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Pestome. Paboma nocesiugena cosepuieHcmeo8anuio meopemudeckol MoOenu pecmpyKmypuzayuu
mennogozo npoguins T(x,t) 8 08yXcnouHou niacmune ¢ OOHOCHMOPOHHUM OOCHIYNOM MO OAHHbIM U3MEpPeHUll
cpeoHell no monwuHe cmenku x memnepamypvl <T>(t) npu mennogom 6030elcmeuu Ha HeOOCMYNHYIO
nosepxHocmv  naacmuusl. Mooenv npedHazHaueHa Ol UCNONB308AHUSL 6 Memooe  YIbmpa38yK0o8020
Hepazpyuialowe2o koumpona Y3HK memnepamypueix nonetl u 00YCl10671eHHbIX UMU MEPMUYECKUX HANPANCEHUI
8 Kopnycax adepHuix peakmopog AP muna BBOP 6 HecmayuoHapHvix menioswix ycnosuax. Ou peanusyemcs
nymem pecucmpayuy npu 6HEeUHUX Meniosvix 6030elCMUAX USMEHeHUll 8 peanbHOM 8peMeHU t 8peMeHu
3a0epocku Y3 cueHana 1(t) Ha vl0eleHHOM yuacmKe CIMeHKlU KOpnyca peakmopa, onpeoeneHul no 0anHeiv Y3
usmMepeHuil cpedHeli NO monwuHe cmeHwku X memnepamypul <T>(t)=f(t,t), pecmpyxmypuzayuu no
YCMAHOGIEHHOMY HA OCHOBE MEOPemMUuveckoll MOoOenu aneopummy meniogo20 npouis u paciemad
coomgememgyowux T(x,t) mepmuueckux Hanpsicenuil o(x,t). B npeovidywux pabomax c yuwacmuem agmopog
OCHOB0II 07151 pacyema menniogo2o npoguis no oawuvim <T>(t) ucnonvzosana mMooens 00HO- UNU O8YXCIOUHOU
nomyOeCcKOHeYHOU NIACMUHbL, a MAKX#Ce OOHOCTOUHOU WIACMUHbL KOHeYHOoU monuwunel. [Ipu smom mooens,
HeCMOmpsi HA XOPOWLYH) CO2NACOBAHHOCMb C IKCNEpUMeHmom npu manelx epemernax Y3HK u ebnusu
NPUKOHMAKMHOU ¢ MenOHOCUmeneM 30Hbl, He YUYUumeleaem U3MeHeHUll meMnepamypvl HA NO8epXHOCHU
KOHCMPYKYUY, YMO OPAHUYUBAem 6peMeHHvie pamku Y3 Monumopuwea u yeeruuusaem nNOSPeutHocms
KoHmpoius. B danHoul pabome nonyuensl guipadicenus 0na meniosoco npoghuna T(x,t) 8 08yxcinoliHou niacmune
KOHeuHOU MONWUHbl, KOMOPAs HA2peeaemcs ¢ OOHOU NOBepXHOCmuU. Bwuipadicenus ucnonv3ogarvl O
CPABHUMENbHO2O AHANU3A 08YX Meopemudeckux Mooenell npu pacyeme meniogo2o Npopuis no OAHHLIM
NpedblOYIUX KOMNIEKCHBIX V3 U mepmomempuyeckux uccnedo8anuii MacCugHelX 00pasyos uz KOpnyCcHou cmanu
15X2M®A npu umnynvcHoll meniogoil HazpysKke. Y cmaHoeieHo, 4mo meopemuyeckas U dKCNepumMeHmanbHas
8peMeHHble 3a8UCUMOCIU MEeMNepamypsl 8 CeyeHuu WIacmunsl (MAcCugHozo obpazya) Ha QUKCUPOBAHHOM
paccmoaHuu om 30Hbl KOHMAKMA ¢ UCIOYHUKOM HA2Pe8a X=CONSst XOPOuio ONUcCbI8AOmMcs NOTUHOMOM mMpembel
cmenenu. Pezynemamul pecmpykmypuzayuu T(x,t) no aneopummy ycogepuieHcmeo8aHHou Mooenu 0 X=const
XOpOULO CO2NACYIOMCs ¢ OAHHBIMU MEPMOMEMPULECKUX UIMEPEHUI.

Knarwuegvie cnoea: nepaspyuiarowjuii KOHmpoas, Yibmpazeyk, memnepamypHoe noie, mepmMomMempus,
cpeoHsa memnepamypad.

N. Dordienko, O. Zaporozhets, V. Mykhailovsky, A. Nosar

THE THEORY OF RECONSTRUCTION TEMPERATURE FIELD
BASED ON ULTRASONIC SENSING DUAL-LAYER WALLS OF
REACTORS

Summary. The paper is devoted to improvement of the theoretical model of restructuring thermal profile
T(x,t) in the two-layer plate with one-way access based on measurements of average temperature <T>(t) by
thickness wall x under the thermal action on inaccessible plate surface. The model is designed to be used it in the
method of ultrasonic nondestructive testing (UNDT) of temperature fields and caused by them thermal stresses
in reactor vessels of the WWER type at non-stationary thermal conditions. It is implemented by recording during
the thermal actions of changes in real-time t delay signal 1(t) on a dedicated section of the reactor wall,
determining of the average temperature by wall thickness <T>(t)=f(t,t) according to the ultrasound
measurements data, restructuring thermal profile via algorithm based on the theoretical model and calculating
corresponding to T(x,t) thermal stresses a(x,t). In previous researches, in which the authors were involved, the
basis for calculating the thermal profile according <T>(t) a one- or two-layer semi-infinite plate model and the
one-layer plate of finite thickness were used. Despite of good consistency with experiment at small times UNDT
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and around near-contact with the coolant zone the model does not take into account the temperature changes on
the construction surface, which limits the time frame of ultrasound monitoring and increases method error. In
this paper expressions for the thermal profile T(x,t) in two-layer plate of finite thickness, which is heated on one
surface were obtained. The expressions were used for comparative analysis of two theoretical models for the
calculation of the thermal profile according to the previous complex ultrasound and thermometric studies of bulk
samples of the vessel steel 15Cr2MFA under pulsed thermal loading. It was found that the theoretical and
experimental temperature time dependence in the cross section of plate (bulk sample) at a fixed distance from
the contact with a heat source x=const is well described by the third degree polynomial. Restructuring results of
T(x,t) by the algorithm of improved model for x=const are in good agreement with the thermometric
measurements data.
Key words: Nondestructive testing, ultrasound, temperature field, thermometry, average temperature.

BBeaenne. OpHMM M3 BaXHBIX YCIOBHH O€30MaCHOM OSKCIUTyaTallud  SIEPHBIX
peaktopoB AP, riaBHON cocTaBIsIOIIEH ATOMHBIX 3JEKTPOCTAHIMM SIBISIETCS MOHUTOPUHT
TEKYIIEro COCTOSIHUS UX KopmycoB [1, 2]. Jist aToro, B 4aCTHOCTH, MOTYT CTaTh JOCTATOYHO
3¢ (EeKTHBHBIMA METOJIBI YIIBTPa3ByKoBo# Y3 auarHoctuku [3]. OmHAKO B HACTOSIIEE BpeMs
Ha ADC VYKpauHbl 3T METOJbI HCIOJIB3YIOTCS JIMIIb BO BpeMs IUIAHOBBIX OCTAHOBOK H
HaIpaBJICHbBl B OCHOBHOM Ha BBIIBJICHHE B KOPITycaX PEaKTOPOB CTaHJAPTHBIX Je(EeKTOB
(MOpBI, TPEUIMHBI, HETIPOBAPHL U Jp.), a TaK)Ke B OTIAECIBHBIX CIIydasX JJIsl ONpe/leJieHUus: Ha
BBIIENICHHBIX Y4YacTKaX KOHCTPYKIMU OCTATOYHBIX MaKpoHamnpshkeHui. JlelcTByromiue ke
HalpsDKEHUST B KOpIlycaX pPeakTOpPOB OLEHUBAIOTCS JIMIb IYTEM KOMIBIOTEPHOIO
MOJICIMPOBAHUSI W TI0 pe3yJbTaTaM TPYIAOEMKHX HCCIEIOBAHUNA (PU3NKO-MEXaHUIECKUX
CBOMCTB 00pa3noB-cBuaeTenell. Cka3aHHOE OTHOCUTCS W K OIPEIEIICHUIO IIOPOrOBOTO
ko3¢ (HUIIMeHTa WHTEHCUBHOCTH HampsbkeHus Ky, a Takke kodddummentoB K, Ko W
CKOpPOCTH pocTa TpeluH da/dN Nsi nepexoHBbIX peXUMOB pabOThl peakTopa (Harmpumep,
IpH ero OBICTPOM OoxJaxaeHun). [Ipu 3ToM cTeneHb JOCTOBEPHOCTH TaKUX MCCIETOBAHUMA 1
HAJEeKHOCTh IIPOTHO3a HAa JTOW OCHOBE OCTAaTOYHOIO pecypca peakTopa SBISIOTCS
nucKyccuoHHBIMH [ 1, 2]. C 1enpio pacmupeHus BO3MOXKHOCTEH TpuMeHeHus Y 3 MeToIa JJIs
JMarHoCTHKY 1P HenmocpencTBeHHO B Ipolecce padoThl rpynmnoi cnenuanicroB UM® HAH
YkpauHbl OBIT MPEIOKEH METOJI YJIbTPa3BYKOBOTO Hepaszpymaromero kontposs Y3HK
TEMIIEPATYpHBIX TMOJE€H MU TEPMUUYECKUX HANPSHKEHUW B 3aMKHYTBIX KOHCTPYKIHSX C
OJHOCTOPOHHHM JIOCTYIIOM B HECTAI[MOHAPHBIX TEIUIOBBIX YCIOBUAX [4]. B paMkax mpoeKkToB
nporpaMmMbl  HAH Vkpanmnber «Pecypc» Ha OCHOBE TEOPETHMYECKMX M KOMIUIEKCHBIX
HKCIEPUMEHTAIBHBIX YJIBTPAa3BYKOBBIX M TEPMOMETPHUYECKHX HCCIIEeI0BaHUN 00pas3IoB H3
(parmenTa cTeHKH Kopiryca peaktopa tunia BBEP nmpu umMmyiascHOM TemioBoM Harpy>KeHUU
HNTH 6pu10 0600CHOBaHO yKa3aHHBIM METOJI, a TakXKe pa3padoTaH M CO3JaH JTaOOpaTOPHBIN
BapuaHT Y3 YCTaHOBKM uid ero peanusauuu [S5]. Ilpemnaraemplii MeTOI OTHOCUTCS K
HETPAJIMIIMOHHBIM MeToJaM Y3 JMarHOCTUKM U 0Oa3upyeTcss Ha 3aBUCUMOCTH OT
TEMIEPATYpPbl YHPYTUX MOJIYJIEH M COOTBETCTBYIOIIMX CKOpocTed Y3 B MaTepuaiax B
YIPYTOHEOIHOPOAHOM cocTosiHMH. OH pealn3yeTcsl IMyTeM aBTOMATHYECKON perucTpariu
IpH KaXIO0H TEIUIOBOM HAarpy3ke HEIOCTYIIHOM CTEHKHM KOpIlyca peakTopa HW3MEHEHHH B
peaJbHOM BPEMEHHM ! BPEeMEHH 3aCPKKH Y3 3X0-UMITyJIbca T(f), OMpee/IeHu: 10 JaHHBIM
Y3 wu3MepeHuMil cpeiaHeW 10 TOJNIIMHE CTEHKH X TeMmueparypsl <71>(1)=f(r,1),
PECTPYKTYpHU3AllUKA 10 YCTAHOBIIEHHOMY HA OCHOBE TEOPETHYECKOH MOJETH aITrOPUTMY
TerioBoro mpodwis 7(x,t) W BBYHCICHUH COOTBETCTBYIOMMX 71(X,1) TEPMUUYECKHX
HanpspkeHud o(x,7). [lo MakcuMaabHBIM 3HAYCHHSM TOCIEIHUX, TT0 U3BECTHON MeTOouKe [6]
OIIpEZEIIAETCS TOBPEXKIAEMOCTh KOHTPOJIUPYEMOIO YYacTKa KOHCTPYKIMH U C Y4ETOM
HCTOPUU TEPMOMEXAHUYECKUX HArpyKEHHUH paccuMThIBaeTCsS TEIUIOBAas COCTABIISIONIAs €€
OCTAaTOYHOTO pecypca. B OCHOBY TeopeTnueckoro oOOCHOBAHMSI METOJAa OBUIM IIOJIOXKEHBI
pannue pabotel O.M. Hocaps ¢ coaBTopamu [7 — 12], B KOTOPBIX IJIsi OIEHKH TETIOBOTO
npopmwis npu UTH creHka KOHCTPYKIIMH paccMOTpeHa Kak OJHO- WM JIByXCIOHHas
nosyOeckoHeYHasl IJIacTHHA JMOO IUIaCTWHA KOHEYHOW TonmmHbl. Ilpu »TOM MoOzens,
HECMOTpSL Ha XOpOLIEe COIJIACHE C H3KCIEPUMEHTOM B O00JIaCTH MallbIX BpEMEH U B
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MPUKOHTAKTHOM € TEIJIOHOCUTEJIEM 30HE, HE YUMTHIBAET M3MEHEHUS TeMIEepaTryphbl Ha €€
MMOBEPXHOCTH, YTO OrPAHUYMBAET BpPEMEHHBbIE pPaMKH Y3 MOHHMTOPHUHTa KOHCTPYKIIMH H
MOHUKAET TOUYHOCTh KOHTpoJst [13]. [l ycTpaHeHus: yka3aHHOTO HEJIOCTaTKa B HACTOSIIEH
paboTe TeopeTHYecKH paccMOTpeHa CTEeHKa peakTopa B BHUJE JBYXCIOWHOM IUIACTUHBI
KOHEUHOM TOJIIUHBI, KOTOpas IMOJOTPEBAETCS C OJHOM HEJIOCTYHOW MOBEPXHOCTH.
Pe3ynbrarel cpaBHUBAIOTCS C DKCIIEPUMEHTAIBLHBIMY JJAaHHBIMHA padoThI [13].

IocranoBka 3amaum. B npeasinymux pabGorax [10, 11] mpoBemen pacuer
OJTHOMEPHOTO TeMIIepaTypHOTO TpOoQWIs B ABYXCIOHHOW IUIACTHHE W3 MaTEpUANOB C
pa3HbIMH TEIUIO(U3MUECKUMU TTapaMeTpaMu. PacdeT mpoBeieH Jisl 0JIyOeCKOHEYHOTO Tela
B CJIOE€ TOJIIIUHON L .

B mnactosieit pabote mpennaraercsl pelleHHe AHAJIOTMYHOW 3aJaud Ul TJIACTHUHBI

ToJMIUHONW L =1/, +/,, cocTosmiel n3 qByX cjI0eB TONIUHON [, U L, .

Jlis  pacdera OJHOMEPHOTO TEMIIEPATypHOTO TOJIA (TEMIEpaTypHOTO MPOQUIIsT)
HEOOXOJUMO PpEIIUTh YpaBHEHUE TEIUIONPOBOJHOCTH MPHU CIEAYIOMIMX HauyadbHBIX U
rpaHu4YHbIX ycnoBusX. HagampHas temneparypa nocrosHHa 71, =const npu t=0. Ha
nosepxHoctd x=—/ (—[ <x<l,, x=0 Ha rpamune aByx cuoeB) T(-,0)=T, (t) —
TeMreparypa, Koropas ompexpessiercst u3 peutenus I'(l,,1)=T, =const npu t>0. Bee

BEJIMUYUHBI CHaOXaroTcsi MHAeKcoM ciost — 1 mmm 2: 7,(x,t),T,(x,t) u 1.0. Kpome Toro,

JIOJKHBI OBITH YJIOBJIETBOPEHBI PaBEHCTBA TEMIIEPATyp M TEIUIOBBIX IMOTOKOB Ha T'paHUIIE

pasznena cioes: 7,(0,) =T,(0,7) u 4, % =41, 9L

pu t>0.
x=0 a'x x=0

Pemenue B TakoM cirydae mpeACTaBIISIOT B BUJE JBYX ciaraemsix [14]:
T(x,t)=T"(x,t) + T (x,1),
rie T° - pemenme upu T, =T°(=l,,0)=T,=const, T, =T"(,,1)=0,
T°(x,0)=T, =const, a T° — pemenue npu T, =T“(~1,,1)=0, T, =T°(l,,1)=T, =const,
T¢(x,0)=T, =const. Pemenne s T° npusoautcss B mepBoM pasjene, a jis T¢ — Bo
BTOPOM. DTO MCXOJHAas CHUTyalus, HA OCHOBE KOTOPOH, M3MEPSsSl CPEIHIOI TEMIIepaTypy
IJTACTUHBI <T(x,t)>, TpeOyeTesl ONpPEeUTh 3aBUCAILLYIO OT BpeMeHH Temmeparypy 7, (1)

HEJOCTYITHOH MOBEPXHOCTH X = —1, .
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Pacuyer TeMnepaTypHoOro noJis
Pasnen 1. Pacuer 7° (x,0)
Jnst ynoberBa Bepxuuit unaexc 0 onyctum.
Temneparypusiii mpoduias mpu mocTtossHHOW — Temmeparype T, =T(-l,), =

T(,)=0,T, =0 nmeer cnez[y}omuﬁ Bux [14]:

Al - 20 cos(ﬂ:sn) as’n’n’

T, T, e LA
o=l +/11 ﬂ(r+0's); n in(= I —expl- e o
A1, —x) 2 cos(zsn) . 7rnx a,s’m’n’

T,(x,0)=T as rn
(oD =T, AL+ A, 71'(r+0's),,Z:‘ P 1, Jexpl= I} e

MIPH YCIOBHUSX, YTO kll—2 I panuoHagbHas Apook, T1e k = /ﬂ ,B(2) o= %k .
a,

.S
Yucnennele onenkun (B cucreme CI'C) [13]:a, =0,06 em’le, A, =185
kanlem-c-epao, 1, =2ii , a2:0098CM2/c, A, =325kanlcm-c-epao, 1, =20cm.

7
Otcroga k=0,78, o=137, ki 18 s=1, r=7,8. Brens s ynoOcTBa pacueroB
1
2 2

al
o0o3HaueHusT m = —

1
npon3BoJibHOM 3HaueHuu 1'(=1,) =T,(t) # T, = const

aTm(xt Q) 4, 20m
ﬂ'

, 13 (2) ¢ nmomompto Teopembl Jlroamens [14] monywaem mnpu

it (t — 2)ldz (3)

chos(mn) sm(

T(x,t)= j ()
Cpez[Hsm TeMIepaTypa IepBOro CI0s TOMIIHHON ll C Y4eToM TiepBoro 4wieHa B (3)

T (t) J- T, (x,t)dx=
4)

— 2/1112 - 2211 20 3
=T, 2(/7112+ﬂzll)+7£2s(r+o:v) mz_llcos(ﬂsn)[cos(sﬂn) I]JT(z)exp[ mn’ (t — 2)]dz

0,(n —yemmnoe)
IIpu s=1 cos(ﬂn)[cos(ﬂn) - 1] = u u3 (4) momyyaem
2,(n— Hettemﬂoe)

(L) -b, AT ©

Am

rae b, = 2/111 —Ah =084, A = 24—0 =0,06, J, = IY;(Z) exp[—mn’(t — 2)ldz
2040, + Al,) 7’ (r+0) .
[Tpomuddpepermupyem J 1o ¢:

d—Jz—ZngJn+NT,. (6)
a %

aJ N
Yr10oO0HkI BEIpa3uTh — 4yepes3 J , OIICHUM OTHOCHUTCIIbHBIM BKJIA/] J , IIOJIOKUB T =1:
d 1 n !

J, == (i—expl-mn’r)) @
mn

0003Ha4nM j, = (l—exp(— mnzt)). 3HayeHus Ipu ¢ =1 Ui NepBbIX HIECTU YWICHOB IIPUBECHBI

B TaOmI. 1.
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Ta6auna 1
3Hauenus j npu t=1 11 n=16.
n 1 2 3 4 5 6
i, 0,14 0,45 0,74 0,9 0,98 0,99

T.e. j,—1 nopu n>6. IlockonbKy, cornacHo (4), 4yeTHble wieHbl paBHbI 0, OrpaHUYMMCS
n=5(N =3), oTKyaa mojaydaem

J=>J,=-175; (8)

- Zslmann =185.

n=1

5
Torma —Zmnzjn =-1,06J, u, noxacrasiusas B (5) (3amensas Ty Ha 7,), moxydaem
n=l1
ypaBHeHue i T,
i 3Am+106h . _ (T)+1.06T

T = . 9
I b I b )

Ero pemenmue:

1 t
T,(t)= ;{Wr» —(T,(0))expl-pyt1—(p, ~1.06)expl-p,1[ (T; (2)) exp[plz]dz} +T,(0)exp[-p,] (10)
1 0
Jliist city4ast HyJeBo# HadainbHOU TeMmeparypsl 7, BbipaxeHue (10) mpuHUMaeT BUJ
bT,(0=(T,())—q [(T(D)exp(pdz, (1)

0

e p, = w ~1,09, ¢, = (p, —1,06)exp(—p,t) (npu £ =0 g, = 0,03).

1
PaccmoTrpum BTopoit cnoit. [lomaras s =1, nenas aHaJIOTWYHbBIE BBIKIIAJKH, MOJTydaeM

ypaBHeHue i 7T,

t

BT, (0) =(T,0) —q, [(T,(@)exp(p,2)dz,  (12)

0

rie b, = A 0,4254, A, = % ~—0,0028,
2(2112"'/1211) ZTr(r+o)
P, = 463176, + Aym _ 4,6327, q,=(p, —4.6317)exp(~p,t) (upu t=0 g, =0,001).

2

Torna nomns, 4ro L<T> = 11<Tl> +1, <Tz> , 13 (11) m (12) nomygaem

ro_ 1

Lb, +1,b,

Onenum Qopmyny (13). Ilpu <Tl> =const =T, <T2> =const=T,, <T> =const=T
HOJIydaeM

[<T>L —ql, [(T;(2))exp(p,2)dz — Q2lzj<T2(Z)>eXp(p2Z)dZ:| : (13)

1 l l
T, = —{<T>L ——L(p, =1,06)(1—exp(— p,t))T; - (p, —4,6317)(1 —exp(- pzr)m}
llbl + lzbz P D>

Bemnuunst T, 7,, T, onHoro nopsiaka. Torga nmoimygaem
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ZE—J——hXﬂ—Q%O—mﬂ—MMﬂ4MWM—%M—&MB]
Lb +1b,
C ommbkoii B 0,3% (0,06/22 ) MOKHO 3aIicaTh
__LT)
"Tbl by,
YTO COBMECTHO € (3) AaeT pelieHue MoCcTaBIeHHON 3a/1aun.

o _ LI (Ah-4x) 20L < msnx, o
f (x’t)_(bllﬁbﬂz)(/1112+/7211)+75(r +O_S)(blll+b212)ng=;cos(7rsn)sm( h )n;E(T(Z»exp[ (-2 e

LT)  A(h—x) 2L & . mx oy
(blll+b212)(/11124_/?211)+ﬂ_(r+o_s)(blll+b212)ng=;cos(7zsn)sm( A )ni{T(z))exp[ mn” (t—z)kdz  (15)

(14)

T (x1) =

Pasznea 2. Pacuer T¥(x,?)

Pemenne ypaBHEeHUsI TEIIONPOBOAHOCTH

°T° 19T
S | 16
ox> a of (16)

(mpu T°(=1,t)=0, T°(,,t)=T, =const, T°(x,0)=T, =const) HaliileM IpHA TOMOILIH
npeobpazosanus Jlamnaca, nomaras L(7")=v,, L(T,)=v,, rne L(T)= J- T (x,t)exp(—pt)dt
0

(p>0).
PesynpTar nmpeobpazoBanust (16) ns ABYXCIOWHON TTACTUHBI OyI€T KIMETh BH/T

d*v, d*v.
1 2~ P 2~
-¢;v =0, -¢,v,=0, (17)
dx’ dx*
~ V() ~ _ vO 2 _ p 2 _ p
e v, =y, ——, V, =V, —; . q = q, = @ — TeMIEepaTypOIPOBOHOCTD, V, —
1 2

HavajJbHas TeMmeparypa (moctostHHast). W rpannunsle ycnosus v,(l,)=0, v,(,)=0, @ -
TeMIlepaTypa IOBEPXHOCTH X =/, .

Pemenus ypaBHenuii (17), yaoBIETBOpSIOIIME TPAHUYHBIM YCJIOBUSIM, IIPEICTaBUM B
BUJIE

Vi (x) = Ajch(gy(x+ 1)) + Bish(gqy(x +1)));

. (18)

Vs (x) = Aysh(g, (x—15)) + Bych(gy (x —15)).

W3 rpaHUYHBIX yCIOBUH HAXOIUM
A=0,B=2. (19)
p

. ~ ~ av,| _ dv,

B, u A, moxHo Haiitu u3 paseHcTB V,(0) =V,(0) 1 — =—= . llepen HaxoXKaCHHEM
0 Xlo

u3 (18) B, u A,, npou3sBeaeM YMCICHHbIC OLCHKU BEJIMYMH, UCXOJs U3 3HauYeHuil a,, A (B

cucreme CI'C): a, =0,06 cv’/c, A, =18,5 xan/cm-c-epao, I, =217 , a,=0,098 cm’/c,
A, =325 kanlcem-c-epao, 1, =20 cm. W3 storo cremyer, 4to gl :\/El1 =8,16(p>1),
a4

q,l, = 63,388.

qil; -qil; qil;
el —e e
MoxHO 3aMETHUTh, qr1o sh(gl) = = =ch(ql.) (TOCKOJIBKY
2 2
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e =0,0002<<1) u th(gl)=1. Tak xak Ag =A £, TO ToOCche Tpeodpa3oBaHuit
a

(|
i

MoJTy4aemM
o 4ko
=— exp(—(q,l +q,.,)); 20
1 b (ko+1) p(—(q,l; + g,1,)) (20)
w
=—|1+ exp(—2g,.,) |,
A, ]9( (ko +1) p( %2))
rae

k = /ﬂzo,79, c=i’ 138
a, /11

U3 (17), (19) u (20) nonydaem

j - 20ko [l (exp(—q, (kl, — x)) — exp(—q, (kl, + 21, + x»)} ; @D
I+ko| p
W 2ko
v, =— [exp(—% (l,=x))— exp(—q,k (3, — x))} '
p 1+ko

Ilocne obGparHOro mnpeoOpa3zoBanus Jlammaca [14], nomaras v, =7, unu w=T,,
HOJTy4YaeM

Tl"=TH+2THkO- cp*(klz—x)_cp*(klz+211+x) : 22)
I+ko 2 at 2\at
T =T, +T,| &' l,—x )— 2ko o k3L, —x)) .
2\Jat  l1+ko 2.\ at
OrnerumM Gopmyisl (22). O603HAYHM
F = 2ko cp*(klz —x)’ F = 2ko o kl, +21, +x); 23)
l+ko 2\ at l+ko 2at
F, =% lz—x)’ F,=— 2ko e k(3lz—x)).
2.Ja,t l1+ko 2 at
[Tockonbky L<T> = ll<7]> + 12<T2> , 13 (22) u (23) nosryunm
T, | § ?
<T>=TH+TH{J(E+F2)dx+j(173+F4)dx} (24)
-1 0

CornacHo onienkam BenuuuHa F;>> F, F,, F,. Ilostomy nocieanumu npeHeOperaeM u
(24) npuHUMaeT BUL
T =T, (25)
l,—x

2ar

2T, |ayt
T)=T, +=% |=. 2
(T)=T, + =7 (26)

Jst onpenenienust temueparypsl 7, Ha BHYTPEHHEH MOBEPXHOCTH CTCHKH COCyja C

TS =T, +T,®'(

Cpenusis TeMieparypa

nomoieio Y3 3ouaupoBanus no ¢opmynam (14) u (15) HeoOX0oIWMO y4ecTh, UYTO OHU
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HOJlydeHbl B mpeanonoxenuu, 4dro 71, =0. Ilostomy B ciyuae 7, =const#0 wu3
OKCIIEPUMEHTAIIBHO IIOJIy4YEHHOI'O 3HAYECHUS <T> clelyeT BbIYecTbh (26).
Ucnonb3ys (15) m (25), okoHUATEIbHBIE BBIpAXEHUS IS TEMIIEPATYPHOIO IOJIS

OpUHUMArOT BUJ
LT) (Ab-h)

O baly) (A + A
N O. . TTSnx 9
'7t(r+0"s)(blll+b212)mnzzicos(ﬂsn)sm( I )n£ (T(2)) expl—mn” (t—z) K.
« bh—x L<T> A (L —x)
= 0]
Rt =tn 1 (%/azt) (b111+b212)(ﬂ112+/1211)+
(28)
N 2L - . rtmx ! _ 2 _
Tyz(rws)(blzl+b212)m;ws(m)sm( L )”g (T(2)expl=mn” (1 —2)kz.

CpaBHeHne ¢ YKcniepuMeHTOM. J[JIs1 CpaBHEHMS HUXKE HCIIOJIb30BAHBI PE3yJIbTaThl Y3
A TEPMOMETPHUYECKAX H3MEpPEeHHUN Ha MAacCHBHBIX oOpasmax u3 ctam I5X2M®A 6e3
HaruiaByieHHoro 3amurtHoro ciost npu UTH B pexxume 20 — 300°C u3 npenpiaymieii paboThl
aBTopos [13].

UToOBI MepeiTH K paCCMOTPEHHUIO OJTHOCIIOWHOHN TUTACTHHBI HY)KHO TOJIOKHUTE B (27) 1
(28) /11 = /12 =1, a, =a, =da, u paccMaTpUBaTh OJHOCIONHYIO IUIACTUHY, COCTOSIIYIO U3
JIBYX YacTedl ¢ OJIMHAKOBBIMH TEIUIO(QU3NIECKIMH TTapaMeTPaMHU.

AHanu3 BelpaxeHui (27) u (28) mokasai, 4To BpEMEHHBIE 3aBUCUMOCTH TEMIIEPATYPbI
o0pasma (IIpo3ByYMBAEMOT0 y4acTKa CTEHKH KOHCTPYKITUH) Ha (PUKCUPOBAHHOM YAAJICHUH OT
MPUKOHTAKTHON 30HBI x=const npu WUTH 7(f);,, MOXHO oONHUCATh TOJMHOMOM TPETHEH
crenenu. Tak s x=34,1 mm (puc. 1)

7(t),,, =27.89615+0,60079 —0,0012* +1,03933-10°°¢’. 09
160 +
Temnepartypa - 1
Annpokcumauums - 2
120 +
OO
804

Model Polynomial
Adj. R-Square 0.9985

Value Standard Error
Intercept 27.89615 0.05424
B1 0.60079 9.39541E-4
B2 -0.0012 4.36671E-6
B3 1.03933E-6 5.74083E-9

40

[elNelNelNe]

T T T T T T T T T
0 100 200 300 400 500
t,c
Pucynok 1. BpemeHHast 3aBICHMOCTB TEMIIEPATYPhI B CEYCHUN 00pa3iia 13 CTallnd

15X2M®A Ha paccrostiud 34,1 mm ot 30861 UTH B pexume 20 — 300°C:
1 — pacuer o opmynam (27) — (28); 2 — anmpokcuManus MoJIMHOMOoM 1o (opmye (29)

Figure 1. Time dependence of the temperature in the cross section of the 15Cr2MFA steel
specimen at a distance 34.1 mm on the PTL zone in the mode of 20 — 300°C: 1 — calculation
by the formulas (27), (28); 2 — third degree polynomial approximation by the formula (29)
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120
100 4 TemnepaTypa - 1
—— Annpokcumauyums - 2
80
o i
o R Model Polynomial
= 60 Adj. R-Square 0.99779
Value Standard Error
1 D Intercept 26.10257 0.04189
40 D B1 0.45924 7.2557E-4
D B2 -0.00107 3.37224E-6
| D B3 9.96417E-7 4.43342E-9
20
T T T T T T T T T T T
0 100 200 300 400 500
t,c

Pucynok 2. BpemeHHas 3aBUCHMOCTb TEMIIEpaTyphl B ceueHnn oopasua u3 ctaiu 15X2MOA
Ha paccrosiuu 34,1 mm ot 30Hb1 UTH B pesxume 20 — 300°C: 1 — Tepmonaphbie usmepenus [13];
2 — anmpokcuManys no gopmye (30)

Figure 2. Time dependence of the temperature in the cross section of the 15Cr2MFA steel specimen at
a distance 34.1 mm on the PTL zone in the mode of 20 — 300°C: 1 — an experiment [13];
2 — approximation by the formula (30)

IIpu pacuere 7(f)or HCHOJIB30BAHA SKCIIEPUMEHTAIbHAS 3aBUCUMOCTh BpPEMEHU
3aepkKu Y3 curnana <r>(f) B obpasue u3 cramm 15X2MO®A npu UTH B pexume 20 —
300°C [13]. AHanoruuHasi 3aBUCUMOCTD | (#)exper TOCTPOEHA IO PE3YNBTATaM IapAILIECTIBHBIX
TEPMOMETPUUECKUX U3MEPEHUHN U3 TOH ke paboThI (puc. 2)

T(t)per = 26,10257+0,45924¢ —0,00107¢* +0,996417-107°¢ . (30)

Bunna xopomnasi cTeneHb COTJIAaCOBAHHOCTH IMOCTPOEHHBIX M aNMpPOKCUMHPOBAHHBIX
KpUBBIX Ha 00oux pucyHKax. Taxxe BuAHO, 4TO BbIpakeHHs (29) u (30) HE3HAUUTEIHHO
OTIINYAIOTCS 3HAUEHUSIMU MOCTOSIHHBIX COCTaBJISIIOLITNX u KOX(PHUIHEHTOB
nponopiuoHanbHOCTH. [IprurHO HabII0JaeMOT0 pacX0KACHUSI MOXKET ObITh, B YaCTHOCTH,
WCII0JI30BaHUE P pacueTax TEIJIOBBIX MapaMeTpPOB CTANH JIMTEPATYPHBIX JAHHBIX BMECTO
n3MepeHHbIX. OTHAKO OTMEUYEHHBIE PACXOKICHUS MOKHO yYecTh IpH MAaIIMHHON 00paboTke
pe3yapTaToB Y3 U3MepeHHui.

Kax mokasan npoBeneHHBIM aHanu3, JOCTOMHCTBOM IIPEAJIOKEHHOM MOJEIH SIBISETCS
BO3MOXHOCTh €€ IMPUMEHEHHUS [UIsi MOHMTOPHUHIAa Ha MPOTSHKEHUH Oojiee INTEIHHOIO
BPEMEHM, YEM IIPU UCIOJIB30BAaHUU IPEABITYIIEH TeopeTnueckoit moaenu [13].

BeiBoabl. BrimosnHeH pacder TeruioBoro mpodwis 7(x,f) B JBYXCIOWHOW IUTaCTHHE
KOHEYHOH TOJIIMHBI, KOTOpas IIOJBEpPraercs TEIUIOBOMY BO3JEHCTBHIO C  OJHOMU
oBepXHOCTH. [lomydensl BoipaxkeHus 7(x,f) B 3aBUCUMOCTH OT CPEIHEH IO TOJIIHUHE CTEHKH
TeMueparypsl <7>(t), KOTOpble XOPOLIO alIIPOKCUMHUPYIOTCS IOJIMHOMAMHU TPEThEH CTEIEHHU.
PesymbraThl pacdera BpEeMEHHON 3aBUCHMOCTH TeMIIEparypbl Ha (UKCHPOBAHHOM
paccTOsSTHUM X=const OT 30HBl KOHTaKTa C MCTOYHHKOM HAarpeBa YJIOBIIETBOPUTEIHHO
COIVIACYIOTCS € AHAJIOTMYHBIMM JIaHHBIMH, IIOJIyYEHHBIMH Y3 METOJIOM B IPEIbLIyIIEH
paboTe aBTOpPOB MpH HUMITYJBCHOM TEIUIOBOM HArpyKeHHMH MACCHUBHBIX OOpa3IoB U3
koprycHo# ctanu 15X2M®A. AHanu3 UCIOIb30BAaHHON TEOPETUUYECKOW MOJIENH ITOKa3al e
MEPCIEKTUBHOCTD JIJIsl HIPUMEHEHUs IIPH pecTpyKTypuzanuu 7(x,t) Y3 MeTo oM B 3aMKHYTHIX
KOHCTPYKILHUSX THIIa KOpIycoB peakTopoB BBOP B pexxuMe MoHUTOpHHTA.
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Conclusions. Thus, in this paper, the temperature profile 7(x,f) in two-layer plate of
finite thickness which is subject the thermal action from one surface was calculated.
Expressions for 7(x,t) as the function of average wall thickness of temperature <7>(t) were
obtained and are well approximated by the third degree polynomials. Results of calculation
temperature time dependence at a fixed distance x=const from contact zone with the heat
source are in good agreement with those data obtained by the ultrasonic method in our
previous work for the pulsed thermal loading of bulk samples of the vessel steel 15Cr2MFA.
The analysis of using theoretical model has shown that it is promising being used in the
restructuring of 7(x, f) by ultrasonic technique in closed constructions of the WWNR type in
monitor mode.
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