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AHHOTALHUA

Ipeamer ucciegoBanus. IIpencTaBIeHbl pe3ynbTaThl HCCIEAOBAHNS BO3MOKHOCTH PACIINPEHHS] AUHAMHIECKUX
JIMaTNia30HOB TEPMOAHEMOMETPHUECKIX METONOB. AKTYaJIIbHOCTE paboThl 00yClIOBIEHa BOCTPEOOBAHHOCTEIO HOBEIX
METOJI0B M3MEPEHUs TEILIOTUIPOAMHAMUYECKUX [1apaMEeTPOB BBICOKOCKOPOCTHBIX Ia30BbIX IOTOKOB I Leaei
Hay4HOTO IprOopocTpoeHns. HoBU3HA IpeacTaBIsieMoro pereHns COCTOUT B HCIIONB30BAHHUH ABYX TEPMOAHEMOMETPOB
C CYIIECTBEHHO pasjiMyarolleiicss TemnaoBoil nHepuuel 11 0OJHOBPEMEHHOI0 M3MEPEHUsI CKOPOCTH MOTOKA U
kodddunmenta rerwtooraaun. Meron. [IpeaoykeHHbI METOL OCHOBAH Ha sSIBIICHUH MHEPIIMOHHOCTH OTKJIMKA JIF00O0H
TEPMOAMHAMHUUECKON CUCTEMBI IPH CTYNEHYaTOM TEIUIOBOM BO3/eHicTBUH. COMIacHO METOy B HCCIEIyEMOM MOTOKE,
pa3MemaioT 1Ba OJUHAKOBBIX MO (GopMe U pasMepaM Tena, oOnanaroniue pasHol TemmoBoi nHepuueit. Ha tena
OKa3bIBAIOT CTYNEHYATOE TETIOBOE BO3IACHCTBHE M BBIMOIHIIOT PETUCTPANNIO HECTAMOHAPHOTO TEMIIEPaTypHOTO
3ama3IbIBaHMs TEJ JPYT OTHOCUTENIBHO Apyra. Mcrons3ys MakcuMaabHOE 3HAYE€HHEe TEMIIEPaTypHOTO 3ama3/[bIBa s,
pacueTHBIM IyTe€M HaXOAsAT 3HaUYeHHE KO3(D(PHIIMEHTa TeIUIO0TAAUH TeI ¢ HCCIeAyeMbIM ITOTOKOM. CKOpOCTh TIOTOKA
ONpPEIEIIAI0T 10 BEJIMYMHE MOMEHTA BPEMEHHU, COOTBETCTBYIOLIEIO MaKCUMaJIbHOMY TEMIIEPaTypPHOMY 3alla3/ibIBaHUIO,
MIPU 3TOM HCHOJb3YIOT TPaJyUPOBOUYHYIO XapaKTEPUCTUKY, [TOJYyUEHHYIO IPEABAPUTEIIEHO Ha 3TAJOHHOM IIOTOKE.
OcHoBHBIe pe3yabTaTbl. HayyHo 060CHOBaH HOBBIN METO/ TEPMOAHEMOMETPHH, MOITYyUEHO YPaBHEHHE MU3MEPEHUS
METO/1a, pa3paboTaHbl ATOPUTM U3MEPEHUH 1 0000IEHHas cXeMa yCTPONCTBA, PEaTn3yIOIIETo METO/, TaHO 3HaYEHHE
0XXHIaeMOH HEOMPEIeIeHHOCTU PE3yIbTaTOB H3MEPEHUH. Pe3ynbsTaTsl MOCTMPOBAHNUS TIOKA3a/I1, YTO OTHOCUTENIbHAS
HEOTIPe/IeNIeHHOCTh, 00ecreunBaeMast IIPEACTABICHHBIM METOIOM, He npeBbimaeT 1,5 %. [IpakTuyeckast 3HAYUMOCTb.
PazpaboTaHHBIN METOJ MTO3BOJISICT CYIIECTBEHHO MOBBICHTH TOYHOCTh U PACHIMPUTH UCCIEAyeMble TUHAMUYECKUE
JIana30Hbl UCKOMBIX BEIMYMH UL MIMPOKOI HOMEHKJIATYyphl Ia30BbIX IOTOKOB. MeTox MOXKeT HailTu IpUMEHEHHE B
pacxoIOMETPUHU ra30BO3LyIIHbBIX IOTOKOB.
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Abstract
The paper presents the results of a study of the possibility of expanding the dynamic ranges of hot-wire methods. The
relevance of the work is due to the demand in new methods for measuring the thermal and hydrodynamic parameters
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of high-speed gas flows for the purposes of scientific instrumentation. The novelty of the presented technical solution
lies in the use of two hot-wires anemometers with significantly different thermal inertia for simultaneous measurement
of the flow velocity and the heat transfer coefficient in it. The theoretical basis of the proposed method is based on the
phenomenon of the inertia of the response of any thermodynamic system under a stepwise thermal effect on it. The
method consists in placing in the investigated flow two bodies of the same shape and size which have significantly
different thermal inertia. The bodies are subjected to a stepped thermal effect, and the non-stationary temperature
delay of the bodies relative to each other is recorded. Using the maximum value of the temperature delay, the value
of the heat transfer coefficient of the bodies with the investigated flow can be evaluated by calculation. The flow
rate is found from the value of the moment of time corresponding to the maximum temperature delay while using
the calibration characteristic previously obtained on the reference flow. The new thermal anemometry method is
scientifically substantiated, the measurement equation of the method is obtained, the measurement algorithm and the
generalized scheme of the device implementing the method are developed, and the value of the expected uncertainty of
the measurement results is given. The simulation results showed that the relative uncertainty provided by the presented
method does not exceed 1.5 %. The developed method makes it possible to significantly increase the accuracy and
expand the studied dynamic ranges of the required values for a wide range of gas flows. The method can be used in the
flow measurement of gas-air flows.
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BBenenue

[Ipu uccienoBaHusIX TEMI0- U THAPOJIUHAMHYECKUX
rapaMeTpoB Ia30BbIX TIOTOKOB B HACTOSIIIIEE BPEMsI ITUPOKO
HCIIONIB3YIOT TEPMOAHEMOMETPHUECKHE METO/IbI, KOTOPBIE
HMEIOT CIIeYIOIINE TOCTOMHCTBA: BBICOKAsI 1yBCTBUTEIb-
HOCTb W JIOCTaTOYHO IPOCTasi BTOPUYHAs armaparypa,
MpUMEHseMast Ul U3MEPEHHI CUTHAIOB EPBUYHBIX TIpe-
oOpasoBareiei.

OTMeTHM, YTO JaHHBIE METOABI 00IaJAr0T HEAO0CTAT-
KaMH, CpeJi KOTOPBIX HanOoJee OLyTHUMbIe — HEeJoCTa-
TOYHAasI TOYHOCTh U OIPAHUYEHUE 110 BEPXHEMY INPENEITY
CKOPOCTH M3MEPSIEMOTr0 Ta30BOI0 MOTOKA. B CBsI3M ¢ 3THM
BOCTpeOOBaHa pa3paboTKa HOBBIX METOJIOB TEPMOAHEMO-
METPHH, TIO3BOJISIFOLIMX TIOBBICUTH TOYHOCTH M CKOPOCTHOM
npezen. B Hacrosieit pabore paccMOTpeH HOBBIM METO/,
KOTOPBII1 SIBIISIETCSI TIEPCHIEKTHBHBIM U UMEET BO3MOXXHOCTh
PELINTH EPEUNCIICHHBIC TIPOOIEMBI.

00630p cyuIecTBYIOIIHNX pelIeHui

PaccMoTpuM Hambosiee M3BECTHBIE TEPMOAHEMOME-
Tpudeckue Metofsl [1-14], koTopele UMEIOT CXOJACTBO C
MIPE/TIOKEHHBIM METOJIOM.

MeToa n3mMepeHHsi CKOPOCTH Tra30BOro NMOTOKA.
W3mepenne ocymiecTBisieTcs IMyTeM PETUCTpaluy u3Me-
HEHMsI TeMIIEPaTypbl HarpeBaeMoN JIEKTPHUUECTBOM Me-
TAJUTMIECKOH MTPOBOJIOKH (IIpeoOpa3oBarerst pacxosa), mo-
MEMICHHON B KOHTPOJMPYEMBIH MOTOK Taza. OXJIaxkIeHre
mpeoOpazoBaress 3aBUCUT OT CKOPOCTH MPOTEKAIOIIEro
MOTOKa, (PU3UIECKUX CBOMCTB rasza (TErIONpPOBOJHOCTH,
TEMIEPaTYPHl M IUIOTHOCTH) U OT PA3HOCTH TEMIIEPATypP
npeobpasoBaress u rasa [1]. JlaHHBIA MeTOI UMEET ABE
Pa3HOBUIHOCTHU:

— METO/JI MIOCTOSIHHOTO TOKa, B KOTOPOM TOK, HarpeBa-
IOLIUH TPOBOJIOKY, MOJIEPKUBACTCS TTOCTOSIHHBIM U
M3MepsIeTCs ¢ TOMOIIBIO CONpoTHBIeHNs. [lapamerpbl
1 IUTAHHE MOCTOBOH CXEMBI, B KOTOPYIO MOAKIIIOYCHO
CONPOTHUBIICHHUE, TOAONPAIOTCS TAK, YTOOBI IIPH HY-
JIEBOM CKOPOCTH Ta3a OHAa HAXOAWIACh B PABHOBECHHU.

OTKJIOHEHHE CTPEJIKH T'aJbBAaHOMETpA CIIY)KHT MEPOi
CKOpPOCTH ITOTOKA. JlaHHBIH MeTox 001aaaeT J0CTaTou-
HOH 9yBCTBHUTEIBHOCTHIO TOJBKO TIPU MAJIBIX CKOPOCTSX
KOHTPOJIMPYEMBIX TIOTOKOB W HETIPUTOMICH [T U3Mepe-
HUs OONBIIKX cKopocTeit (v > 0,5 m/c);

— METOJ MOCTOSHHOU Temreparypsl [8, 13], B koTopom
COIIPOTHBIICHHE MTPEoOpa30BaTeis, OXJIaKIAEMOT0 KOH-
TPOJIUPYEMBIM ITOTOKOM, IMOAACPKUBACTCA ITOCTOSTHHBIM
IyTeM PEeryInpOBaHNs HANPSDKEHNS HarpeBa (Hampsoke-
HUS TUTaHNSA MOCTOBOMH CXEMBI). DTO HANPSKEHUE WU
TOK ITUTAHUSI MOCTa CITY)KHT MEPOil CKOPOCTH KOHTPO-
JMpyeMoro 1noroka. OCHOBHbIE HEAOCTATKH METOIA —
CHJIbHASI 3aBUCUMOCTB PE3YyJIbTaTOB M3MEPEHUH OT TeM-
Tieparypbl HCCIEAYEMOTO ITOTOKA, YTO BIEYET 3a COOO0MH
HEOOXOAMMOCTh WHINBHUIYaIbHOW TPAyHPOBKU TEp-
MOaHEMOMETpa IS KaKIOH OTIEFHO B3SITON TeMITepa-
TypHI TIOTOKA; CYIIECTBEHHOE CHIDKCHHUE TyBCTBUTEIb-
HOCTH TEPMOAHEMOMETPA C POCTOM CKOPOCTH TTOTOKA.
Mertoja TepMoOaHeMOMeETPUYECKUX M3MepeHuii. 3me-

pEeHME TTPOBOIUTCS C MTOMOIIBIO MTPOMYCKAHHS Yepe3 Tep-

MOLIyBCTBI/ITeJ'IBHI:Jﬁ OJIEMCHT UMITYJIbCHOI'O TOKA, HarpeBa

1 OXJIAXKACHUA TEPMOYYBCTBUTCIIBHOT'O 3JIEMEHTA 10 (1)1/11(-

CUPOBAaHHOT'O TEMIEPATypPHOTO 3HAYEHHUSI, pETUCTPUPYIOT

JIeHCTBYIOIIIEEe 3HAYEHNE UMITYJIbCHOIO TOKA, IPOTEKAOIIe-

ro 4epe3 TePMOUYBCTBUTEIbHBIN 251eMeHT [2]. B nannom

METOJIe KOHTPOJIMPYEMBIM MapaMeTPOM MPU N3MEPEHHAX

SBIISICTCS EUCTBYIOIIEE 3HAYCHUE MMITYIbCHOTO TOKA,

MIPOTEKAIOIIECTO Yepe3 TePMOUYBCTBUTEIBHBIX AJIEMCHT,

KOTOPBI TO3BOJISICT YCTPAHUTH BIUSHUE TIOMEX Ha pe-

3yJIBTAThl U3MEPEHUN B BUIE OBICTPOMEHSIONINXCS TEM-

repaTyp OKpy»Karollel TEpMOYYBCTBUTEIbHBIN 3JIEMEHT

Cpe€abl 1 00€CIEeYNTh MOBLIIIIEHUE TOYHOCTH I/ISMepeHI/II\/’I.

Henocrarok MeToa — HEBO3MOXKHO U3MEPUTH KOd(duIm-

CHT TCIJIOOTAA4YU B Ira30BOM IIOTOKE, U ONPCACINUTL CBA3b

TpeOyeMOl aMIUINTYAbI UMITYJILCHOTO TOKa CO CKOPOCTBIO

ra3oBOTO I0TOKA, YTO CYIIECTBEHHO OIPAaHMYMBAET IPH-

MEHEHHE METOJIa.

MeTon u3mMepeHust CKOPOCTH MOTOKA KHAKOCTH WJIH
rasa. B moroke pacrnonararor TepMOYyBCTBUTEIBHEIC MTPe-
oOpa3oBaTeny ISl U3MEPEHUsST TEMIIEPaTyPhl H CKOPOCTH
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noroka (repmoanemometp). Ecinu pasHocTh Temmeparyp
TEepMOUYYBCTBUTEIBHBIX IpeoOpa3oBaresel (eperpes) Ha-
XOJIMTCS B IIPEJiesiaX 33laHHOTO JINala3oHa, TO MOIIHOCTb
Harpesa rnoctosiHHa. Ecnu meperpes TepMoaHeMomeTpa
BBIXOJIMT 32 TPEZEIIbI 33/1aHHOTO JJUAIa30Ha, TO MOIIHOCTh
HarpeBa M3MEHSIOT /10 ITOTIa/IaHNs [IepeTpeBa B 3aJaHHBII
JIMana3oH. 3HaYeHUE N3MEPSEMON CKOPOCTH MOTOKA BBI-
YHUCIIAIOT 10 (popMysie ¢ y4eTOM N3MEPEHHOTO IeperpeBa
Y MOIIHOCTH Harpesa [3].

MeTox u3MepeHusl MApaMeTPOB ra30BbIX U KHIKHX
cpel. B uccnenyemyto cpeny momemarT TepMOYYBCTBHU-
TEJIbHBIN JIEMEHT, YePe3 KOTOPBIN MPOIYCKAIOT UMITYJlb-
CHBIH dnieKTpudecknil Tok. [1pu ckaukooOpa3zHOM U3MEHe-
HUM TOKa PETHCTPUPYIOT MOMEHT Hayasla CKayka i MOMEHT
YCTAHOBIICHHUS TPOLIecca M3MEHEHUS AJIEKTPUIECKOTO CO-
MIPOTHUBIICHHS TEPMOYYBCTBUTEIBHOTO 21eMeHTa. Jlanee
OIIPEAEIIAIOT BPEMEHHOHM HHTEPBAJI MEXIY IOIyICHHBIMH
MOMEHTaMH BPEMEHH, 110 KOTOPBIM HAXOAAT MCKOMBIE T1a-
pameTpsl u3MepseMbIx cpen [4]. Hemoctarox metoma —
OTHOCHTENILHO HU3Kasl TOYHOCTh M3MEPEHUI, BhI3BaHHAS
3aBHCHUMOCTBIO TIOKA3aHUH TEPMOTYBCTBUTEIBHOTO 3iie-
MEHTa OT XMMHYECKOTO U CTPYKTYPHOI'O COCTaBa UCCIEy-
€MOii Cpefibl, TAK)KE METO/l He 00eCIIeunBaeT BOZMOKHOCTh
n3MepeHus Kod(QGHUIUEeHTA TEIIO0TAAuH.

MeTon onpeneseHusi CKOPOCTH NMOTOKa rasa. B no-
TOKE raza pa3MelaoT TEMJIOBBIIEISIONIA 1 TePMOYyB-
CTBUTEIILHBIN AJIEMEHTHI. HarpeBatoT TeroBbIIeISIOIINHA
9JIEMEHT, PETUCTPUPYIOT U3MEHEHNE HANPSHKEHHSI C Tep-
MOYYBCTBUTEIEHOTO AJIEMEHTA, 110 KOTOPOMY OIIPE/IEIISIOT
CKOPOCTH MOTOKA Ta3a. [Ipu 3TOM TEIIOBBIACIHISIONINN 1
CJICTYIOIINH 38 HUM TEPMOTYBCTBUTEIBHBIN 2IIEMEHT pa3-
HOCST B IIPOCTPAHCTBE 110 HAIIPABJICHUIO TIOTOKA, IPH 3TOM
TEIUIOBBIICISIOMNI JIEMEHT HarpeBaloT B UMITYIIbCHOM
WJTM YaCTOTHO-UMITYJIbCHOM pexume. B nporiecce npoxox-
JICHUSI TIOTOKA Ta3a MOCIIEeI0BaTEeIbHO PErUCTPUPYIOT M-
ITYJILCBI HAIIPSDKEHHUST ¢ HArpeToro TEIUIOBBLICIISIONIErO 1
TEPMOYYBCTBUTEILHOTO DJIEMEHTOB M M3MEPSIIOT HHTEPBAI
BpEMEHH MEX/y (PPOHTAMH 3apETHCTPUPOBAHHBIX UMITYJIb-
COB, @ CKOPOCTb ITOTOKA OIPEICISIIOT C YUETOM M3MEpPEeH-
Horo uHTepBania [5]. Hemocrarok meroga — He mpeaycMo-
TPEHO n3MepeHne Kodp(UIreHTa TEIUIO0TIaYH, U UMEEeTCS
OTPaHUYEHHUE 10 MAaKCHMAIBHON U3MEPSIEMON CKOPOCTH
MTOTOKa, KOTOpOe OIleHnBaeTcs 3HaueHneM 0,5 m/c.

Hens paboTel — pa3paboTka HOBOTO METOAA IS CO-
BEPIICHCTBOBAHHS TEPMOAHEMOMETPUUEKNX U3MEPEHNUH,
HanpaBJICHHOC Ha MOBBINICHUE TOYHOCTHU C OJJHOBPEMCH-
HbBIM paCHIMPECHUEM HOMCHKIIATYPBI UCCIIEAYEMBIX ITIOTOKOB
3a CYET YBEJIMYCHUS BEPXHEr0 CKOPOCTHOTO Mpeaesa u
YCTpaHEeHUs! BIMSHHS TEMIIEPaTyphl MMOTOKA Ha PE3yJbTaT
HU3MepeHuil.

Onucanne HOBOI0 MeToAA

B kauectBe TeopeTHUeCKON OCHOBBI MPEIOKEHHOTO
METO/1a UCII0JIb30BAHO SABJIEHHE MHEPLUHUOHHOCTH OTKJIMKA
JIF000N TePMOIUHAMUYCCKON CUCTEMBI IIPHU CTYIICHYATOM
TEIIJIOBOM BO3JICHCTBUM. YKa3aHHOE SIBJICHHE BO3HUKAET
MpYU pa3HUIEC HECTALMOHAPHBIX TEMIIEpATyp ABYX TEIl B
OJIHOMMEHHbBIE MOMEHTBI BPEMEHH U NPU OJTHOBPEMEHHOM
CTYNEHYaTOM TEIIOBOM BO3/CHCTBUU Ha Tella, KOTOPbIE
00JIaIaf0T pa3HBIMU TETIOBBIMUA WHEPIHSIMU.

Pasznuune Temneparyp Tei HampsMYIO CBSI3aHO C yCII0-
BUSIMU TEIUIOOOMEHA TeJl C OKpYXKalollel cpeioi, B 4acT-
HOCTH — C KOA(D(PUILIEHTOM TEIUIOOT/a4H (0l) ¥ CKOPOCTHIO
ra30BOTO MOTOKA (V).

BospmeM 71Ba Tena ¢ CyIIeCTBEHHO Pa3IMuaroIUMUCs
TEIJIOBBIMU MHEPUHUSIMH U Pa3MECTHUM B HCCIIETyEeMOM
ra30BoM MOToKe (puc. 1). CTyrmeHuaTsIM TETIIOBBIM BO3/ICH-
CTBUEM HarpeeM Tea 0 HEKOTOPOH CTallMOHApHON TeMIle-
paTypsl, 3aTe€M CTYNEHYATO IPEKPATHM HarpeB U repeiaem
B PEKUM OXJIQXKICHUS Ta30BBIM MOTOKOM. B pe3ymbraTte
U3-32 PA3JIMUMs B TEIUIOBBIX MHEPLUSIX TEJI CKOPOCTU HX
HarpeBaHUA-OXIAXKACHUS OyIyT pa3IuyHbl. DTO IPUBEAET
K TEeMIIEpaTypHOMY 3ala3AbIBAaHUIO TEMIIEPATYPhI OTHOTO
TeJa OTHOCUTENBHO apyroro (puc. 2). [Ipuuem Teino /,
HaTpuMep, 00JIaarolIee MEHBIIICH TEIJIOBOH WHEPIUCH,
OyzeT ObICTpEe U3MEHSITH CBOIO TEMITEPaTypy, YeM TeIo 2,
TEIJIOBast HHEPIHs KOTOPOTO 3HAYUTEIBHO OOJIbIIE, U HAO-
60poTt. IMEHHO 3TO TOJIOKEHO B OCHOBY METO/1a 1 o0ecrie-
YUBAET HEOOXOIMMBIN TEXHUIECKUN Pe3yIbTart.

YCTaHOBUM CBSI3b TEMIIEPATypPHOTO PA3IHYHS C HCKO-
MBIMH ITapaMeTpaMu MOTOKa. [Iponecc HarpeBaHuUs-OXJI1ax-
JICHHUS JTIOOOT0 TeJia MPHU TEIUIO0OMEHE €ro ¢ OKPYKaroIeh
Cpemoil mpy rPaHUYHBIX YCIOBHUIX 3-TO PO/Ia OMHCHIBACTCS
M3BECTHBIMHU TEMIIEPATYPHBIMHU 3aBUCUMOCTSIMU U3 TEOPUH
perynsipHoro pexuma [15, 16].

Toraa B pexuMe HarpeBa HeCTalMOHAPHBIE TEMIIepa-
Typbl Tea /, 2 (puc. 1) ONHUCHIBAIOTCS COOTHOLICHUSIMU:

T\(tv)) =Ty + (T — To)(1 —exp(—=m;1y)), (D
Ty(t)) =Ty + (T — To)(1 — exp(=my1y)), 2

rae Ty(t)) u Ty(ty) — Tekymme temneparypsl Ten /, 2 B
peXMMe HarpeBa COOTBETCTBEHHO; 7|y — HadaJbHAas TCM-
repatypa Tell epej HarpeBaHueM (paBHa TeMIeparype
HCCIIElyeMOro ra3oBoro noroka); 7, u 7,,, — cTamnuo-
HapHBIE TEMIEPATyphl Tell, JOCTUTHYTHIE B pe3yJbTaTe
HarpeBaHus; 11y U n, — TEMIIbl HarPeBaHUA-OXJIaXK ICHUS
Ten (BeIM4KHa, 0OpaTHas TEIUIOBON MHEPLUH); T; — Bpe-
Msl, MICYHMCIIIEMOE C MOMEHTA Havajia HarpeBaHusl.

Puc. 1. PazmenieHre TepMOaHEMOMETPA B H3MEPSEMOM T'a30BOM
noroke: / — teno 1; 2 — Teno 2; 3 — nepkareib

Fig. 1. Placement of thermoanemometer in the measured gas
flow: 1 is body #1; 2 is body #2; 3 is holder for bodies
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Pexxum oxJtaskaeHust Tell HaYMHAETCS MTPU TOCTHKECHUN
TeMIlepaTypbl KOHEYHOIO CTALlMOHAPHOIO 3HaYeHus 1, u
T,,5- B oTOM cityuae Tena HauMHAIOT OXJIAXKIAThCs (HArpeB
TEJI TIpeKpalieH). B craanu peryisipHOro pexumMa u3Me-
HEeHMs Temneparyp Tenl / u 2 BO BPEMEHH OIMCHIBAIOTCS
COOTHOIICHUSIMH:

T\(vy) = T,y — (T, — To)(1 — exp(=m 1)), 3)
T2(T2) = TmZ - (TmZ - TO)(1 - exp(fmZTZ))ﬁ (4)

rae (1) u T5(1,) — TeKyIue TeMIepaTypbl Tel B PEKUME
OXJIAXKIICHUS; T) — BPEMs, HCUUCIIEMOE C MOMEHTa Hayasa
OXJIQXK/ICHHSI.

BpInonHUM HarpeB Tesl OAMHAKOBOH MOIIHOCTBIO P,
IIpU 3TOM IIOJIyueHHble Temneparypst 7,,; u I, Oynyt
Bceraa pasnuuarbes. [lomydnM oKOHYaTeNbHbIE ypaBHE-
HUSI U3MEPEHUs IpeaiokeHHoro Metona. C 3Toi 1espro
npuBeneM ypaBHeHUS (1)—(4) K HOpMaTH30BAaHHOMY BHTY.
s aToro m3 obenx wacreit ypasaenuit (1) u (2) Berarem
TeMIIeparypy ra3oBoro noroka 7, a u3 (3) u (4) — remre-
parypy HarpeBa 7,,; (i = 1, 2). [lanee onpenenanm pa3HOCTb
Temreparyp Harpesa 7,; ¥ Ta30BOT0O IOTOKa 7y,.

B pesynbrare nojgy4nm MacCcHB HOPMaJTM30BaAHHbBIX T1e-
PErpeBoB Ka)KAOro Tena Ad pexxuMoB HarpeBa AT *(t) u
oxnaxxaenus AT,*(t) (puc. 2). Halinem pa3sHocTs Ieperpe-
BOB TEJ B OJJHOMMCHHBIC MOMCHTHI BpeMeHM: A(AT*(1)) =
= AT *(t) — ATy*(7).

OO1iee ypaBHEHHUE ISl PE)KUMOB Harpesa (IIpu T =T;)
1 OXJXJIeHUS (TIPU T = T,):

A(AT*(t)) = exp(—m,T) — exp(—m 7). (5)

HaiineM MOMEHT BPEMEHH T,,,, I[P KOTOPOM Pa3HUIIA
HOPMaJIN30BaHHBIX IIEPErPEBOB Tell Oy/IeT MaKCUMaJIbHOM,
JUISL 3TOTO ONPE/IEITMM YacTHBIE TPOU3BOIHbIE 0T A(AT*(T))
1o BpeMeHu. 13 cootHomenus (5) cienyer:

OA(AT*)

o = mexp(—mT) — myexp(—ms1). (6)
[TpupaBHsieM cooTHoOIIeHNE (6) K HYIIO M HaleM dKc-
TpemyM dynkumn A(AT*(1)):

my exp(_m ITmax) = mZexp(_mZTmax)a (7)

T€ Tyax — CPeiHee apudMETHIEeCKOe U3 JIBYyX MOMEH-
TOB BPEMEHH, COOTBETCTBYIOIINX MAKCUMAITBHOI! pa3HUILE
HOPMAJTH30BaHHBIX eperpeBoB AT* - Tell IS PEeKIMOB
HArpeBa (Tqy,,y) 1 OXJIKACHUS (Ty,,,) (PUC. 2).

Jst mepexozia K K03 UIUCHTY TEIUIOOTIa4N 0 UC-
H0JIb3yeM OOIIEH3BECTHOE PACYCTHOE COOTHOIICHNE TEMITA
HarpeBaHHs-OXJIAKACHHS JIFDOOT0 Tela, KOTOPOe COITACHO
TEOPHUHU PEryJIIPHOIO TEIUIOBOTO PEXKUMA, UMEST BUJL:

m=—, (®)
C
e o — KO3 PUIMEHT TeIIOOTAaYH OT Tejla K Ta30BOMY
MMOTOKY; S — IUIOMIAIb TEIIO0OMEHHOH (Hapy»XHOM) T0-
BepxHOCTH Tena; C — TOHAS TeIUIOEMKOCTh Tela.

a
P _______
0 7,=0 =0 T
; b :
Tm2 -------- E» --------- S —— ]é——L
Tml ------ E """ ! E \\
L e —— e
0 : bo¢ : T
AT o
L AT L
[ R I > ; :
P PN
: / ! n
o 1 ] T
aars i o
I S N AAT )

[ S—

Timax Tomax

Puc. 2. BpemeHHast [uarpamMma, MosICHSIONIast TEOPETHYECKYIO
OCHOBY METO/Ia U3MEPEHUI: CTyIIEHUaToe BO3AeiicTBHE
MOIIHOCTH Harpesa (a); ANHAMHKA H3MEHEHUS TeMIIePaTyphl
TeJI B peXKMe HarpeBa U MOCIEAYIOIero OXIaX IeHHS
(b); mMHAMHKA HOPMAJIM30BAaHHEIX IEPETPEBOB TET
B PEKMMeE HarpeBa M OXJIXKICHHS (¢); AMHAMHKA Pa3iIHIHs
HOPMaJIM30BaHHBIX IIeperpeBoB Tei (d)

Fig. 2. Timing diagram explaining the theoretical basis of the
measurement method: a) is the step effect of the heating power;
b) is the dynamics of changes in body temperature in the mode

of heating and subsequent cooling; ¢) is dynamics of normalized
overheating of bodies in the mode of heating and cooling;

d) is the dynamics of the difference in normalized overheating

of bodies

Crenyst (8), TeM HarpeBaHHsI-OXJIaXK/ICHUS PABEH:
— misTena I:

oS, ©)
my=—-,
1 C
— s Tena 2:
U,QSZ
=—. 10
my c, (10)

Ot™merum, yTo nonHele TemnoeMkocTu Cy, C, ¥ IioIma-
JI1 Hapy»KHOH MOBEPXHOCTH S|, S, KaXkJOro Tesla 3apaHee
W3BECTHBI C 33J]aHHOI TOYHOCTBIO.

Jns yerpanerns 3aBucuMoctd Nu = f{Re), koTopas
ompernenseT pa3Mep 00TekaeMoro Tena, HeoOXoaumMo obe-
CIEYNTH CIEAYIOIINE YCIOBHUS ISl HCCICAOBAHNUS TEI:
UJICHTUYHOCTB YCJIOBHH TETIIIO00MEHA 1 OJJUHAKOBBIE (hop-
MBI 1 pazMmepsl (T. €. §; =S, = 5).

[Ipu cobmroneHnu TaHHBIX YCIOBHH, C Y4ETOM TOTO,
YTO TeJla HAXOJATCA B OJHOM M TOM K€ Ta30BOM IMOTO-
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Ke, Kod()(OUIMEHTHI TEIIOOT/IauH TaKIKE OJIMHAKOBBI (T. €.
o] =0y = 0).

[Ipearnonoxum, 4To B 30HE U3MEPEHHsI TPODUIIB CKO-
pocTH TM00 OTCYTCTBYET (CKOPOCTH OJMHAKOBA), THOO
HACTOJIBKO HE3HAYMTEIIeH, YTO UM MOXKHO ITpeHeOpedb —
OZIHO M3 OTPaHUYEHUH METO/a.

C yugetom (9) u (10) mory9uM OTHOIIIEHNE TEMIIOB Ha-
IPEBAHUS-OXIIAKACHHS TEI:

m_& (an
my G

Penum ypaBuenwue (7), MoJICTaBUB B HETO COOTHOIIICHHSI
(9)—(11) otHOCHTENBHO 0. B pe3ynbTare moay4uM ypaBHe-
HUE U3MEPEHUS MTPEJIOKEHHOTO METO/1a:

| (cl (S(cl—cz) )‘
o=mj|— — .
C max C2Cl

2

(12)

W3 cTpykTypsl ypaBHeHH u3MepeHus (12) cuemyer,
YTO JJIS1 HAXOXKJICHUS KOA(PPHUIMECHTA TETUIOOTAAYH He-
00X0IMMO TI0 HKCTIEPUMEHTAIBHO 3aperuCTPUPOBAHHBIM
TeMIEepaTypaM Tell HAWTH MOMEHTBI BPDEMEHH Tjpax U Tomaxe
TIPU KOTOPBIX Pa3HUIIA HOPMAJIM30BAaHHBIX TIEPETPEBOB TET
MakCHMallbHa, U 3aTeM HallTh cpeHeapr(MeTHIecKoe 3Ha-
YeHHE yKa3aHHbIX BpeMeH. Takum o0pa3oM, 3a/1a4a HaXOx-
JeHust (M3Mepennst) Koa(GuIreHTa TernIo0T a4y perieHa.

Bropoii n3mepsiemslii mapaMeTp — CKOPOCTh ra30BOI0
moroka (V).

Kax n3BecTHO, HHTEHCHBHOCTD TEIIIOOOMEHa B Ta30BOM
IIOTOKE MPOMOPIMOHAIBHA CKOPOCTH MOTOKA: YEM BBIIIE
CKOpPOCTbH TTOTOKA, TEM HHTCHCHBHEE TETZIOOOMEH M BBIIIE
k03 pHUIHEHT TerooTaayH, T. €. o ~ v. CienoBareiasbHo,
CKOPOCTH TIOTOKa TaKXe IPOIIOPIIHOHAIBEHO BPEMS Ty,
IIPU KOTOPOM HaOII0aeTCs MaKCUMalbHAs! pa3HUIIA HOpMa-
JIN30BaHHBIX MEPETrPEeBOB Tell. 13 U3BECTHBIX COOTHOLIEHUI
JUTsl KpuTepuaibHbIX yrcen Pelinonbaca (Re), Hyccensra
(Nu) u cootHommenus (12) s ra30BbIX TOTOKOB CIEYET,
YTO BpeMsl T,,,, IPONOPIUOHAIBHO CIEAYIOIIUM MapaMe-
Tpam:

max

n
—_ —1N
v s

A

Trhax ™~

TJe L — KHHEMaTH4ecKas BA3KOCTh ra3a; A — TEeIUIONPO-
BOJHOCTB Ta3a; /1 — YNCIIEHHAsI KOHCTAHTA.

3aMeTuM, 4TO YMCIICHHOE 3HaYeHHE KoMIuiekca (W/A)
OyJleT pa3iIM4YHO /ISl Pa3HbIX T'A30B U JUIsl OJJHOTO U TOTO JKe
rasa Jiist pa3HbIX TeMIepaTyp. DTO HEOOXOMMO YIUTHIBATH
MIpU peau3aluy MeToja.

JIi1st HaXOKJIEHUsI CKOPOCTH Ta30BOT0 MOTOKA V 10CTa-
TOYHO UMETh MPEJIBAPUTEIHLHO MOTYUYEHHYIO IPalynpOBOY-
HYIO 3a8BHCUMOCTb BPEMEHH T, OT CKOPOCTH IIOTOKA V, IO~
JY4SHHYIO Ha 3TAJIOHHOM Ta30BOM ITOTOKE. XapaKTEPHBIHA
BT TAKOW 3aBUCUMOCTH Ty, (V) IPEACTaBICH Ha pUC. 3.

Ilox »TanoHHBIM ra30BbIM IIOTOKOM B HACTOALIEH pa-
60Te ToIpa3yMeBaeTCs BO3AYIIHBIN WM HHOH ITOTOK, CKO-
POCTH KOTOPOTO 3apaHee U3BECTHA C 3aaHHON TOYHOCTBHIO.
INomy4yeHHast 3aBUCUMOCTbD T, (V) MOXKET OBITH pacrpo-
CTpaHEHa Ha T'a30BbI€ TIOTOKU W Pa3HbIe TeMIIepaTyphl O1-
HOTO U TOTO 7K€ ITOTOKA, s KOTOPBIX B Mpeiesiax 3aJaHHON
TOYHOCTH OJIM3KU 3HAUCHHUs OTHOIICHUS (V/A). J{ist mpyrux
[IOTOKOB M TEMIIEpaTyp TpeOyeTcs OTAeIbHAS IPaJyHpPOBKa

Tmax

v

Puc. 3. XapakrepHas 3aBUCUMOCTb BPEMEHH,
COOTBETCTBYIOILET0 MAKCUMAIbHON Pa3HHIE HOPMaIM30BaHHbIX
MEPETPEBOB TET (T, ), OT CKOPOCTH Ta30BOTO MOTOKA (V)

Fig. 3. Characteristic dependence of the time corresponding
to the maximum difference in the normalized overheating of
bodies vs. the gas flow rate

C MCTONB30BaHUEM HOBOTO BBIOPAHHOTO ATAJIOHHOTO Tra3a
U IMara3oHa TeMmueparyp.

IIpumep peannszanuu MeToaa

Paccmorpum paboTy m MOPSAJOK MCHOJIB30BAHUS
MPEATI0KEHHOTO METO/Ia Ha IIPUMEPE TEPMOaHEMOMETPa,
00001IeHHas cXxeMa KOTOpOro MpeAcTaBlieHa Ha puc. 4.
OtmeTnMm, 4To Tena / u 2 pa3MenIeHbl Ha CHEIHaTbHOM
Jepxarene U 00J1afaroT CyIIeCTBEHHO pa3anuvaroNei-
Cs TEILIOBOM MHepuuel. B kaxzaoe Teino BCTPOEHO IO

T
13()
5D
7 € 8
O
T

Puc. 4. O6001meHHas CTPYKTypHAs CXeMa TepMOAHEMOMETpa:
1, 2 — Tena OAMHAKOBOI 3a1aHHON (POPMEI M pPa3MEpOB;

3, 4 — OIMHAKOBbIE MAJIOUHEPIIUOHHBIE
TepMoIpeodpazoBareiu; J, 6 — HarpeBaTein; 7/ — UCTOYHHUK
CTAOMIM3UPOBAHHOTO MUTAHUS; § — OJIOK yIpaBICHUS
u 00paboTku curnanos; 7y, T, — TeMnepaTypsl Tel

Fig. 4. Common structural diagram for thermoanemometer:
1, 2 are bodies of the same specified shape and size; 3, 4 are
identical low-inertia thermal converters; 5, 6 are heaters; 7 is
a source of stabilized power supply; &8 is control and signal
processing unit; 7}, 7, are body temperatures
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B.lM. XoayHkoB

OJTHOMY HarpeBaTelio 5, 6 1 MaJOUHEPLUOHHOMY Tep-
MornpeobpaszoBarento 3, 4. Kaxaplii HarpeBareiab MoJ-
KJIIOYEH K UCTOYHHUKY CTaOWIM3MPOBAHHOTO MHUTAHUS /.
TepmonpeoOpazoBarenu 3, 4 MOAKIIOUYEHHI K OJIOKY yIpaB-
JICHHUS 1 00paOOTKY CUTHAJIOB §.

st ynoOceTBa H3MepeHHiA SIEKTPUIECKUE HarpeBaTelTH
BBITIOJTHEHBI OJJMHAKOBOTO HOMHHAJIA, & TEpMOIIpeodpa-
30BaTEIN — OJHOTO THIIA C OJMHAKOBON HOMHHAJILHOU
CTaTUYECKON XapaKTEPUCTUKOM, HAIIPUMED, TEPMONaphl
tuna XKgg (XpoMenb-Komnens).

B npounecce uzMepenuil Tejia NOMELAOT B U3Mepsie-
MBI/ Ta30BbIi MOTOK, MPHU 3TOM C MTOMOUIBIO TEPMOIIpe-
oOpa3oBaresiell HEMPEPBIBHO BBIMOJIHICTCS PErHCTPALIHS
Temnepatypsl. [Ipu gocTHkeHUN paBeHCTBA TEMIIEPATyp
T,1=T,,= T, ONIHOBPEMEHHO HAYMHAECTCS HArPEB TEIl
1 w 2. Iy 5TOTO HA HarpeBaresu 5, 6 OZHOBPEMEHHO C
MTOMOIIBIO YITPABIISIONIETO CUTHANA OT OJIoKa & MOMAl0T
AEKTPUIECKYI0 MOITHOCTh P OT UCTOYHHKA CTaOWIN3HU-
poBanHOTO TIHTaHUs 7 (pUC. 2, @). Benmuunny monaBaeMoit
MOIIIHOCTH MOAOHUPAIOT 3KCTIEPUMEHTAIBHBIM ITyTEM, PYKO-
BOJICTBYSCH TEM, YTOOBI MOIITHOCTh ObLIA JOCTATOYHOMN ISt
obecrieueHns HaJIeXKHOTO U3MEPEHUs Pa3HOCTH HOPMallu-
30BaHHBIX MEPerpeBoB Teil. IIpu 3ToM MPOIOIKAIOT peru-
CTpUpOBaTh TeMIEpaTypsl ucciaeayemsix teil. [locne BbI-
XOJZla TeJl Ha CTallMOHAPHBIN TEIUIOBOW PEXUM, UX HAarpeB
OJTHOBPEMEHHO MPEKPalaloT ¢ MOMOIIBIO YIIPABIISIOIETO
cUrHaia oT Oyoka § M NCTOYHUKA CTAOMIM3UPOBAHHOTO
nuranus 7 (puc. 2, b, ¢). Tena HaYUMHAIOT OXJIAXK1ATHCS Ta-
30BBIM TOTOKOM — ITPOMCXOANT PEXNM oxJtaxaeHus. [Tpu
JOCTIDKCHUHM 00OMMH TellaMi CTallMOHApHOI TeMmepary-
PBI, paBHOI TeMIepaType U3MEpIEeMOro ra3oBoro moTokKa,
YOPaBIISIONINM CUTHAIOM OT OJI0Ka & TpeKpamaroT peru-
CTpaLMIoO TeMneparypsl Tell. [Ipouecc n3mMepenuii Ha 3ToM
3aKaHYMBAIOT U MPUCTYIAIOT K 00paboTKe pe3yinbTaToB
M3MEPEHHH, KOTOPYIO OCYIIECTBISIOT COITIACHO Pa3feiy
HacTrosiIel padboTsl «Onucanne HOBOTO METO/Ia» C MOMO-
LIBIO CIELMAIBHON KOMIIBIOTEPHOI MPOrpaMMbl, 3apaHee
BBEJICHHOM B OJIOK yITpaBiieHHs U 00pabOTKH CUTHAJIOB §.
C oMOIIIBIO TIPOrpaMMBI TI0 TTOTYYEHHBIM TEMIIEPATyPHBIM
JAHHBIM HAaXOIAT MOMEHT BPEMEHU T,,,,, IPH KOTOPOM
MMEeT MECTO MaKCHMaJlbHasi pa3HHUIA HOPMaJIM30BAHHBIX
nieperpeBoB Tex / u 2. BeImonHsAeTcs pacyeT HCKOMBIX T1a-
paMeTpoB, MPH 3TOM UCIIOIB3YIOT YPABHEHHE N3MEPEHHUS
(12) n mpegBapuUTEIHHO MOTYUYECHHYIO I'PATyHPOBOIHYIO
3aBUCHMOCTB Ty, (V).

IIpumep pacueTHOro MoaAeIMPOBAHNS

Hcxoanble pacueTHble COOTHOLIEHUsA. [ pacue-
Ta 3HauCHHUS KOd(P(UIEHTA TETIIO0TAAYN UCTIONIB3YETCs
ypaBHeHue (12), 11t HaXOKIEHUS CKOPOCTH MOTOKA —

MpeJIBAPUTENILHO MOyYeHHAas! IpaJiipPOBOYHAS 3aBUCH-
MOCTb Ty, (V), KaK ITOKa3aHO Ha pHcC. 3.

HUcxoanbie nannble. [1ycts Tena / U 2 BBINOJHEHb
B (popmMe OJMHAKOBBIX CIIJIOMIHBIX HUJIUHIAPOB OJMHA-
KoBOW juuHbl L = L = L, = 0,02 M u auamerpoMm d| =
=d, = 0,01 m. IIpu 3TOM TEO / M3TOTOBIIEHO U3 AJIO-
MHUHHSA C yAETbHOH TeroeMKkocThio ¢; = 920 JIx/(kr-K)
U IUIOTHOCTBIO p; = 2712 kr/mM3, a teno 2 — u3 Menu
C yIOeIbHOH TemmoeMKkocThio ¢, = 400 x/(xr-K) u
IUIOTHOCTBIO P, = 8920 kr/m3. TTonHAs TEIIOEMKOCTh
tena [ pagHa C| = ¢ nd,2Lp,/4 = 3,9 Ix/K, tena 2 —
C, = cyndy2L,p,/4 = 5,6 Jlx/K. Tnouaau Terioo6MeHHO
HOBEPXHOCTH 000HUX Tex paBHbL: S =S, = 5| = nd{L; +
+nd,2/2 =7,85-10~* M2. PaccuntaeM OTHOLICHHUSI, BXO/IS-
mye B ypaBHeHHe u3Mmepenus merona (12): C,/C, = 0,7;
S(C; — CHNC,C) =—6,1-10-5. TlycTh, HATIPEMED, HCCIIC-
JIOBAJICS TBIJIETa30BBIH MTOTOK.

Pe3yabrarhl pacueroB. B pesynbrare usmepeHui u
00paOOTKY TaHHBIX TTOIYYEHBI CIECIYIONINE 3HAUCHUS Ty -
— B peKUMe Harpesa T, = 122,3 ¢;

— B PEKUME OXJIAKICHUS Ty, = 123,2 ¢;
— cpenHeapudMeTHIecKoe 3HaUCHHE T, = 122,7 c.

Paccuntannoe 3HaueHHe KOdP(HHUIIMEHTA TEII0O0T-
Jlauu, COTNIAcHO ypaBHEHHUIO (12), cocTaBiuseT BEIUIUHY
47,6 Br/(m2-K).

CornacHO IpayupOBOYHON 3aBUCUMOCTH Ty, (V) Bpe-
MEHH T, = 122,7 ¢ cOOTBETCTBYET CKOpOCTh v = 19,4 M/cC.
Mertox peann3oBaH, HCKOMBIC TAPAMETPHI H3MEPEHBI.

ITonpoOHEIT pacueT OXKHIAEMOM HEOTPEACIIEHHOCTH
pe3ynbTaToB M3MEPEHUH METoJa B paboTe HE MPHUBENEH
n3-3a 00beMucTOCTH. IHCTpYyMEHTaIbHAS OTHOCHTEIb-
Hasl HEOTIPEIETICHHOCTh, 00eCiednBacMasi COBPEMEHHBIMHU
CpeACTBaMH N3MEPEHHH, TI0 OIIeHKe He mpeBbimaet 1,5 %.

3akiaouenune

B npenioxkeHHOM MeToze pacliipeHa HOMEHKIIATypa
M3MEPSEMBIX MOTOKOB, 0OecIedeHa BO3MOXKHOCTD OHO-
BPEMEHHOTO M3MEPEHNUS Cpa3y JIBYX ITapaMeTPOB MOTOKA.
3HAUYNTENBHO MOBBIIICH BEPXHUH CKOPOCTHOH mpene,
KOTOPBIN 00eCTIeYuBaeTCs 3a CUET MOA00pa COOTHOIICHHIA
TTOJIHBIX TEIJIOEMKOCTEH TIEPBUYHBIX MpeoOpa3oBaTeiei
(nx mMarepuanoB). YacTH4YHO, B Ipe/ienax 3a1aHHOM TOUHO-
CTH, YCTPaHEHA 3aBUCHMOCTh PE3yJIbTaTOB U3MEPEHUH OT
TEMIIEpaTyphbl MIOTOKA, YTO MOBBIIIAET TOYHOCTh U PacIIn-
psieT obacTk npuMeHeHust Metoia. Co3/1aHbl IEePCIIeKTUBBI
JUTSL ITUPOKOTO MPUMEHEHHS METOJ[a B PAaCXOJOMETPUH
BO3/1yIIHO-Ta30BbIX TIOTOKOB C 00JIee BBICOKMMH CKOPO-
CTAMH (JI0 HECKOJIBKHX JIECATKOB METPOB B CEKYHY ), UTO,
0e3yCII0BHO, SBISIETCS] 3HAUUMBIM JIOCTHKEHHEM JTaHHOU
pa3paboTKH.
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