cOopodHBle HmpoLenypHl,
IIPU KOTOPBIX MOTYT M3MEHHUTHCS BHYTPeH-
HHe TepMHUUYeCKHe COIpPOTUBIeHHUS (B cbopke
"Ternsioo6MeHHUK-Tersiomep").

dopManbHO, IIpejjaraeMylo Uel0 U3MepeHHUs
TeIJIOBOIO OTOKA Qqpyy, IOCTYIIAOMEro OT HU3-
KOTeMIIepaTypPHOM I10JIe3HON HAarPYy3KHU MOSKHO
IIpelCTaBUTh TaK:

Q= 17T ~W(T,,,), o)
rae Ty -~ TeMIlepaTypa IJIACTUHBL HHTepderca,
°C (co CTOPOHBEI TeIJIOMepa, OHa LOJKHA oA Lep-
SKUBATbCsl Ha ypoBHe -110 °C); T1o - TeMIepaTypa
MacCHuBa TeIlyIoOOMeHHHKA B 30HE II0BEPXHOCTH
TemnaonoaBsona, °C; Ryy — TepMHUYeCcKoe COIIpo-
THBJIEHHE TeIllJloMepa, olpefessieMoe dKCIIepH-
meHTanbHo, K/BT; Wy; - MOIIHOCTh KOMIIEHCH-
pylolllero HarpearTess, BT, KoTopyo mog6uparoT
[IsL JOCTH KeHHU Sl 3alaHHOK TeMIlepPaTyphl Tyg.

BbIYUCUTENbHBIA SKCMEPUMEHT
CTENNOOBMEHHUKOM-TEMNJIOMEPOM
JJisi IpoBelleHUs BBIYMCJ/IMTEJBHOTO 3KCIePHU-
MeHTa C TeIJIoOOMeHHHUKOM-TeIlJIOMepPOM, pea-
JU3YIOIMHUM IIPeJJIOKeHHYI0 KOHIIeIIIMIO H3Me-
peHus Qpy, Oblya pa3paboTaHa MaTeMaTHYecKas
MoJeJib, [I0OKa3aHHas Ha PUC.2.

3mech BoceMb H0JITOBBIX COMHEHHUH yIepsKHU-
BaIOT IJIACTUHY-UMHUTATOP KOHTAKTHOTO HHTep-
derica COTP u obecrmeyurBaIlOT ee CoeAUHEHHe
C Aa30THBIM TeImJoOOMeHHHKOM. KoJIM4YecTBO
60/1TOB U MaTepHas, U3 KOTOPOr0 OHU CHelaHBbl,
MOSKHO MEeHSTh IIPU He0OXOOUMOCTH, [IJIs II0y4e-
HMU S 3aJaHHOTO TeIlJIOBOTO ITOTOKa OT MHTepdelica

-110,32

-174,61

Puc.2. MK3-modeab mennoobmeHHUKA-menAomepa, pa3pabo-
MAaHHas 0451 NPoBedeHUS 8bIYLCAUMEAbHO20 IKCnepumeHma
Fig.2. FEM model of the heat exchanger/heat meter developed for
the computational experiment

component coming from the WL. In other words,

the WL power will replace/compensate a part of the

bench heater power to keep the specified tempera-
ture of -110 °C.

Obviously, a heat meter must be pre-calibrated and
no modifications must be made in its design (prior to
WL testing), including assembly procedures that may
change the internal thermal resistances (in the heat
exchanger-thermometer assembly).

Formally, the proposed idea of measuring the heat
flux Qpy coming from a WL low temperature can be
represented as follows:

Q= @ “Wi(Tyo ), @
™

where Ty, - temperature of the interface plate, °C
(on the side of the heat meter, it must be maintained
at -110 °C); T1o - heat exchanger array temperature
in the heat supply surface area, °C; Ry, - thermal
resistance of the heat meter determined experimen-
tally, K/W; Wy, - power of the compensating heater,
W, which is selected to achieve the specified Ty
temperature.

COMPUTATIONAL EXPERIMENT WITH HEAT EXCHANGER/
HEAT METER
In order to conduct a computational experiment with
a heat exchanger/heat meter implementing the pro-
posed concept of Qp; measurement, a mathematical
model shown in Fig.2 was developed.

Here, 8 bolt connections hold the TCS contact
interface simulator plate and provide its connection

5,67-10 °- 0,14 - 0,085

?
IN
E

1. 1((T1+273)4—(T2+273)4)

™
(=}
—

((273-110)" (273-180)*) ~ 0,022 BT )
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Q T,-T, E
Ropmu 30

. (110-(180) (03.0,15-4)< 0,024 Br 3)

K Teri1oo6MeHHUKY (TO). [IpeiBapHUTeIbHBIN aHA-
JIN3 IIO0Ka3aJl, YTO KOHTAKTHBIE COINPOTHUBJIEHUS
B MecCTax coefMHeHHs O0JITOB C MACCUBOM MeTaJjljia
JaIOT CYIleCTBeHHBIIM, a MHOIAA JOMUHUPYOU U
BKJIZ B "Kanubpyemoe" TepMHYeCKOE COIIPOTHUBIIE-
HHe, TO eCTh TOUHOe 3HaueHHe TepMOCOIIPOTHUBIIe-
HUS TeIUIOMepa IIPeICTOUT OIpeesiTsh "o GakTy".
C 3TOM TOYKHU 3pPeHUsI, BO3MOKHOCTb U3MEHSITh KOIH-
4ecTBO 60JITOB KpariHe He0OXOA M [I/IsI BBIIIOJIHEHHU S
YCIIeIIIHOr 0 3KCIlepuMeHTa ¢ [TH, B fa/lbHeHIIeM.

Ormpene/IMM JIy4YHCTYIO COCTaB/ISIOIYIO TeII/IOBOIO
II0TOKa, KOTOpasi MOXKeT IIOCTYIIaTh Yepes3 TeljioMmep
.

3mech H3JIy4daTelIbHYIO CIOCODHOCTH e He
6oee 0,1 c Ka>KJOM CTOPOHBI MOSKHO 00€CIIeUUTh, pac-
IIOJIOKUB OAUH eJUHHUYHBIN 5KpaH OBTH Ha camom
Tels1I006MeHHHUKe, a JPYTOi — Ha BHYTPeHHeH CTo-
POHe KOHTAKTHOM IIJIACTHHBI TelJo0obMeHHHKA-
TersoMepa. IToToxk yepe3s 3BTH B 30Hy Teliomepa,
TO eCTh ¢ 60KOB 6OJITOB, yAEeP>KHUBAKOUIUX IIJIACTUHY,
MOSKHO OLIeHUTB KaKk (3).

TakuM 06pa3oM, TEIJIONPUTOKAMHE U JTYYHUCTEIM
TeIIJIOBBIM IIOTOKOM (B 30He JOMHHHUPYIOIIEro Iepe-
I1a/ia TeMIIepaTyp) MOXKHO ITpeHebpeys.

Jlns TeryioobMeHa C ITIOTOKOM SKHAKOTO a30Ta pac-
CMOTPHM YyCJIOBHO IIeCCUMUCTUYECKHUH BapHaHT, TO
€CTh CUTYallMIO, KOrJa IIapocomepskaHUe Ha BXofe
B TO paBHO HYyIO (4ero, co6CTBEHHO, U IIJITAHUPYeTCS
nobuBaThCs ITpU BeI6Ope pacxoza MogaBaeMoro a3oTa
B HCIBITAaHHAX). KoaboulueHTt Terionepenavdu
B COOTBETCTBHH C [2] MOSKHO, B 9TOM CJydae, oIpefie-
JIUTH 110 GopMysie MuxeeBa:

0,25

Pr
Nu:0,021'Re°v8‘Pr°v“-(W’“j €. 4)

cT

[IpeHebperas pa3HOCTHIO TeMIIepaTyp KHUA-
KOCTH U CT€HKH, a TaKXe BIHSHHEM [ITHHBI
TUApaBIUYecKoro Tpakra TO, IpUBIU3UTETBHO
nony4aum (5).

to the nitrogen heat exchanger. The number of
bolts and the material which they are made of can
be changed as required to obtain a given heat flow
from the interface to the heat exchanger (HE). The
preliminary analysis has shown that the contact
resistances, at the bolt-to-metal interface, provide
a significant and sometimes dominant contribu-
tion to the "calibrated" thermal resistance, i.e. the
exact thermal resistance value of the heat exchanger
will have to be determined "as-is". From this point
of view, the ability to change the number of bolts is
essential to perform a successful WL experiment,
going forward.

Determine the radiant component of the heat flux
that can come through the heat meter (2).

Here, an emissivity of no more than 0.1 on each side
can be achieved by placing one single screen of the
screen vacuum spacecraft thermal insulation (SVSTI)
on the heat exchanger itself and another on the inside
of the contact plate of the heat exchanger/heat meter.
The flow through the SVSTI into the heat meter area,
i.e. from the sides of the bolts holding the plate, can be
estimated as (3).

Thus, heat fluxes and the radiant heat flux (in the
area of the dominant temperature difference) can be
neglected.

For the heat transfer with liquid nitrogen flow, let
us consider the conditionally pessimistic case, i.e.,
the situation when the vapor content at the inlet to the
heat exchanger (HE) is zero (which, in fact, is the goal
to be achieved when selecting the flow rate of nitrogen
in the tests). The heat transfer coefficient according
to [2] can, in this case, be determined by the Mikheev’s
formula:

0,25

Pr
Nu=0,021-Re?t-Procr- (= | . @)

CcT

Ignoring the temperature difference between the
liquid and the wall and the effect of the length of

oo Nu-A _0,021-(808-0,164-0,02)""(0,000168 - 1970)

0,43

10,136 ;g BT (5)

d

0,000168"°- 0,136

2
0,43‘0,02 m?K
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3HadyeHHe pacxofa M YCJIOBHBIHM AHaMeTp
KaHaja 3afgaHbl NpUOIM3UTEeIbHO HAa OCHOBe
OAHHBIX, IIOJYyYeHHBIX IIPU aBTOHOMHBIX TBH
peanbHOro TeroobMeHHUKA (OIIMCAHHBIX B CJle-
oyomeMm pasfeine). Tennodusnudyeckue CBOMCTBA
N, 3aMMCTBOBaHEH U3 [3, 4]. [IpocTelIyIo OLleHKY
cpenHero Ko3ppuureHTa ABYXPa3HOro Temio-
obMeHa mo ¢opmyne KyraTenazse BBHIIOJIHHUM
COIJIACHO peKOMeHJaLusM [5]:

(xﬁ.o.
o=, 1 ot 6)

rme g, IpeacTaBisieT OLLleHKY KodpPUIIMeHTa
TemJjonepenadyu MNPU KUIeHHUHU B "6onpmom”
obbveMe, a a,,. — 17151 OMHODA3HON KOHBEKIIUH KU /I-
KOCTH. DKCIIepUMeHTaJIbHble OLleHKH ISl O , IIpH
KHUIeHHWH a30Ta MOKHO HAMTH BO MHOTHUX HCTOY-
HUKax. Hanpumep, U3 UarpaMMBbl IIpe/cTaBleH-
HOM B pabote [6] KO3 OULIMEHT Telolepesadn
IpU KUIIEHUU MOXHO OIpeJeUTh BeJTHUUYHUHOM
B AuamnasoHe 500-1000 B1/mM2K. TakuMm obpasom,
B IOTI0JIHeHUe K dopMmysie MuXeeBa BIUsiHUE pa3o-
BOTO Ilepexo/la Ha a MOKeM OL[@eHUTb KaK

_a78. [1 +1000 _ o,1 BT
a,=478- [1+00 = 841 ~o0 . 7)

TeMnepaTypHBIN OTEHIIMAN, IPHU KOTOPOM CTa-
bunusupyercss Ga30BbIH IIepeXo] BHYTPH TeIlIo-
oOMeHHHKA, CBs3aH C pabouyuM [aBjIeHHEeM BHY-
Tpu. I[lo HabIIOLeHHUSIM B Pa3IMYHBIX 3KCIIEPHMeH-
Tax, B KOTOPBIX C [IOMOIIBIO SKUAKOT0 a30Ta obecrie-
YHBaJICA TeIJIOCheM, JaBjJIeHHe U TeMIlepaTypa
"yoepskuBapTCA' B pabounx ob6beMax HeOONIBIIUX
TepMoIlJaT He CTabUIBHO, TaK KaK 0OBEKTUBHO
MMeeT MeCTO CKa4yOK FMJpaBJIHNYeCKOro COIpOTHB-
JIeHUS U U3MeHeHHe BHEIIHEero TeIJIOBOTO BO3/eH-
CTBUS Ha MOTOK TEIJIOHOCHUTe/s/XnagareHra (Imo
OTHOILIEHHUIO K IIOTePsIM B MarUCTpaIu JOCTaBKU
asoTa). IIpenmonoskuM, 4TO AaBiaeHue B TO HUXKe,
4yeM B cocyzae [Iproapa Ha 0,4 6ap, Torja, UCIIOIb3ys
ypaBHeHUe Knasuyca - KnanenpoHa, MOKeM IIpHU-
61M3UTeNbHO OLIEHUTh U3MeHeHHe TeMIlepaTyphl
HaCbILIeHUS:

90-(771-9,83)

TP
188000-771-9,83

r . p" . p”
3mech I - TeIJIOTA UCIIapeHus, JIK/KT; I — IIJIOT-
HOCTb, KI/M3; P - naBneHHue, I1a; T - TeMIeparypa,
K. IpyruMH CJI0BAMHU, €C/IM TeMIIepaTypa HacChllle-
HHS Ha BXOJe B [I0JaBaeMyI0 MarucTpajab COCTaB~
nsiet -187 °C, To B IIOTOKe, AOLIeIleM OO0 TeIljio-
obMeHHHMKA, OHAa MOXET CMECTHUTHCS K 3Haye-
HHUI -189 °C, TO eCTh He3HAUMNTEJIbHO. /15 BBIUKC-
JIUTeJIBHOIO 3KCIIepHMeHTAa C IIOMOIIbI0O MOJeIH
o puc.2, nis obecredeHHUs 3aIaca U B IIePBOM

50000 = 1,9K . (8)
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the HE hydraulic circuit, it can be obtained approxi-
mately (5).

The flow rate value and the nominal diameter of the
channel are approximately preset based on the data
obtained from the autonomous vacuum isolated pipe (VIP)
of the real heat exchanger (described in the next section).
Thermal properties of N, are taken from [3, 4]. The simplest
estimation of the average two-phase heat transfer coef-
ficient by Kutateladze formula is performed according to
recommendations [5]:

(xﬁAoA
a,= o, 1 o ©)

where a5 , represents an estimate of the heat transfer
coefficient for boiling in "large” volume, and a,. for sin-
gle-phase liquid convection. Experimental estimates for
5., in nitrogen boiling can be found in many sources. For
example, from the diagram presented in [6] the heat trans-
fer coefficient during boiling can be found in the range of
500-1,000 W/m?K. Thus, in addition to Mikheev’s formula,
we can estimate the effect of the phase transition as

BT
a,=478- 1 +£10—7(’§’ - 8417 @)

The temperature potential at which the phase transi-
tion inside the heat exchanger stabilizes is related to the
operating pressure inside. According to observations in
various experiments, where liquid nitrogen was used to
provide heat removal, pressure and temperature are not
"kept" stably in the working volumes of small thermo-
plates, as there is objectively a jump in hydraulic resis-
tance and change in external thermal influence on the
coolant/refrigerant flow (in relation to losses in the nitro-
gen supply line). Assuming that the pressure in the HE
is by 0.4 bar lower than in the Dewar vessel, then, using
the Clausius-Clapeyron equation, we can approximate a
change in the saturation temperature:

po 20°07179,83) 50000 21,9k, (8)

N GRS
188000-771-9,83

L p-p
Here r means the heat of vaporization, J/kg, r - means den-
sity, kg/m3; P means pressure, Pa, T means temperature,
K. In other words, if the saturation temperature at the
inlet to the supply main is -187 °C, then in the flow that
has reached the heat exchanger, it may shift to -189 °C,
i.e. insignificantly. For the computational experiment
performed with the aid of the model in Fig.2, to provide
a margin and, as the first approximation, assume a low
temperature potential of -180 °C. In the future, (to ensure
validity), it is at VIP that the level of temperature stabili-
sation of the heat exchanger under conditions where it is
actually affected by: oscillating pressure (in the coolant),
heat inflows through fixings and thermal insulation,
and the thermal load from a WL, or its simulator, will be
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OpUbIMKeHUU, IPUMeM TeMIIepaTypy HHU3KOIO

TeMIIepaTyPHOro IMOTeHIIHMajaa Ha ypoBHe -180 °C.

B nanpHernmeM, (c Lenbio obecrieueHUs AOCTOBEP-

HOCTH), UMeHHO Ipyu TBU 6yneT oLleHUBAaTLCS YPO-

BeHb TeMIIepaTypPHOH CTabUIH3aAIUH Tel006MeH-

HMKA B YCIOBUAX, KOIIAa Ha HEro OKa3blBalOTCA pak-

THYeCKHe BO3JeMCTBUS: OCUHJ/IIMPYIOILEro JaB-

neHUs (B TeIJIOHOCHUTeJe), TeIJIOIIPUTOKOB Yepe3

KpeIlIeHHS U TeIVIOU30/I4LHI0, a TaKKe TeIlJIOBOU

Harpysku ot IIH, nubo ee mmurtaropa. B pesyins-

TaTe BCeX BO3JEMCTBHH B MeTa/JJIM4eCKOM Mac-

cuBe Temoo6MeHHUKA 6ynyT GOPMUPOBATHCS TEM-

repaTypHble TPafHUeHThl, KOTOpPble IIPUIETCS yUU-

TBIBATh B IIpOLecce MPaKTHYECKOr0 IPUMeHEeHU

Tel71006MeHHHKa-TeIlJIoMepa.

Pe3ynbTaThl BRIYMCIKTENBHOIO 3KCIIEPHMEHTA
C HcIoab30BaHHeM MK3 Mofenu o pHC.2 I103BO-
JIUJIY OIIPee/INTh PACUYETHYIO BeIMYHHY TEIJIOBOIO
IIOTOKA, ITOCTYIAOIIEro OT IVIACTHHBI K TIIJI00OMeH-
HUKY. Tak, B c/lydyae NpUMeHEHHS aTIOMUHHUEBBIX
(1=115 B1r/mK), ctanpabixX (1=15 BT/MK) 1 TUTAHOBBIX
(1=22 Bt/MK) 6017T0B, I10JIy4YeHBbI ITIOTOKH, COOTBET-
CTBeHHO, 55, 27 1 30 Bt. Kak HM CTpaHHO, BCe TpHU
BapHaHTa IPHMEeHHUMBI JIJISI [IOCTABJIEHHOM 3a/lauH,
IIOCKO/JIBKY KOMIIEHCHPYyeMas Harpys3Ka COCTaB-
nset 15 BT.

ITpu BBIIIOJIHEHHH PACYETOB B PAaMKaX BBHIUMCIIH-
TeJIbHOI0 3KCIIePUMEeHTA IIPUMEHSIIUCE C/IeAyIolHe
TPaHUYHBIe yCJIOBUS (CTAallMOHAPHAS 3a/1a4a):

* BeJIMYMHA CyMMAapHBIX TEIJIOIIPUTOKOB, pacmpeze-
JIEHHBIX I10 HeTeIJIOHATPY>KeHHBIM I10BEPXHOCTIM
KopIyca rersoobmeHHuKa 20 BT;

* B 30He KaHAJIOB, OXJa’kJaeMbIX a30TOM, IIpUMe-
HSIOTCS FPaHUYHBIE YCIIOBUSA TPEThero poja: TeM-
nepatypa -180 °C u a = 500 Bt/m?K;

* Ha CThIKe TerioMepa ¢ ITH IpruMeHsSI0TCS TPaHUY-
Hble yo1oBH s IepBoro poza (T = -110 °C);

¢ MaTepHasbl IJIAaCTUHBI U TeII0O0OMeHHHUKA - a/lio-
MUHUeBbIH cruiaB (1=115 Bt/MK);

* KO3QPUIIMEHT TeImjolepesayyr B MecTaX KOHTaK-
TOB DOJITOB € TeIJI00OMEeHHUKOM U C UHTepderCHOM
KOHTAKTHOM IIJIACTUHOM 15000 BT/M?K.

Omubka B ompejeleHHUH BeIHMYHUH KOHTAKT-
HBIX TePMHUYeCKUX COIIPOTUBJIEHUI (B MeCTaX KOH-
TaKTHOI'O B3aUMOJEHNCTBUS HONTOB C 31eMeHTaMHU
KOHCTPYKLHM), Hanubosee cyImecTBeHHO CKaXKeTCs
Ha paKTHYECKHX XapaKTePHUCTHUKAX TeIljioMepa.
OpHako 1mogb6opoM KoaU4YecTBa 60ITOB U BBIIIOIHE-
HHeM 3alaHHBIX TPe6oBaHU M K UX YCTAaHOBKe [IJIAHHU-
pyeTcs mobKThCs Heo6X0AMMOro Mepernajsa TeMIepa-
Typ Ha KOHCTPYKLHHU TeIlJI00OMeHHHKa-TeIllioMmepa
[P BeJIMYHHe [lepelaBaeMOM MOIIHOCTH B JHalla-
30He 30-60 BT 1 3aaHHOM ypOBHE TeMIIepaTyphl.
Kak moxkasaju pe3ybTaThl, BHIIIOTHEHHBIE C [IOMO-
b0 3D-MoJe/IM pacyeToB ~ 3TO pellaeMas 3ajada.

T2 T1BxoA4 | Input
[MoBepxHOCTb ,
Tennonposoga | .
Heating pipe ./ . !
surface L] N
A B r
| 99*
o 99*
n T3
T5
bokoBas cTeHKka
Sidewall

Puc.3. Mpomomun menaoobmMeHHUKA, U320MOBAEHHbIU 0AS
MenAo8aKkyyMHbIX UCNbIMAHU

Fig.3. Prototype heat exchanger manufactured for thermal vac-
uum tests

evaluated. All influences will result in temperature gradi-

ents in the metal heat exchanger, which will have to be

taken into account in the practical application of the heat
exchanger-heat gauge.

The results of computational experiment using the
finite element method (FEM) model according to Fig.2
allowed to determine the calculated value of the heat flow
coming from the plate to the heat exchanger. Thus, in the
case of aluminium (=115 W/mK) steel (=15 W/mK) and tita-
nium (=22 W/mK) bolts, the fluxes of 55 W, 27 W and 30 W
respectively were obtained. Strange as it may be, all three
cases are applicable to the task, as the compensated load
is15W.

The following boundary conditions (steady-state prob-
lem) were applied to the calculations in the computational
experiment:

« the value of the total heat inputs distributed over the
non-heated surfaces of the heat exchanger casing is
20 W;

« inthearea of the nitrogen-cooled channels, the bound-
ary conditions of the third kind apply: tempera-
ture -180 °C and =500 W/m?3K;

 at the interface between the heat meter and WL, the
boundary conditions of the first kind (T =-110 °C) apply;

« the plate and heat exchanger material is aluminium
alloy (=115 W/mK);

« the heat transfer coefficient at the bolt contacts with
the heat exchanger and with the interface contact plate
equals 15,000 W/m?K.

An error in determining the contact thermal resis-
tances values (at the points of contact between the bolts
and the structural elements), will most significantly
affect the actual performance of the heat exchanger.
However, by selecting the number of bolts and meeting

Vor.15 No. 3-4 2022 NANO INDUSTRY
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WUCMbITAHUA NPOTOTUNA TENTOOBMEHHUKA
[IpOTOTHUII Aa30THOrO TelJI00OMeHHHKA, HUCIIOJNb-
30BaHHOIO [JIS IIPOBeAeHHs TeIJIOBaKyyMHBIX
ucneiTauu (TBYU), mokasaH Ha puc.3. C ero momo-
b0 ABTOPBI IIJIAHHUPOBAJM IOATBEPAUTH, UTO
rojlaya a30Ta C HU3KHUM I1apocoJep>KaHHeM I103BO-
JIUT yIEep>KUBATh TeMIIepaTypy TelaoobMeHHHKA
Ha ypoBHe, 61HM3KOM K TeMmIlepaType $a3oBoro
repexofa, a Tak>Ke IIpHeMJIeMO CTaOUIHN3UPOBATH
3Ty TeMIIepaTypy.

B nmpouiecce TBH maHHOrO TeryioobMeHHHMKA a30T
[I0JaBaJICsl C PACXOLOM BeIHUYHHOM 150 Kr/4 (pac-
X0, IPUMEPHO, pa3 B 4acC ONpelessics 10 CyM-
MapHOM Macce H3pacXOJOBaHHOIO M3 cOCyAa
Jlproapa a3ora). st Toro 4Tobel 06eCIevduTh yCa0-
BH I TaPAaHTHUPOBAHHOI0 $pa30BoOro repexosa (KuIie-
HUS$) BO BHYTPEHHHUX KaHaJIax TelI00bMeHHHUKA,
OIlepaTop UCIBITAHUN obecredyrBal BU3yalIbHBI
KOHTPOJIb "BBIIMBAHU S JKUAKOTO a30Ta" M3 APeHaX-
HOTO LIJIAHTa Ha BBIXOZAE M3 BAKYYMHOMN KaMephl
(BK), B KOTOpOI OB yCTAHOBJIEH HUCIIBITHIBA€ MBI
Teroo6MeHHHUK.

Pacxop BeMTHYKMHOM 150 KI/4 I103BO/ISIeT CHUMATh
HAarpy3Ky TOJIBKO 3a CYeT HCIIapeHHUS KHUJKOILO0
asora, nopsigka m-r=150/3600-188000 = 7800 Br.
HeKkoTopas 4acTh JAaHHOM XJIaJOIPOHU3BOAUTENb"
HOCTH "HCTpavyeHa" Ha KOMIIEHCAIIHIO TeIlJIOIIPUTO-
KOB B MHOTOMETPOBOM MaruCTpaau MoJauH KU~
KOTO a30Ta K BaKyyMHoM Kamepe (BK), omHaKo,
IIOCKOJIBKY Ha BBIXOJle U3 TMHHUU (JpeHa’k U3 TeIlJo-
o6MeHHHKA) BCerga HUAeT KUAKHUK a30T, MOKHO
FOBOPUTH O 3HAYMMOM 3allace XJIaJONPOH3BOMH-
TEeJIBHOCTH B CAMOM TeIlIo06MeHHHKe, KOTOPHIH
IpefHa3Ha4YeH /s CHATHS IUIIb NeCITKOB BaTT.

Ha puc.4 moka3aHo, HACKOJIBKO CTAaOUIBHO IO~
INep>kKUBaeTCsl TeMIIlepaTypa Tena006MeHHHUKA BO
BpeMs HMCHBITAHHUU MNPOTSIKEHHOCTBIO OKOJIO 6 4
IIpY M3MeHeHHH MOLIHOCTH HarpesaTeJisd, UMHU-
TUPYIOIIEro IIOTOK o CTOpoHEI IIH. YpoBeHb TeIl10-
IIPUTOKOB K Tela006MeHHUKY (OIleHKa U3 CTO-
POHHUX paboT) MOKHO OLIEHUTh BeJIUYHUHOU 8 BT
4depe3 9BTH 1 Be1HM4YHHOU 12 BT Uepe3 KpenjeHUS.
MaxkcuMaabHas MOUHOCTD, IIOJABOAMMAS K 3JI€K-
TpPOHarpeBaTe/]l0, MMUTUPYIOIeMy II0Je3HYI0
Harpysky, cocrasuia 80 BT.

Kaxk BUAHO U3 puc.4, B HCIIBITAHHUAX MOIIHOCTh
K TeIJI00OMeHHHUKY MTOABOJHM/IACH 'CTyIIeHbKaMHU'.
[Ipu 5TOM yCcTaHaBIMUBAJIMCh 3HaUYeHUq 20, 40, 60
u 80 BT. Cy[s 110 IIOCTPOEHHBIM KPUBBIM, YPOBEHbD
TeMIIepaTyphbl KOPIyCa U IIOBEPXHOCTH TeIlJIOO/-
Bozia B OoJIbIIel CTeIeHH OIlpeiessieTCs OXIaxkaa-
IOOMM II0OTOKOM, YeM BO3[eHCTBHEeM HarpeBaTeJs.
CpenHss TeMIlepaTypa Ha paboder OBePXHOCTH
Temn1006MeHHHKA 0K0JI0 -175 °C, 3aperucTpupoBaH-
HBIM pa3bpoc TeMIlepaTypsl 10 TeII00OMeHHHUKY
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the given requirements for their installation, it is planned
to achieve the required temperature difference on the heat
exchanger/heat meter structure at the value of the trans-
mitted power in the range of 30-60 W and the given tem-
perature level. As shown by the results of the 3D model
calculations, this is a solvable task.

TESTING OF THE HEAT EXCHANGER PROTOTYPE

The prototype nitrogen heat exchanger used for the ther-
mal vacuum tests (TVT) is shown in Fig.3. Using this
prototype, the authors planned to confirm that supply-
ing nitrogen with low vapour content would keep the
heat exchanger temperature close to the phase transi-
tion temperature, as well as stabilise this temperature
acceptably.

In the process of the TVT of this heat exchanger, nitro-
gen was supplied at a rate of 150 kg/hour (the rate was
determined, approximately once an hour, by the total
mass of nitrogen consumed from the Dewar flask). In
order to ensure guaranteed phase transition conditions
(boiling) in the internal channels of the heat exchanger,
the test operator ensured visual inspection of the "pour-
ing out of liquid nitrogen" from the drain hose at the
outlet of the vacuum chamber (VC) wherein the heat
exchanger under test was installed.

A flow rate of 150 kg/hr allows a load of about
mT=150/3600-188,000 = 7,800 W to be removed by evapo-
ration of liquid nitrogen alone. Some part of this cool-
ing capacity is "wasted" on compensation of heat inputs
in the multi-meter long liquid nitrogen supply line to the
vacuum chamber (VC); however, since liquid nitrogen
always flows from the outlet of the line (drain from the
heat exchanger), we can speak of a significant reserve of
the cooling capacity in the heat exchanger itself, which is
designed to remove only tens of watts.

Figure 4 shows how steadily the heat exchanger tem-
perature is maintained during the test period of about 6
hours when the power of the heater simulating flow from
the WL side is varied. The level of heat input to the heat
exchanger (estimated from other works) can be estimated
as 8 W through the SVSTI and a value of 12 W through the
mountings. The maximum power input to the electric
heater simulating the useful load was 80 W.

As can be seen from Fig.4, in the tests the power to the
heat exchanger was applied in "steps". In this case, the
values set were 20, 40, 60 and 80 W. The curves show that
the temperature level of the casing and the heat transfer
surface is determined more by the cooling flow than by
the heating effect. The average temperature at the heat
exchanger operating surface is about minus 175 °C, the
recorded temperature variation across the heat exchanger
is about 10 K, but it is less at the heat supply surface. The
oscillation amplitude is, on average, of the order of 2 K,
taking into account the planned operating differential at
the heat meter of 50-60 K and taking into account the high
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Fig.4. Results of the low temperature nitrogen heat exchanger thermal vacuum test

nopsanka 10 K, Ho Ha IOBePXHOCTH TeIIJIOIIOABOgA
OH MeHblle. AMIIMTYAA OCLMJIISILUUN, B Cpef-
HeM, nopsifika 2 K, ¢ yueToM njaaHupyemoro pabo-
4yero repernajga Ha temjioMmepe 50-60 K u ¢ yyetom
BBICOKOM YaCTOTHl OCIHMJ/IJISALIUN JaHHBIN GaKTop
MO>KHO CUMTATh JOIYCTHUMBIM, He IMPeIsITCTBYIO-
IIMM JOCTOBEPHOMY M3MePEHHIO TeIJIOBOT0 II0TOKA
oT ITH. Jlomo/MHUTeIbHBIN I'PaQUK, IIOCTPOEHHBIN
Ha I10Jle OCHOBHOTO (CM. pPHC.4), IOKa3bIBaeT B yBe-
TUYeHHOM MacmTabe oCUUIASLIUN TeMIIepPaTyphl,
IIoy4YeHHBIe A1 peskuMa 60 BT.

AHanu3uPys BHINOJHEHHBIe H3MepeHH,
a TakXe NpeACTaBIeHHble pacyeTHHIe OLEHKH,
MOXKHO CIe/1aTh BHIBOJ, O TOM, YTO HPHUYMHA CPaB-
HHUTe/JTbHO BBICOKOHM TeMIIepaTypsl (cTabumnusa-
LIMH), PeTUCTPUPYEeMOH Ha TerioobMeHHHUKe, 06b-
SICHSAETCS He HaJIM4YMeM rpajueHTa TeMIepaTyphl
10 KOPITYCY, He TeIJIOIPUTOKAMU K HEMY H He CHU-~
>KeHHeM Ko3pUIIMeHTa Tellonepesayuu (0T TeIao-
HOCHTes K KOPIIYCY), a B OCHOBHOM, 00yc/I0B/IeHa
Ha/JIWYHeM IleperpeBa, IMOCTYMAIIEro B Temnoo6-
MEHHUK KUIKOTO TeIIJIOHOCUTEIS, 10 OTHOLIEHUIO
K PaBHOBeCHOI TeMIlepaType a3 (Imeperpes mpo-
KCXOOUT B IIpoLlecce TPAHCIHOPTHPOBAHMSA a30Ta
10 MaTUCTpPaJIH).

ITo pesynbpraTtaM TBU Temoo6MeHHHUKA MOXKHO
coesaTh 3aK/JIIOYeHMEe O TOM, YTO IIpeajaraemas
KOHLeNI NS MOAJep>KaHUSA 3aJlaHHOM TeMIlepa-
TypH HHTepderica C OJHOBPeMeHHbBIM H3MepeHHeM

oscillation frequency, this factor can be considered accept-
able, not preventing reliable measurement of the heat flow
from the WL. An additional diagram, plotted on top of the
main one (see Fig.4), shows the temperature oscillations
obtained for the 60 W mode on an enlarged scale.

Analysing the carried out measurements as well as the
presented calculated estimates, it can be concluded that
the reason for the relatively high temperature (stabilisa-
tion) recorded at the heat exchanger is not due to a temper-
ature gradient across the shell, heat inflows to the shell or
a reduction in the heat transfer coefficient (from coolant
to shell), but mainly due to presence of superheated liquid
coolant entering the heat exchanger, relative to the equi-
librium phase temperature (superheating occurs during
the nitrogen transport along the major pipeline.

Based on the results of the TVT heat exchanger, it can
be concluded that the proposed concept of maintaining
the interface setpoint temperature with simultaneous
measurement of the heat flux from the WL is efficient and
feasible.

METHODOLOGICAL ASPECTS OF TVT WORKLOAD
PERFORMANCE

As stated above, the methodology for determining the
heat flow from WL is based on the stable maintenance of
two temperature potentials, namely the nitrogen boiling
in the heat exchanger on the one hand and the required
temperature at the interface of -110 °C on the other. In
order to maintain a constant temperature of -110 °C in the
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OBOPYAOBAHME A/11 HAHOUHAYCTPUM

TeIJIOBOro MoToKa oT ITH sBiasieTcs 3¢ PeKTUBHOM
M OCYIIeCTBUMOM.

METOAWYECKWE ACNEKTbI BbIMOJIHEHUS TBU

MNOJNE3HOW HATPY3KU

Kak y>ke TOBOPUJIOCH MeTOAMKA OIpeleleHUs

TeIIoBOro IoToka oT ITH mocTpoeHa Ha CcTabuIb-

HOM IOAJepP>KaHHHU ABYX TeMIIepaTypHBIX IOTeH-

IIMaJIOB, a UMEHHO, KUIIeHHUS a30Ta B TeIljioob-

MeHHHKe, C OJHOHN CTOPOHBI, U TpebyeMoN TeM-

mepaTypsl Ha UHTepdetice -110 °C, c ApPyrowu.

JI71s1 TOro 4To6BI IOCTOSHHO YAep>KUBaTh TeMIlepa-

Typy -110 °C B 30He cThIKA cybcHCTeM HarpeBaTesb

TeIlJIoMepa [O0JI’KeH CO03[aTh COOTBEeTCTBYIOIIHUH

Ieperaj Ha TeIlJlIoMepe (CAMOCTOSITe/IBHO), & TAKKe

U UMeTh COOCTBEHHYI0 MOLHOCTD BbIIIe MOIIHO-

CTH HocTymnarmel oT ITH. OfHaKo, ec/IM peajlbHas

MOIILHOCTH oT ITH 6yneT pocturatb 40 BT, Temnio-

OTBOZSIIUI TPAKT, KOTOPBIH IIpe/CTaBisIeT cCob0n

cybcrucTeMy, COCTOSIYIO U3 TeIJIONpoBogoB u PTO,

IpHUAeTCS IPOeKTUPOBATh 3aHOBO.

I[Ipy MOATOTOBKE HCIIBITATEJIBHOTO CTeHA

U1 BBIITIOJIHEHHU U TBY OCHOBHBIMH 3agavyaMU B IO~

TOTOBKEe TelJ00bMeHHHUKA-TeIJioMepa JJIs ero

[IpHMeHeHHU S SIBJISIOTCS:

¢ KanubpoBKa TeljoMepa, KOTOPYIO Ieseco-
0o6pa3HO MpPoOBeCTH He TONbKO A/l TpebyeMon
TeMIIepaTypbl, HO U )11 OTKJIOHEHHU N B HOJIBIIYIO
U MeHBIIYI0 CTOPOHBL. Torga mMpu UCIBITAHUAX
[TH MoskHO 6y[eT BBIIIOJIHUTD JOIIOJHUTE/IbHBIE
Pe>XMMBI UCIIBITAHUL, [103BOJSIONIKE [10KA3aTh,
KaK BIMseT TeMIlepaTypa UHTepderca Ha IIOCTY-
MAMHUN K HeMYy TeIJIOBOM IIOTOK, (a Takke
BBIIIOJTHUTh MHTEPIOSALIMIO I/ YCTAHOBICHU S
TOYHOI'O COOTBeTCTBUA MexXay QIIH u TemIiepa-
Typou unTepderica T = -110 °C);

e IIpeJBapHTeNbHOe (3KCIIePUMeHTAIbHOE) OIlpee-
JIleHHe KOJIMYeCTBa IIPOBOLHUKOB (D0JITOB) TeIIo-
Mepa, obecrnevyMBAIIKX [Iepefady MOUIHOCTH
B fuamna3oHe 40-60 BT 119 QUKCUPOBAHHBIX TeM-
IepaTyp uHTepderica u Tern1o06MeHHHUKA;

e moALepkaHHe CTAOHMIBPHOIO pekKHMMa Tede-
HHUS a30Ta B MarucTtpanu, obecmeduBalo-
ImeM 4Yepe3 Tel00OMeHHHK IIOTOK SXKHAKOTO
asoTa C HH3KHM Iapocomepx)anHueMm. Ilpu
3TOM Ba>XKHO OIIpefe/HUTh YCAOBHUS CTabUIBHO-
CTH U IIOBTOPSIEMOCTH pesKMMa JOCTAaBKH a3oTa
K Tel1000MeHHHUKY-TeIlJIOMepY.

BbIBOAbI

B mpomecce ornpefeneHHs KOHIENIIUHU TeI1006-
MeHHHKa-TelJoMepa aBTopaMu pa3paboraHa
MEeTOLHKA 3KCIIePHMEHTAIbHON OTPAabOTKHU HHU3-
KOTeMIIepaTypHOM II0JIe3HON HAarpy3KH KOCMHU-
YyecKoro ammnapara. Ha 6a3e TemI0BaKyyMHBIX
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interface area of the subsystems, the heat meter heater
must develop a suitable differential at the heat meter (by
itself), as well as have its own power above the power sup-
plied by WL. However, if the actual power from the WL is
up to 40 W, the heat dissipation path, which is a sub-sys-
tem consisting of heat pipes and maintenance scheduler

(MS), need to be redesigned.

When preparing the test stand and performing the
MS, the main tasks in preparing the heat exchanger/heat
meter for its application are:

o calibration of a heat meter, which should be carried
out not only for the required temperature, but also for
upward and downward deviations. Additional test rou-
tines can then be performed on WL tests to show how
the interface temperature affects the coming heat
flow (and also interpolate to establish an exact match
between the QITH and the interface temperature
T=-110°Q);

« preliminary (experimental) determination of the num-
ber of conductors (bolts) of the heat meter to ensure
power transfer in the range of 40-60 W for fixed inter-
face and heat exchanger temperatures;

« maintenance of a stable nitrogen flow in the pipe-
line providing a low vapour content of liquid nitrogen
through the heat exchanger. It is important to deter-
mine stability and repeatability of the nitrogen deliv-
ery to the heat exchanger/heat meter.

CONCLUSIONS

In the process of defining the concept of heat exchanger/
heat meter the authors developed a methodology for exper-
imental testing of low-temperature useful load of a space-
craft. Based on heat-vacuum tests of the heat exchanger
prototype and computational experiment, a compre-
hensive work proving the applicability of this approach,
in terms of using a heat exchanger operating with liq-
uid nitrogen and a heat exchanger with a compensating
heater was carried out. The design of the heat exchanger/
heat meter has been developed, and a generalized sce-
nario of heat-vacuum testing (HVT) has been defined.
Implementation of the technical solutions presented
herein will make it possible to improve the quality of HVT
of various low-temperature payloads, in the form of auton-
omous WL SC, as well as to reduce the cost of such tests.
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HCIBITAHUN NPOTOTHIA TemJIooOMeHHHKA
U BBIYMC/IMTE/IBHOIO 3KCIIePUMEeHTa BhIIIO/IHeHAa
KOMILJIeKCHas pabora, moKa3plBalonas IPUMeHHU-
MOCTb JAHHOIO I104X0/4a, B YaCTHU MCII0JIb30BaAHHU S
TeIJIooOMeHHHKA paboTaromiero Ha SKUKOM a30Te
U TellJloMepa C KOMIIeHCAIlMOHHBIM HarpeBare-
neMm. PaszpaboTaHa KOHCTPYKLOHUS TeIloobMmeH-
HUKa-TeIlJIoMepa, onpeneneH 0600meHHbIN clle-
HapHUU IPOBeAeHUS TelJIOBAaKYYMHBIX UCIIBITA~
HUM. Peann3anus TeXHUUYECKUX PelleHUH, Ipe-
CTAaBJIEHHBIX 34€eCh, IIO3BOJIUT IOBBICHUTH Kaye-
CcTBO IIpoBedeHHsI TBH pa3/THYHBIX HU3KOTEMIIE-
PaTYpPHEIX I10JIe3HBIX HATPY30K, B BUJe aBTOHOM-
HBIX I[IH KA, a TaK>Xe HOHHU3UTh CTOUMOCTh TaKHX
HCOBITAHUH.

WHOOPMALUA O PELLEH3UPOBAHUN

Pemakuus 61arofapuT aHOHHMHOTO pelieH3eHTa
(pelLieH3eHTOB) 33 UX BKJAJ B pelleH3UPOBaHUE
3ToM paboThl, a Takske 3a pa3MellleHHe CTaTeH
Ha calTe )XypHala U Iepefadyy UX B 3JIeKTPOHHOM
Buge B HOF eLIBRARY.RU.
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B kHHIe ¢ NOMOIBI CHHIYIAPHEIX MHTEIPATBHBIX YPABHCHMI PACCMATPHBAIOTC PasIHYHBIE
KAacchl 3aad anexTpoguiaMukd. Monorpadua coctont Mz gpyx vacrei. B nepeoii yactn Bu-
BOIATCA O LEMHBIE CHHIYIAPHBIE HHTEIPAIbHBE YPABHEHHA, OIHCHIEAIME 321a4H PACCEAHHA
HEKTPOMATHHTHBIX. BOMH HA TPEXMEPHBIX HEOIHOPYIHBIX M AHHIOTPOINHBIX CTPYKTYPAX, 4 TAKKE
CHHIY/PHBE YPABHEHHA C 3al1A3/bIBAHMEM [10 BPEMEHH, OIIMCRBAILINE 331341 BE3aUMOIefCTBIA

HECTALIHOHAPHOTO NOMA € OMPAHIHCHHON MATCPHAnbHOR cpenof. C MCNONbIOBAHHEM HONYHEHHBX YPABHCHIN JOKA3H BAOTCE TCOpeMbl
CYUIECTROBAHMA M ¢IMHCTECHHOCTI PELICHIA PA3IHIIX KIIACCOR 3134 PACCCSHIUA BO/IH, Bo BTOPOI 4acTh HANATAIOTCH HTCPALMOHHBIC
METOjIB! UL PEIICHIS YPARHCHII, MATCMATHHECKH CTPOTD 000CHOBBIBACTCH IIPHMCHEHNE MeTojia [aneprmba i MeToja KOnAoKaLMN JU1A
HHMCAEHHOTO PELICHIS YPABHEHNH, ONNCHIBAMINX 3a/[8 0 PACCCAHNA BOMH HA TPEXMEPHBIX HEOIHOPOJHBIX 1 aHHAO0TPOIHLIX CTPYK-
typax. [Tpepnarawren ek THBHBIC ANTOPHTMB MHCICHHOTO PCIICHUA CHHTYIAPHLIX YPABHCHMA.
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