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AHortauisi. PiiuHHI MIKpO- 1 HAHOTEPMOMETPH BUI'OTOBJISIOTH Ha OCHOBI KaliApiB, 3alI0BHEHUX PiAMHOI0. Baxusumu €
BUJ pinuHY (BOZA, CIMPT, PTYTh TOLIO), KYT HAXMIy TEPMOMETpa i BiINOBIAHO, Kamisipa, iforo BHyTpimHiii niamerp. Humi
norpeba y MIKpoO- i HaHOTEPMOMETpPAax 3 HEBHCOKOKO IHEpLiHHICTIO 1 BIANOBIJHO 3 MaluM JiaMeTpoOM Kaliispa 3pocTae, a
iHpopManii mozxo IX iHepIiitHOCTI, HeOOXiIHOI, 30KpeMa, Ul MEIUIIMHN CTAa€ HEAOCTaTHRO. Yac X TeruioBoi iHepIii JocTaTHHO
MaJlui, OCKUJIBKM TEIUIOBA PIBHOBAara TEpPMOMETpa i KOHTPOJIBOBAHOIO 00’ €KTa BCTAHOBIIIOETHCA HaJ3BUYaiiHO mBHAKO. [Ipore
HACNpaB/i NEpeMilleHHA pPiIMHM B KaIlIApi TepMOMeTpa, IO BU3HA4Ya€ BiUIIK 3HAUCHHSA TEMIIEPATYpPH, BHACIIZOK 3MiHM
TEPMOJMHAMIYHUX YMOB IIi/l YaC BHMIDIOBAHHS HE € HACTNBKHM IIBHAKUM, 1100 3a0BOJNBHUTH MeTpoioriB. JlOCBiJ BHBYEHHS
CIIOHT@HHOT'O POHUKHEHHSI PIJIUH Y MOPUCTI MIKPO- 1 HAHOKaHaJIU IIPUPOHUX CTPYKTYP OOMEXKYETHCS IEPEBAKHO MPALIMHU, 1110
(biKCYIOTB ICTOTHICTB BIUIMBY II04aTKOBUX YMOB HA IIBUJIKICTh HPOHUKHEHHSI.

VY po6oTi po3riIsiHyTO 0COOIMBOCTI 3aIIOBHEHHSI KAMiIAPiB Pi3HUX BHYTPIIIHIX JiaMeTpiB 3a Pi3HUX KyTiB HaXWiy, IO 1a€
3MOTy OIpalbOBYBAaTH ITUTAHHA TEXHOJIOTi] BUIOTOBJICHHS Ta BUKOPHUCTaHHS BKA3aHUX TEPMOMETpIB, 1 OTKE, NPOTHO3YBaTH
TPUBAIICTh BCTAHOBJICHHA II0Ka3iB MiKpO- 1 HAHOTEPMOMETpPIB 3 TEPMOYYTJIMBOK DiJWHOIO IIiJl 4ac BHUMIpDIOBaHH:], HE
00MEKYFOUHCh PO3TIISAIOM JIMIIE TEIUIOBUX IIPOLIECIB.

Jlst uporo ckopucranuck 3akoHoM JKropeHa Ta piBHAHHAMH BamGopHa i Bocanke. Ha mBuaKicTh 3all0BHEHHS Kamiispa
BIUIMBAIOTh B’ A3KICTb PiIMHH, OBEPXHEBUH HATAI, JIOBKHHA 3alIOBHEHOI YaCTUHU Karliyisipa Ta ioro paxiyc. OCKiUIBKH B’ sI3KiCTh
PiIMHY HE3HAYHO 301IBLIYETHCS 13 MBUILEHHIM THCKY W €KCIIOHEHIIHHO 3MEHILYEThCS 13 MiJBUILECHHAM TEMIIEpPaTypH, TO BOHA
00€pHEHO MNpOIOpIiiHa 10 MIBUIKOCTI NPOHUKHEHHS a00 NEepeMillleHHs MEHICKa CTOBIYMKA TepMoMeTpa. Mu mnpoaHanizyBaiu
BIUIMB 3a3HAUYCHMX UMHHUKIB Ha METPOJIOriYHI IMapaMerpu MiKpo- 1 HAHOTEPMOMETpIB, IO cHpHse iX e(eKTHUBHILIOMY
BUT'OTOBJICHHIO Ta BUKOPUCTAHHIO.

Korouosi ciioBa: piguHHUNA MIKpOTEpMOMETp, CTajla TEIUIOBOI iHEpILii, TPUBAJICTh BCTAHOBJICHHS IIOKA3iB TEPMOMETPA,
piBHsAHHS BamGopHa, rpaytoBaibHi XapaKTepHCTUKH.

Abstract. Micro- and nanothermometers with liquid-phase sensitive elements are made on the basis of capillaries filled
with liquid. Important isthe kind of liquid (water, a cohol, mercury, etc.), the angle of inclination of the thermometer capillary, and
itsinternal diameter. Currently the need for micro- and nanothermometers with low inertia and accordingly with the small diameter
of the capillary is increasing, and information about their inertia, which is necessary, in particular, for medicine, becomes
insufficient. The time of their thermal inertiais rather small, since the thermd equilibrium of the thermometer and the controlled
object is set extremely fast. However, in redlity, the movement of aliquid in a capillary of a thermometer, which determines the
readout of the temperature value, due to the change in the thermodynamic conditions during the measurement, is not so rapid to
satisfy the metrologists. The experience of studying the spontaneous penetration of liquids in porous micro- and nanochannels of
natural structuresislimited mainly by works that capture the significance of the influence of initia conditions.

The features of filling capillaries of different internal diameters at different angles of inclination are considered in this
paper. It enables to work out the technology of manufacturing and application of these thermometers, and thus to predict the
duration of setting the micro- and nanothermometers’ indications not limiting by thermal inertia.

For this purpose, the Washburn’s and Bosanquet equations are considered. Rate of filling the capillary is affected by fluid
viscosity, surface tension, length of the filled capillary, and its diameter. Since the viscosity of the liquid increases slightly with
pressure and decreases exponentidly with temperature, it isinversely proportional to the rate of liquid penetration or to the rate of
moving meniscus. It was analyzed the impact of these factors on the micro- and nanothermometers’ performance that promotes
their efficient production and application.

Key words. Microthermometer, Liquid-Phase Sensitive Element, Thermal Inertia, Duration of Setting the Indications,
Washburn's Equation, Calibration Characteristics.

Beryn BUKOHAHHI Ta BHKOPHMCTaHHi. IX MacoBO 3aCTOCOBYIOTH
IcHye uuMano pPi3HMX BHIiB TEPMOMETPiB, IO TOMY, IO BOHM HE MOTPEOYIOTh NONOMIXKHMX MPHIIANiB
BIIPI3HSIOTECA BUKOPHCTAHHIM 3aJIGKHOCTEH pisHMX  Ta JKepeln eneprii. Cepes PpiIMHHUX TEpMOMETpIB
BIIACTHBOCTEH PEUOBMHM Bij Temmeparypu. Ilomm-  BHPI3HSIOTHCSA PTYTHI TEPMOMETPH Ta TEPMOMETPH i3 He-
PCHUMH BBaXarOTh pi):[I/IHHi TEPMOMETPH, JIerKi y PTYTHUM 3aIlIOBHCHHAM (CHI/IpTOBi, KCI/IJ‘IOJ'IOBi,
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TOJYOJIOBI, SIKI BAKOPHCTOBYIOTh /ISl BUMIPIOBaHHS TEM-
nepatyp —200 °C) rtomro. Ilix yac iX BHTOTOBICHHS
BUKOPHCTOBYIOTh KAIIIJISIPH 3 JiaMEeTpoM KaHally Bif
100 mkwm i Bumie. Ilin wac mepeBipku W ekcILTyatamii
TaKUX TEPMOMETpPIB YHHKAlOTh BUMIpPIOBaHb 3a JIOBOJI
HU3BKHX TEMIIEPaTyp, OCKIUIBKA y BY3BKHX KaIllIspax
CTOBIUMK DPTYTi PYXAEThCsl HEPIBHOMIPHO, CTPUOKOIIO-
IOHO, a y pa3i 3HIDKEHHs BUMIPIOBAHOI TeMIIEpaTypH
MOXe€ po3ipBaTHCS.

Crana TtemnoBoi iHepuii TepMOMETpiB BU3HA-
YaE€ThC I1HTEHCHBHICTIO TEIUIOOOMIHY TEpMOMETpa 3
BUMIpPIOBAaHUM cepeioBHIIEeM. TepMoMeTp, TOMIIIEHUH y
piake cepenoBUILE 3 BHCOKAM KOE(IIIEHTOM TeIIo-
00MiHY, XapaKTepH3yBaTUMETHCSI MEHIIOK CTaJIOK I10-
PIBHSHO i3 TaKUM CaMHUM TEPMOMETPOM, BCTAHOBJICHUM
Ha TmOBITpi. EKcrepuMeHTaNbHI JaHi IMOJO0 JEAKUX
MiKpoTepMorap, OJM3bKHX 32 PO3MipaMHu Ta, OTXKeE, 3a
CTaJIOI0 TEIUIOBOI 1HEpIii, JO AOCTIIKYBaHUX MIKpO-
TepMomeTpiB, HaBedeHi y [1, 2]. Cgiit BIIMB 4YMHWTH
TEIUIOEMHICTh TEPMOYYTJIMBOIO MaTepialy Ta I1HIINX
MaTepiajiB KOHCTPYKLIi TepMoMeTpa Cinem. Lli mapa-
METpH JETANbHO omucano y [3], /e mokasaHo, M0 METO-
JIMYHA CKJIaJ0Ba MOXMOKM BUMIpPIOBaHHS TEMIIEpATypH
BU3HAYAETHCS CIIBBIHOUIEHHSIM IX JIHIHHHX pPO3MipiB
(3a cmiBMIpHHMX 3HAY€Hb IXHIX MacOBO-TEILIO(MI3UUHUX
XapaKTepPUCTUK Ta  XapaKTePUCTUK BUMIPIOBAHOTO

00'€KTa  Gpom! am= Copl op» A€ O — IHTOMA rycTuHa
Marepiany):
Vo &8, 0
— Vi th -
dT,, = Ve”“ 9%' 1., Q)
ob € 'x 2
ae Vyem Ta Voo — 00'eM MaTepialy TepMOMeETpa Ta

BHMIpIOBAaHOTO 00’ €KTa BIAMOBIAHO, 7, — TeMIeparypa,
[0 BCTAHOBIIIOETHCA Yy TEPMOMETPI BHACITIJOK HOTO
TEIO0OMiHY 3  BHUMIDIOBaHHM 00’ €KTOM  (SIKIIO

Vb >> Ve, » BOHA OJTH3bKA JIO TEMIIEPATYPU OCTAHHBOTO).

HenoJgiku

CyuacHi TeXHOJIOT'11, 30KpeMa JIKyBaHHS PaKOBHX
3aXBOPIOBaHb, IMOTPEOYIOTh BUTOTOBJIECHHS 1 BHKOpPHC-
TaHHS TEPMOMETPIB MAITUX PO3MIpIB (MIKpOTEPMOMETPH
3 Kamispamu giamerpis, MeHmmmu Big 100 Mxwm), mis
NIPUKIAAyY, /s OHPOMIHEHHS MaJlopO3MIpHOro ore-
pamiiHoro TOoJsi BHCOKOYACTOTHHUMH €JIEKTPOMArHiT-
HUMU XBWISIMHU. ToMy /1l BUMIPIOBaHHSI TEMIIEPATypH B
TakuX creuudiyHUX yYMOBaxX TMpPHIATHI, IEpeaycim,
pimuuHi Mikporepmomerpu  [4]. MikporepMomerpH,
BUTOTOBIICHHSI SIKMX ommcaHo y [5], moBuHHI Bin-
3HAYaTHCh MAJIMMH PO3MIpaMH Ta IIBUIKHUM BCTAaHOB-
JICHHSIM TIOKa3iB MiJ Yac BHUMipIOBaHHs. BUHUKae HHU3Ka
npo0JieM, 30Kpema rpobiemMa iHepIifHOCTI TepMoMeTpa,
OCKIJIbKM ~ 3aKOHOMIPHOCTI ~ 3allOBHEHHsS  PiJMHOIO

KaliJasgpiB HEAOCTAaTHHO BHUBYCHI W HE BCI piAUHH
BIJIMIOBIIAIOTh BUMOTraM. Pa3oM 3 THM, pIAMHHOMY MiK-
porepmMoMerpy  JiHiHHMX ~ po3mipiB  ~100  Mkm
MpUTaMaHHi cnenudivHi pucH, 1MOB’ 13aHi 13 po3MipHUMHU
epekTaMnd Ta iX HacHiAKaMd. AJpKe 31 3MEHIICHHIM
MepeTHHY KaHaly Kamsipa 3pocTae BiTHOCHE 3HAUYEHHS
CHJIM TEPTSl TEPMOUYTIMBOrO MaTepially o0 CTiHKH, IO
Jlie Ha CTOBMYHK ITil 4ac HOro pyxy mno xamispy. Kpim
TOT0, YCKJIAJHIOETHCSI TEXHOJIOTiSI BUTOTOBJICHHS CAaMOT'0
TEPMOMETpa, nmozask Ti caMi CHJIM CTBOPIOIOTH
TPYIHOIII Yy pa3i 3alloBHEHHs HOro Karisipa TepMo-
YYTIMBOIO PIANHOIO.

Meta poboTu

Mera pobOoTu mojisira€e y BHBYEHHI AacIeKTiB
3alOBHEHHS KamisIpiB  MIKPOTEPMOMETpIB  PI3HUMHU
TEPMOUYYTIMBUMH PiguHaMu (Ha eTari BUTOTOBIICHHS), a
TAKOX Yy JIOCTIDKEHHI XapaKTepUCTHK IHEepIiHHOCTI
TEPMOMETPIB, TIOB’ sI3aHUX HE TIIBKH 13 TEIUI0(hI3HIHUMU
rapameTpamMi TeIooOMiHy, ajie i 3 pyXoM piIUHH MO
Karsipy BHACIHIZIOK 3MiHU TEMIIEpaTypH TepMOMeETpa
ITiJ1 9ac Oro BUKOPUCTaHHS 32 MPU3HAYCHHSIM.

1. Koncrpykumii, marepianu Ta Xxapak-
TePUCTUKH TEPMOMeTPiB
1.1. MakporepmMoMeTpH

PosrisiHeMoO 3acamu poOOTH PIIMHHOTO TEPMO-
MeTpa. 3aBJAsSKU TEIUIOBOMY PO3IIUPEHHIO 301IBITYEThHCS
00’ €eM TepMOMETPUYHOI piguHU y pe3epByapi. CTOBIMUHK
piLAMHM Yy Kamijsipi MigHIMAEThCs, 1 L0 3MiHY MOXKHA
MIPOCTEKHUTHU 32 JOMOMOTOI0 LIKAJIM. 3BOPOTHHH IIPOIEC
BiIOYBAE€ThCSl y pa3i 3HWKEHHS TemIiepatypu. Y BH-
Majky 3MIiHHM KOHTPOJBbOBAHOI TeMIIepaTypu 00 eM
TEPMOYYTIAMBOI  PIJUHU  3MIHIOETBCS  TTOCTYIIOBO,
OCKIJIbKHM JIJIsl BCTAHOBJICHHSI TEIUIOBOI PIBHOBAaru Mix
HEI0 Ta KOHTPOJIbOBAaHMM CEPEJOBUILEM IOTPiOEeH uac.
KoHcTpykuist TepMoMeTrpa 3abeslieuye OJHO3HAYHY
3aJIeKHICTh MK BUMIPIOBAHOIO TEMIIEPATYpOIO i BHCO-
TOK CTOBIMYMKA piauHd. OTKe, NOBXKHMHA CTOBIYHKA
piAMHHE CIOyrye Mipol0 BHMIpIOBaHOI TeMIeparypH, a

BEPXHIl KiHElb CTOBIYMKA — MEHICK — BH3HAYae
3YMTYBaHi [OKa3W TeMIlEpaTypu. 3MiHa 00 emy,
3aJICKHO BiJ TeMmepaTypu Uil Oyab-sfKol pimuHu abo
TBEPIOrO0  Tija, XapaKTepuU3yeThbCs  KoedillieHTOM
00’ emHoro TeruoBoro posmupenns fB, UK. Cepenne
3HaueHHs [ y TtemneparypHoMmy iHTepBasi O — t
OOYHCITIOIOTH 32 BHPa30OM:

p=Yi Vo @

V,T

ne Vi Vy — 00’ emu, 1110 BiAMOBIAaIOTH TeMITepaTypam T i
0°C. Y ckiIsHOMY PiIMHHOMY T€PMOMETpI Yy pa3i 3MiHH
TEMIIEpaTypyd 3MIHIOETBCS HE TUIBKH 00 €M TepMo-
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YYTIUBOI PiMHM, ajie W 00'€M CKISTHOTO pe3epByapa.
Koeoinientn 00’ eMHOro po3mupeHHs P piiuHU Ta cKia
3HauHO BimpisHsmoThes: 1,81x10°% (°C)™* mms  pryri;
10,6x10* (°C)™" mia compry Ta 0,25x10°%(°C)™ s
ckna. TomMy B TepMOMETpi CHOCTEpIraeThcsl JIMIIE
BUAMMA 3MiHa 00 €My piMHH, IO JOPIBHIOE Pi3HUII
3MiH 00'€MiB piauHu 1 pesepByapa (Ta YacTKOBO
Kamisipa) TepMoMerpa. Y 3B's3Ky 3 IMM I 4ac
PO3paxyHKy KOHCTPYKLIi TEPMOMETPa BUKOPUCTOBYIOTh
TaK 3BaHUW BUIUMHH KOE(II€EHT PO3MIMUPEHHS TEPMO-
METPHUYHOI PIAMHU B CKJIi 1.

Y paxoByrOTh, III0 pO3MIpH KYJISICTOTO KOHTeHHepa
s piauau miamerpa Dy Hk4iil yacTuHI TepMoMmeTpa
MPaKTHYHO HE 3MIHIOIOThCS 3 TEMIEPATypolo, TOMI SIK
cama piauHa 30UTBIIYETHCA B 00 €Mi, TPUPICT 00 €My
PIIMHA TIEPEMIIIYEThCS B TEPMOMETPUYHY TPYOKY
miamerpa d. Ile mae 3Mmory 3B’s3aTH HPOIOPIIHHICTIO
3MiHH po3Mipy cToBmurKa Ah TepMoMeTpa i3 IPUPOCTOM
temneparypu AT. Hampukman, ams ay = 10* UK Ta
D=10d otpuMaHO piBHAHHS TpaayOBAIBHOI Xapak-
TEPUCTHKU MakpoTepMomerpa [6]:

Dh =0.067dDT = ADT , aun, A3)

ge crana A — YyDIMBICTh TE€pPMOMETpa, IO BKIIOYAE
BHYTpIlIHIM niamerp Kaminspa. SIk 6aunMo, 4yTJIMBICTh
MaKpoTepMOMETpa 3HWKYETHCS 31 3MEHIICHHSM Jlia-
MeTpa Karsipa.

1.2. MikpoTrepmomeTpu

VY 3B'S3Ky 3 PO3BUTKOM HAayKH Jelalli MOMmyJsp-
HIIIMMU CTalOTh 0i0- Ta HaHOTexHoorii. lle moTpedye
PO3pO0IIEHHsI BUCOKOTOUHHMX TEXHOJIOTiH BHUMipIOBaHHS
TEMIIEpaTypyd 13 3aCTOCYBaHHSIM MiKpOTEPMOMETPIB.
HaiinommpeHnin MiKpoTepMOMETPHU 3 TOHKUM TIPO30PHM
KaIisIpOM, 3aMKHYTHM 3 OIHOI'O KiHIIA (HOBXHHA 0
100 mxm i miamerp 6mu3bko 0,1...1,0 mxm). Sk Temmepa-
TYpOYYTJIMBUH €JIEMEHT BUKOPHCTOBYIOTH TEPMOYYT-
nuBy piguHy (BOmy, CIOHUPT, PTYTh Ta raiiif), KOO
3aIMOBHIOIOTH BHYTPIIIHIM MpocTip Kaminspa (puc. 1).

20° eo"c[\ 294%[\490%[\330% N 170°c N 45°C [\24% N
gy M MM M MOV

(-

v v U VU U U U VU

Puc. 1. Mixpomepmomemp na ocHosi 3anoenenoi eaniem
HanompyoKu

Figure 1. Microthermometer produced on thebasis
of the capillary filled with gallium

Ilix 4yac HarpiBaHHA Ha BUIBHIM ITOBEpXHI
CTOBITYMKA Talil0 YTBOPIOETHCS MIAP OKCHJY, 3aBISKU
BJIACTUBOCTSIM SIKOTO (DIKCYETHCSI JIOBKUHA METAIIYHOTO
CTOBITYMKA; HOTO HASIBHICTB € 3PYYHOIO ISl BUMiPIOBaHb.
[Ipore MiHIATIOPHICTE MIKPOTEPMOMETPIB  BH3HAYaE
oTpedy B ONTUYHOMY 3ac00i IS 3UUTYBAHHS TOKa3iB.

1.3. Toc1izkKeHHSI XapaKTEPUCTHK TEPMOMeETPiB

Y mpami [6] Mu 3miHCHHIH TepMOAMHAMIYHHIA
aHayi3 poOOTH 3raJlaHUX TEPMOMETPIB Ha OCHOBI
BU3HAYEHHS CYKYITHOCTI YAHHHKIB BIUTUBY, 3YMOBJICHUX
€0 pI3HUX TEPMOJMHAMIYHMX CHJI 1 IIOTOKIB Ha
TEPMOUYTIUBY CYOCTaHIIIIO TepMOMETpa y pa3i 3MeH-
LIEHHs WOro PO3MIpiB y MIKpo- i HaHooO1acTh. BoHm
MPU3BOIATE 10 (pOpMYyBaHHS TpagyrOBaJIbHOI Xapakre-
PUCTUKU ¥ 1O ii 3MiHM BHACIINOK Mii (DYHKIIT BILTUBY.
Octanns (HopMye IHCTPYMEHTAJIbHY CKIAJ0BY IMOXUOKH
TEpPMOMETpPA 32 YMOBU 3MiHU TEPMOJHMHAMIYHOTO CTaHY
TEPMOYYTIHBOI PEYOBUHH.

SKmo y piIMHHOIO MakpoTepMOMEeTpa BH3Ha-
YaJbHOI0 TEPMOAMHAMIYHOIO CHIIOIO € CHJIa, 3yMOBJIEHA
00’ €eMHUM PO3IIMPEHHSM TEPMOUYYTIHMBOI PIIUHHU, TO Y
PIAMHHOIO  MIKpOTEpMOMETpa MaeMO  CHpaBy  3i
3MIIIEHHSM CTOBIYHMKA PIAMHA BiJHOCHO TIEBHOL
MO3HAYKU BHACIIJIOK 3MIHU CHJIM MOBEPXHEBOI'O HATATY
uiei piavHM y pas3i 3MiHM TemIepaTypu. BusHaueHa
3aJIeKHICTh 3a3HAYEHOro 3MIIIEHHS B TeMIeparypu
CIIyI'y€e TMiACTaBOIO Uit (hOPMYBaHHS T'PaJyIOBAIILHOL
XapaKTePUCTUKH. 32 YMOBU HEXTYBaHHS BIUIMBOM MeXa-
HIYHOTO CTYHEHs BUIBHOCTI W TPOIECIB NEpPEHECEHHs,
3YMOBJICHHX HHUM, OTPUMYEMO [IBa B3a€MO3B's3aHi
YUHHUKA — TOBEPXHEBUH HATAT 1 TEMIleparypy, IO
BH3HAYAIOTh BUIIISAA TPaayOBaJbHOI XapaKTEepUCTHKU
pianHHOTO MiKpO- 1 HaHoTepMomeTpa. [IpaBuio ETBema
Ta piBHsAHHA Penes—Illinpna BH3HAYAIOTH 3AJIEKHICTH
TIOBEPXHEBOTO HATATY OYAb-SKOi YMCTOI pIOUHU Bif
TEMIIEpaTypu: 3a HUMH KOe(illieHT TOBEPXHEBOTO
HATATY € JiHIAHOIO (yHKIi€ Temmeparypu. OTxke,
BpaxyBaBIIU iX, OTPUMYEMO PIBHSIHHS T'PaJyIOBaJIBLHOL

XapaKTCPUCTUKHU Mikpo(HaHO-)TepMOMeTpa 13
KaHiJ‘IHpOM, 3aIIOBHCHUM TepMOlIyTJ'II/IBO}O pi):[I/IHOIOZ
4k N, 2
Dh=— (—2)3(T.- 6-T), 4
gd\v )2 (Te ) (4)

ne C — crana;, Tc — KpuTHU4YHA TemIepaTypa, 3a SKOi
KOe(IlliEHT ITOBEPXHEBOr0 HATATY PIIUHU 3MEHIIYETHCS
no Hyns. s mpukiamy, As BOAM LS TeMIeparypa
cranoButh 547 K. fx BuaHo, y crany C rpaayroBaibHOL
XapaKTePUCTUKH IIbOTO TEPMOMETPa BXOAUTH PO3MIp
BH3HAYAILHOIO KOHCTPYKTUBHOTO €JIEMEHTa, a came
BHYTPIIIHIH JliaMeTp TepMOMETpUYHOI TpyOKH d.
3a3HayuMo, 1110, KOJIH TEPMOMETP BHUKOPHCTO-
BYEThCSl B 30HI i TpajllieHTa TEeMIIepaTypH, TO BUHUKAE
edexr Tepmokamissiproi Teuwii [7-8]. Bin momsrae y
MOSIBI PI3HUIII TIOBEPXHEBOTO HATATY 1, OTXKE, Pi3HHULI
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KaIJIIpHOTO THCKY B PiAWHI, IO MPHU3BOAUTH 10 Tiepe-
HEeCceHHs caMoi piimHM abo MyXWpIB ra3zy B HEPiBHO-
MIpHO HarpiToMy cepexoBumni. lleli YHHHHK MoOXe
BUSIBUTUCS 1CTOTHUM Y (POPMYBaHHI JOJIATKOBOTO JKe-
pena MOXWOKM TEPMOMETPIB Y HAHOCBITI. Y BCSKOMY
pasi, BiH y)k€ BUKOPHCTOBYETHCSl Y HAHOTEXHOJIOTISIX ITif
9Yac CTBOPEHHS HAHOABUTYHIB [9], PYIIHHOI CHIIO0
SIKHX CIIYT'ye e(peKT TepMOKAIUISPHOT Tedii.

Jlist cri1 MOBEPXHEBOr'0 HATSTY MPOSIBISIETHCS BXKE
y 3BHYAaHHX TEPMOMETpax BUKPUBJICHHSM MEHICKa.
BaxnuBoro s Makpo-, MIKpo- Ta HaHOTEPMOMETPIB
BB)XKAETHCS TaK 3BaHa KallJIsIpHA CTajla @ SK BEJIMYHMHA,
IO OIMKCYE XapaKTePUCTUUYHI po3mipu cuctemu: L <a,
3a SIKMX ICTOTHUMH CTalOTh KaIllIApHI ABHUIIA (KaIiIsapHe
BCMOKTYBaHHsI, KallUIAPHUA pyX piJUHYU, KamijspHa
KOHJICHCAIIis TOIIO):

2s

—_—
(r 1-f 2)9

e § — MPHUCKOPECHHS BUIBHOTO WamiHHA, [

(5)

1’r

2
BIJIMIOBITHO TYCTHUHA PIIUHM 1 T'yCTWHA ra3y HaJ He.
Jns Bomgm 3a temmeparypu 293 K kamimsipHa crana

CTaHOBUTS, I puKiany, 3,8 MM. 3a3HaU4UMO, 1IO:
a’=hd/2, (6)
ne h i d — Bucora i miamerp croBmumka pimvHu y
KaIsIpHid TpyOli.
Jlns BU3HAYCHHS IOMiHYBAHHS THX YH {HIIHUX CHIT
y KOHCTPYKIIi piJMHHOTO TEepMOMETpa, y pasi 3MeH-
IICHHS H0ro po3MipiB y MiKpo-, a JaJii i y HaHO00JIacTh,

JIOIJIFHO ~ CKOPUCTATHCS  BBEICHUM  OE3pO3MipHHM
KpurepieMm — yuciioM bonna Bo :
Bo=rgd®/s , (7)

SAxmo Bo < 1 — nOMiHYIOTh KamIApHI CHJIM; a
SIKIO Bo > 1 — rpaBiTalliiiHi cuim.

JuHaMika NMPOHNMKHEHHS PiIMHU B KamiIsApHi
TPYOKH pO3IIISIAETHCS B TOMY BUIAIKY, KOJIU e(peKTH
iHepIii He3HayHi. Bunanky NpOHUKHEHHS pIJUHU B
TOPU30HTAJIbHI KalIsipy TpUTAMaHHI iCTOTHIII TpH-
BaJoCTi. ACHMITOTHYHE pIIIEHHS BU3HAYAE MAaKCH-
MaJIbHY TPHBAJICTh BCTAHOBJICHHS IIOKa3iB MIKpO- Ta
HaHOTepMOMeTpoM. BoHo omucyetbcsi piBHsSHHAM Jly-
kaca—BamObopHa, 110, SK BHAAETHCH, € TIPAHUYHUM
BUIIAJIKOM JIOCTaTHHO 3HAYHUX TPHUBAJIOCTEH BUTPHUMKHU
(ropusonTanbHuUiA Kamisip). CropoieHe piBHsSHHS Bari-
OopHa, BUBEJECHE IS TMEPEMIIICHHS DPIAMHU B Kalli-
JSpHIM IWTHAPUYHIA TpyOli 3a BiICYTHOCTI TrpaBiTa-
LWiHOrO TMOJIsI, € JIOBOJI TOYHWUM Yy BHIIQJKY, KOJIH
KalisipHa CWjia BCe 1€ 3HAYHO MEPEBHIIYE CHIIH
TsDKiHHS. BOoHO BUIIIAIa€e Tak:

,-9Dtoos( )
n

L , (8)

ne t —uac; L — Bincranp; ¢ — noBepxHeBuii Hatsr; N — nu-
HaMi4Ha B’ SI3KICTh; | —KYT MK PiJUHOIO 1 TBEPIMM TiJIOM.

[1in yac BUBeAeHHS piBHSAHHA BambOopHa iHepIiio
PiAMHM ITHOPYIOTH SIK HE3HAUHY, IO A€ pajlle iCTOTHY
mBuakicts dl/dt maas manumx 3Hadens t. OCKUIBKH Y
Mmoeni Jlykaca—BamibopHa iHepIlist piiuHA iITHOPYETHCS,
e TNPHU3BOAWUTH 10 Oe3mepepBHOCTI ii JaMiHAPHOTO
MOTOKY 3a HE3MIHHUX MOTOYHUX YyMOB Ilyaseiiis.
OcraHHI He BPaxoBYIOTb €()EeKTiB MacoIllepeHEeCeHHs], 1110
MPU3BOIATH IO IPUCKOPEHHS IIOTOKY IEPEeHECeHHS Y
TOYKaX 3MIHM BHYTPIIIHBOI TeoMeTpii  Kamispa.
VYaockoHaneHe piBHSHHSA BamOopHa, 1o BpaxoBye
inepuiro pigunu [10], HasBaHe pieuanuam Bocanxe. 1le
nmudepeHIiianbHe PiBHIHHS APYroro MOpSAKy B YaCOBHX
NnoxigHUX. BoOHO omHMcye pyx piavHH B TOHKIH
KanusIpHid TpyOli abo y NOpUCTOMY Marepiaii, sSKWi
MOXKHa CIIPHHMATH SIK CYKYITHICTh KaIliJIsIpiB.

BukopucroBylour mTO3HaueHHs X sl BiACTaHi,
Ky TPOXOOUTh pifMHA, 1 TNPHUITYCKAIO4H, L0 pyX
TIOBHICTIO 3yMOBJIGHHH CHJIaMU TOBEPXHEBOTI'O HATATY,
0e3 MPUKIAACHOr0 THUCKY 10 000X KIHINB KamiJIApHOL
TpyOKH, piBHsIHHS BocaHke MOXHa TOATH SIK:

d, , dx dx _
E(prrxa)+8phxa—zpfyCOS(Q), €)

Ile piBHSHHS BHBYA€ MOYATKOBUN PyX DPiOWHH 3a
MOPIBHAHO MAaJIOi TPHUBAIOCTI EKCIIEPUMEHTY, HalIu-
s)enoi o O:

X2 (t) - X2(0 :Z—bgt— 1(1- ev)s (0
a a i
_2lcosq _ .
ne b= y C=—. 3a 1i€l YMOBY BU3HAUYAETHCS
rr rr

MOYaTKOBA MO3UIIiS MEHICKa, IO, K BUIHO 3 PiBHSIHHS,
MpoIopIiiHa 10 Yacy. 3peluToro, PiBHSHHS pPO3KIa-
naetees g0 Bigomoi dopmu Jlykaca-—Bambopha, mio
BIITBOPIOE 3aJIOKHICTh 3CYBY MEHICKa BiJg Hacy 1
B'si3kocti [11]. OcraHHs He3HaYHO 3O0iMBIIYETHCSA 13
MiJBUIICHHAM THCKY 1 3MEHINYETHCS 13 ITiIBUIICHHIM
TEMIIEpaTypyd 3a EKCIOHEHI[aJbHUM 3aKoHOM. Jlis
NIPUKIIaAy, AWHAMIYHAN KOe(il[ieHT B'S3KOCTI OIHCY-
B

€Tbes piBHaAHHAM: h = A* 1079 e B ta C — craui.

PesynbraTu i 00roBopenns

1100 BHM3HAYMTH BUCOTY IiJHIMaHHA PIAUHU Yy
Kamisipi, BHKOPHCTOBYIOTH 3akoH JKIopeHa: BHCOTa
MiAHATTS PIAMHM y Kamuisgpl IpomopiiiHa 10 Koe-
¢illieHTa TMOBEPXHEBOI'O HATATY pIOUHU I 0OEpHEHO
MpOMopIidHa 0 pajaiyca Kamiisipa i TYCTHHHA PiIUHH
(Tabmn. 1, puc. 2):

h:ﬁ

ror

3a HaxwWily Kalijspa BHCOTY 3allOBHEHHS po3pa-
XOBYIOTh 3a (opmyinoro (tadm. 2):
h=lsnj .

(11)

(12)
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Tabnuys 1

Bucora 3anoBHeHHs1 Kanmijisipa BO/I0I0, CIIUPTOM Ta PTYTTIO 3a pajiyciB kamiisipiB 0,1; 0,5 Ta 1 Mxm

Table 1

Height of capillary filling by water, alcohol and mer cury at the radiuses of capillaries0.1; 0.5 and 1 pm

Pajtiyc karispa I, Mi Bucora migusrrst Boau hy, Bucora migusarTs crimpty hp, Bucora migustTst pryrTi hg,
MKM (HM) MKM (HM) MKM(HM)
0,1 2,94(2940) 1,122(1122) 1,41(1410)
0,5 2,21(2210) 0,841(841) 1,058(1058)
1 1,47(1470) 0,5608(5608) 0,705(7050)

Puc. 2. Bucoma 3anosnenns kaninapa 6000io,
cnupmom ma pmymmio 3a paoiycie kaninapis 0,1;

0,5 ma 1 mxm

Fig. 2. Height of capillary filling by water, al cohol
and mercury for capillaries of 0.1; 0.5and 1 um

radiuses

Tabnuys 2

BucoTa 3an0BHEHHs! KAMLIsAPa BOIOI0, CIIMPTOM Ta PTYTTIO 3a jioro Haxmiy ua 30°, 60° a 90°

Table 2
Height tofilling the capillaries by water, alcohol and mercury at itsinclination on 30°, 60°and 90°
KyT Haxuty (po Bucora 3amoBHeHHs Kaninﬂpa Bucora 3amoBHeHHs Kaninﬂpa Bucora 3amoBHeHHs Kaninﬂpa
BOIIOKO hy1, MKM crupToM hyy, MKM pryrTio hgy, MkM
30° 20 25 22,5
60 ° 34,64 433 38,97
90° 40 50 45
Tabnuys 3
HIBuaKicTHL HATIOBHEHHS KANIVISAIPIB Pi3HOr0 AiaMeTpa BOA0I0, CIMPTOM, PTYTTIO
3a ix ropusonTaibHoro posramysanns (0°)
Table 3

Speed of capillariesfilling by water, alcohol and mercury at 0° depending on their radius

I1IBUKICTh HATIOBHEHHS! KATILIAPIB Pi3HUX PaliyCiB TEPMOUYTIHBOK PEYOBHHOK 32 00
Bona
ri, MKM Z, MKM dz/dt, mxM/c ro, MkM | Z, MkM dz/dt, mxM/c rs, MKM Z, MKM dz/dt, mxM/c
15 13,42 15 67,114 15 134,228
0,1 20 10,067 0,5 20 50, 336 1 20 100,671
40 5,034 40 25,168 40 50,336
Crmmupt
ri, MKkM Z, MKM dz/dt, mxM/c ro, MkM | Z, MkM dz/dt, mxM/c rs, MKM Z, MKM dz/dt, mxM/c
15 3,41 15 17,07 15 34,14
0,1 20 2,56 0,5 20 12,80 1 20 25,61
40 1,28 40 6,40 40 12,80
Pryrh
ri, MkM Z, MKM dz/dt, mxM/c ro, MkM | Z, MkM dz/dt, mxM/c rs, MKM Z, MKM dz/dt, mxM/c
15 513 15 25,67 15 51,33
0,1 20 3,85 0,5 20 19,25 1 20 38,50
40 1,93 40 9,62 40 19,25
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HIBHAKICTE HAIOBHEHHS KaIllisipa BH3HAYAETHCS
TOBEPXHEBUM HATATOM G 1 B's3KicTIO |l piauHH,
paziycoM Kamiyisipa I i JOBKHHOIO 3aIIOBHEHOI YaCTHHH
Karisipa Z i OnucyeThCs PIBHSHHSM |

% =rs cosq /4mz. (13)

Sk 0aynMMoO, MIBUAKOCTI 3alOBHEHHS KaIliJIsApiB
nmiamerpa 1,0 MKM BOIOI Y TOPHU3OHTAJIBHOMY IOJIO-
’keHHi craHoBiaTh 50-134 wmxM/c, cmnuptom —
13-34 mxM/c, pryrTio — 19-51 mxM/c. 1le o3Hauae, 1o
piauHHEME MikporepMomeTp 3aBioBxkn 100 MxM 3a
YMOBH MaibKe IMOBHOT'O 3amoBHEHHs Karijsipa 1,0 MkM,
KOJIM BiH 3MiHIO€ MOKa3M (JOBKUHY 3alIOBHEHOI YaCTHHH
Karmisipa) Ha 10 MKM, XapaKTepH3YEThCS 4acOM BCTa-
HosiieHHsa nokasiB 0,20-0,07 ¢ misa Bomm, 0,80-0,30 ¢
st cnupty Ta 0,5-0,02 ¢ s pryri. B pasi 3MeHmeHHs
nmiaMeTpa Kamiisipa y JecsTh pasiB, T06To mo 0,1 MxM,
Yac BCTaHOBJIEHHS IMOKa3iB TepMoMeTpa Tiel camoi
JIOBXKMHH 3pOCTA€ Y JIECATh pas3iB, MM03asK IIBUAKICTH
3aIOBHEHHS 3MEHIIYEThCS Ha Mopsiok. st pTyTi BiH
Mmoxe nocaratd 5,0 ¢, mo MOXe HE 3aJ0BOJBHITH
MOTPiIOHI BHUMOTM 4Yacy BCTAHOBJIEHHS IIOKa3iB Tep-
MOMeTpa.

CrpaBi, 3a ICBHUH Yac, 110 BU3HAYAETHCS CTAIOH0
TEMIIepaTypHOi iHepIii, TepMOMEeTp, MOMIlIeHHH Yy
CepeloBUIIE 3 IHIIOK TEMIEpaTypolo, NMOBHHEH BCTa-
HOBHUTH BJIaCHI ITOKa3W, BiJUyTHO 3MIHHUBIIN pPIiBCHb
Bi/UTiKy B Kamiyisipi. ToMy BuIeonucaHi napameTpu paj-
1Ie XapaKTepu3ylTh COPOMOKHICTh BUKOHAHHS MIKpO- 1
HAHOTEPMOMETPA i3 TEBHUX KOHCTPYKTHBHUX MaTepialliB
(mobip xaminmspa, MmiaGip TEPMOYYTIHUBOI PEUOBHHHM, IX
B3a€MHE 3MOYYBaHHs Ta MPOHUKHEHHS 3raJlaHol PiIMHU B
Kalmjsp), [EPEMIIIEHHs OCTAHHBOI ~ 3ae)KHO  Bif
TOJTOKEHHSI KAITjIspa TEpPMOMETpa Y MpoCcTopi (ropu3oH-
TajmbHe, TIOXWIE, BEPTUKANBHE), MPABWIbHUI BHOIp
CIIIBBITHOIICHHs JOBKMHM 1 JiaMeTpa Kamuisipa, TOOTO
Y3TO/DKEHHS 3alOBHEHHS PiIMHOIO (KamiispHa crana a),
ONTUMI3AIII0 KOHCTPYKIIi M| TEBHE 3HAYCHHSA CTaJol
3eMHOTr0 TspKiHHSI (drcio borma Bo) Torio.

OTKe, IBUIKICTH 3alIOBHEHHS Kamilsipa TepMo-
MeTpa He TOBHICTIO XapaKTeph3ye HOoro iHepIiiHi Xxa-
pakrepuctuku. KopekTHUM mmiaOMpaHHSAM JiaMeTpa
Karisipa MOXKHa JOCSATTH CHIBMIPHOCTI BIUIMBY TEILIO-
(GI3MYHUX XapaKTEepUCTHK, IO Y MIKPOTEPMOMETPIB
BU3HAYAIOTh CTajly TEIUIOBOI 1HEpLii, Ta BIUIMBY
XapaKTEePUCTUK, 3YMOBIEHUX PYXOM TEpMOYYTIUBOL
PiAMHM BHACHINOK 3MIiHM CHIIM ITOBEPXHEBOTI'O HATATY, i3
TEMIIEpaTypoo, 1o, 31 CBOro OOKY, BH3HA4alOTh 4ac
BCTAaHOBJICHHSI IOKa3iB TepMoMeTpa. Yac ycTaHOBIEHHS
ITOKAa3iB, OIIHCHHI 3a OCOOIUBOCTAMH TEILIOOOMIHY IS
KOHCTPYKIIi MIKpO- 1 HaHOTEpPMOMETpa, CTaHOBUTH
MIKPOCEKYHIH, TOII SIK 332 TEPEeMIlIeHHSIM piJIUHH Yy
Kamiasapi Ha OMUH—IBA IMOPSAKUA BUINKH, 3aJISKHO BIJ
JiameTpa Kanusipa.

Bucnosku

1. Po3BUTOK KOHTaKTHOI HaHOTEPMOMETpIi I0-
TpeOye IOCHTIDKEHHSI Pi3HUX BUJIB MIKpO- 1 HaHOTep-
MOMETpIB, IO BiJPI3HSIIOTECS BHUIOM TEPMOUYYTINBOL
pianan. TermogiznyHi TapaMeTpy BU3HAYAIOTH HOTo Yac
ycTaHoBNeHHs1 TokaziB. 1o MeHmi miHilHI po3mipu
(miamerp Ta [OBKHHA) Kamisipa, TO MEHIIOK €
TEOpEeTHYHa TPHBAJICTh YCTAHOBJICHHS IOKa3iB, sKa HE
nepepunrye 0,001 ¢ nyist HAaHOTEPMOMETPIB.

2. HacnpaBai pyx piavHH y Kamiispi Mikpo- i
HAaHOTEPMOMETpa 3aJIeKHUTh BiJl 3MIHM CHIIM ITOBEPX-
HEBOTO HATATY PIIUHHU, SKY BUKOPHCTOBYEMO SIK Tep-
MouyTauBy. Tomy, B Mipy 3MEHIIEHHs AiaMerpa Karli-
nspa, Uil MIKpOTEpMOMETpa BH3HAYaJIBHHM Iapa-
METPOM CTa€ UIBHIKICTh TIEPEMIllleHHS pIIUHU Y
Karsipi, onucyBaHa piBHIHHIMHU bocanke i BambepHa.

3. KinbkicHuii KpuTepiii 3aCTOCYBaHHS TUX YH
IHIIMX BUJAIB MIKPOTEPMOMETPIB 13 HAIllOBHEHHSM
KaIsIpiB pi3HUMH TEPMOYYTIMBUMH PiJHHAMH 3 METOO
JIOCSITHEHHSI HaWIIBU/IIOrO BCTAHOBJICHHS IMOKa3iB ITiJ(
yac X BHUKOPHCTaHHS HEOOXiIHO BHPOOWUTH Yy HaM-
OmKIOMYy MaliOyTHEOMY.

IMoasika

ABTOpY BHCJIOBIIIOIOTh BJISIYHICT KOJEKTHUBY
kadeapu iHGOpPMAITHO-BUMIPIOBAIBHUX — TEXHOJIOT1H
HanionansHoro yHiBepcurery «JIbBiBCbKa MOJITEXHIKa»
3a HagaHy JIOIOMOTY Ta BCEMIpHE CIPHSHHA Y
IiJrOTOBII CTAaTTi.
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