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3AJAYA O TPOHUKHOBEHHUU B TBEPAOE TEJIO
MOTOKA JIYYUCTOM SJHEPTUU (BOJTHA MAPIIIAKA)
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HpezmoxceH HOBBII noaxod K HpI/I6J'II/I)K€HHOMy PCHICHUIO YPAaBHCHUA Hy‘lI/ICTOﬁ TCIUIOMIPOBOAHOCTH, KOrJga
BHYTPCHHSA DHEPrus € M HeNpo3pavyHOCTh IO PoccenaHz[y K HUMEIOT CTeleHHBIE 3aBUCUMOCTU OT IIOTHOCTH U

temmeparypst: €= fTP /p* K" =qT*/p", roe fu q — koHCTaHTHI, o, B, B U A — MoKa3aTenu cTemneHn. MeTox
OCHOBAH Ha IPeoOPa3OBAHMH MCXOJHOTO YPaBHEHMs Jy4HCTOH TermompoBomsocTd 0T /ot = yoT**/ox*, rue
y=16/ (12+3a) go/ ( f pz'“”) — KO3 PUIINEHT, XapaKTepU3YIOMINil TEINIOBOH MOTOK. JlaHHOE ypaBHEHHE Mpeoo-

pasyetcs B nuddepenmmansaoe ypapaerne d°0"* /dn’ +nd@/dn=0, rae T® =@. [IpuruMaercs, 4To Temmepa-

Typa NOBEPXHOCTH TeJla MOAAEPKUBAETCS IIPU MTOCTOSIHHOM 3HaueHuU. [lonydyeHHblE aHaTUTUYECKUE PELEHUS He-
JUHEHHO! 3aaud Jy4YHCTOW TEIUIONPOBOAHOCTH IMOKA3ald BHICOKYIO TOYHOCTh HaWJAEHHBIX alNpPOKCHMAIIMH: Kak
JUIsL TeMIIepaTypHOro (pOHTA, TaK M JUIS TMOJOXEHUs (poHTa TeruioBod BoiHBL. OmmOKa pacyera IOJIOKEHHUS
(ponTa BoMHBI Mapiaka B TBEpOM TeJie Ul IIEPBOTrO MPHUOIMKEHUSI COCTABIISET THICSYHBIE U JICCATHTHICSUHbIE
JIOJIM TIPOLICHTA B 3aBUCUMOCTH OT IOKAa3aTells CTeNeHH N.

Knrwuesvle cnoea: JIyYrCTas TeIJIONMPOBOAHOCTD; U3JTYUCHUC JIa3€pa, BOJIHA MapmaKa.

PROBLEM ON THE PENETRATION OF A RADIATIVE
ENERGY FLUX INTO A SOLID BODY (MARSHAK WAVE)
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A new approach to the approximate solution of the equation for the radiative thermal conductivity of a body in
the case where its internal energy e and the Rosseland non-transparency K of it are defined by the power depend-

ences for the density and temperature of the body: e= fT?/p*, K™ =qT*/p", where f and q are constants, and
a, B, n,and A are exponents, is propped. In this approach, it is assumed that the temperature of the surface of the
body remains unchanged. The method developed is based on the transformation of the initial equation for the radia-
tive thermal conductivity of a body oT® /ot = yoT**/ox*, where ;(:16/(12+3(1)qc/( f pz’““) is the coeffi-

cient characterizing the heat flow in it, into the ordinary nonlinear differential equation with self-similar variables
d’6"* /dn* +nd@/dn =0, where T® =@. A new temperature profile of a body, involving coefficients and parame-

ters, satisfying the initial boundary conditions, the integral relation for the first momentum, and the boundary rela-
tions following from the differential equation fulfilled at the front of the heat wave in the body, is proposed. For the
first approximation, one differential equation is used. In this case, we have the temperature profile
0=1+al)(1-0)"™® with one unknown coefficient a and the parameter { =n/n,. The parameter n, is deter-

mined from the algebraic equation following from the integral relation for the first momentum. The analytical solu-
tions obtained for solving the nonlinear problem on the radiative thermal conductivity of a body provide the high
accuracy of the approximations obtained with them for the temperature profile of the body and the position of the
front of the heat wave (Marshak wave) in it. The temperature profiles obtained on the basis of the new approach (the
first approximation) and on the basis of the numerical solution are completely identical. The error in calculating the
position of the Marshak wave front in a body in the first approximation comprises thousandths and ten thousandths
of a percent depending on the exponent n.

Keywords: radiative thermal conductivity; laser radiation; Marshak wave.
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Beenenue

TemnioBble BOJHBI, BEI3BAHHBIC H3ITYYCHH-
€M, BCTPEUAIOTCS B Pa3jMYHBIX acTpopu3u-
YECKUX M J1a00paTOPHBIX CUTYyAIHUsIX U C pa3-
HOM CTEMEHbI0 TOYHOCTH MOTYT OBITH OIHCA-
Hbl B UG (GY3HOHHOM NPUOIMKEHUH, KOTIa
TEIUIOBOM IMOTOK Ompenensercs Ais Jiro0oit
3a/IaHHOW TOYKHM B BUJE JIOKAJIILHOI'O T'paju-
€HTa IJIOTHOCTHU JyuucToi sHepruu [1]. He-
CMOTpPSl Ha TO, YTO COBPEMEHHbBIE BBIUMCIIH-
TEJIbHbIE METOJBI AIOT B Psijie CIIy4aeB BbI-
COKOTOYHBIE PEIICHHUs, MO-TIPEKHEMY COXpa-
HSIET aKTyaJIbHOCTh aHAJIIMTUYECKUM MOJXOI,
Ao TMOHUMaHUe NPUPOJIBI paccMaTpu-
BaeMOH MPOOJIEMATHKH, a TAKXKE MO3BOJISIO-
U 1oJTyyaTh OBICTPYIO OLEHKY B AKCIIEPH-
MEHTaJbHBIX uccaeaoBanusx [2, 3]. [lepoiit
niar B JIaHHOM HaIpaBiIeHUU ObLI ClielaH
BapenOnarTom [4], ucclenoBaBIINM aBTO-
MojieTbHbIe perieHus. OAHO U3 MOIYyYEeHHbIX
MM PEUIEHUN JAeT JIMHEMHO BO3PaCTAIOLIYIO
BO BpEMEHHU IIyOMHY NPOHUKHOBEHUS Tell-
JIOBOM BOJIHBI; BTOPOE OTBEYAET COXPAHEHHUIO
MOJIHOM PHEPIruu, CoAepiKalleicsi B BOJIHE U
OCTAIOLIEHCS MOCTOSIHHOM I0CJE €€ Hadallb-
HOro BbIOpOca B TOoYke mpoctpaHcTBa. [lo-
CIIEIHUHN cllydail TOJpOOHO PACCMOTPEH B
pabote 3enpnoBuya u Paitsepa [5]. [IBa npy-
TUX TOYHBIX PEHICHUsl MPEJICTABICHbI XaMm-
MepoM U Pozenom [5], mpu 3TOM (hakTHIECKH
NOBTOpEHBI pemieHus bapenbnarra ¢ 3ame-
HOHM TOYKM Ha MOBEpXHOCTh. B pabote Map-
maka [6] ucciieloBaHbl BapUaHTHI MOJyde-
HUSI TOYHBIX pElIeHUN AaHHOM 3amadyu. OT-
MeTuM Taxke padoty [larrma [7]. ITpubnu-
JKEHHBbIE AHAIUTUYECKUE pEUICHUs Tpe.-
craBiieHbl XucnetroMm u AnkcHe [8], Jlonrom
u Taxupom [9], I'apabe (¢ coant.) [10] u B
nocneanee Bpemsi — Kpudowm [11].

Hame paccmoTpeHne Mbl OTrpaHHUYUM
CBEPX3BYKOBOM BOJIHOW BBICOKOJHEpPreTHYE-
CKOTO M3JIy4YeHHs, UMEIOUIel YeTKO BbIpa-
KEHHBIH ()POHT, TPU 3TOM CBOMCTBA CpeIbl
3a/1a]UM CTENEHHBIMU (PYHKIHUSIMH OT TEM-
neparypel. B nmpuOImKeHUn JIy9HCTON Ter-
JIOTIPOBOJHOCTHU (OTCYTCTBUE JIBUKECHHUSI, IO-
CTOSIHCTBO IUIOTHOCTH CpE/bl) ypaBHEHHE
JYYUCTOTO MEpeHoca MpuHUMaeT B [5]:

plee 2F Fo i
ot OX 3Kp 0

rie € — BHYTPEHHSS DHEpPrus Ha €IUHUILY

Macchl, p — INIOTHOCTh, | — Temmeparypa, F —

4 0 _,

TEIUIOBON TOTOK,G — nocrosiHHas Credana—
bonbumana, K — cpeanss Hempo3payHOCTh
no Poccenmanny, t — Bpems, X — mpocTpas-
CTBEHHas koopauHara. [Ipeanonaraem, 4yro €
u K wumeror CTCIICHHYIO 3aBUCUMOCTL OT

IIOTHOCTH U TemmepaTypsl: €= fTP/p*,
K™ =qT*/p", rue f u q — xoHCTAHTHI, o, B,
L ¥ A — IOKa3aTely CTCIICHH.

MaremaTuyeckasi MOAeJIb

PaccmoTpuMm cimywait, koraa MOJIyIpo-
cTpancTBO X >0 3amoiHEHO cpeoii ¢ IUIOT-
HOCTBIO p . [lycTh, HAaUMHAST ¢ MOMEHTa Bpe-
menn t=0, «xomomnas» cpema (X>0)
BCTyMaeT B KOHTAKT CO CPEIOW IpU TemIle-
parype T,. Ecin npeneOpeub nepemenieHu-

€M, TO YPaBHEHHUE JIYYUCTOTO MEepeHoca Mpu-
MET BUJ:

oe 40 1 doT*

ot 30xKp ox

(2)

IToncraBuB B Hero (1) ¢ yuetom p =const,
NPUXOJUM K YPAaBHEHHIO:

iﬁ_ a-l- 4+a
ot ox’
16 go
12+ 30 fp*
XapaKTepU3yIOIIMi TemaoBOW MOTOK [5].

; 3)

rae y= KO3 (HUIIHEHT,

Beenst cremens M=(4+a)/B, TP=6,
M =n+4, ypaBHenue (3) 3anuiiercs Kak
00 o°o" 00 oo
— =2 — =X ()
ot OX ot OX

YTO OTBeYaeT Mo (GopMe ypaBHEHHIO JTyUH-
cTtoil TeronpoBoaHoctu [9]. Hcxoms wu3
Ha4YaJIbHBIX U TPAHUYHBIX YCIOBHM, UMEEM:

T(x,00=0 — 6(x,0)=0, (5)
TOH=T, —» 60t)=6,=T". (6)
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Jlnst 6e3pa3MepHbIX TepeMeHHbIX 6 =616,

N=X/+/270""t BmecTo (4)—(6) umeem [9]

d’e™*  deo
- +n—=0, n>0, 7
i n an n (7)
0(0)=1, O(0)=0. (8)

IIpubinkeHHOE pelieHne 3a1a4u
YMHOXMM ypaBHeHHUE (7) Ha 1 M IPOMH-

TErpupyeM Mo 00JIaCTH 1) = [O, no] , TIe m, —

GpOHT paaWallMOHHOW (TEIUIOBOM) BOJIHBI
npu (0<n<n,)#=0 uw dMn>n,)=0. B

UTOre (MOCIe COOTBETCTBYIOIUX MPeoOpaso-
BaHHUU U MHTETPUPOBAHHUS 10 YACTSIM) UMEEM
HUHTETPAIIBHOE COOTHOIIICHHE:

[oota=-5, =

, )
2n§ Mo

OyHKIMIO § ONMUIIEM B BHJIE IOJTUHOMA.:

0 =(1+ag)(1-5)", (10)

KOTOPBIM COAEPXKUT JIMIIb OJUH HEU3BECT-
HBI K03punueHT a. OTMETHM, YTO JaHHas
dopma TemmepaTypHOro nmpoduis B TEIUIO-
BOI1 BostHE (BoJiHE Mapiiaka) mpecTaBisieT-
cs Brepsble. [l ompenenenust ko3dduuu-
€HTa a BBEJEM B PAacCMOTpPEHHE BCIIOMOTra-
TenpHyt0 Qynkumio V =60""°, mis koropoit
u3 (7) monyyaeM ypaBHEHHE:!

+V g
dn

n dv 1

n+4aﬁ n+3

dv

an (11)

ITpumenu st (11) ycnosue V(n,)=0,

npuxoauM K auddepeHnnaIbHOMy COOTHO-
HICHUIO!

dv (no) _
dn

Torga Ha ocHoBe (9) mostydaem ompeesito-
niee anreOpandeckoe ypaBHEHUE:

_n+3
n+4

(12)

[

n+3

n+4

1
n+3
Mo

3n+10

L (n+4)(2n+7)

+
2(n+3)

2(n+3)2n§

JlaHHOE ypaBHEHME MO3BOJIIET HAWTH, B 3a-
BHCHMOCTH OT IIOKa3aTelsd CTENEeHH N, mnapa-
METpP 1,, KOTOPBIA NO3BOJISAET ONPEACIINUTD, B

KOHEYHOM CcYeTe, MOJIOKEHHE (POHTA BOJIHBI
Mapiiaka B TBEpJIOM TelIe:

X, =My/220""t .

Pacder cormacHo ompenesnstonieMy ypas-
Henuto (13) mpu N=0 u 3 maer mpaktuye-
CKH TOYHBIC 3HAYEHHs IapaMmeTpa 1, 3aja-

(13)

IOIIEro II0JIOKEHWE BO BPEMEHHU (PpOHTa
TEIIOBOM BOJNHBEL. B J1aHHOM cilydae nmeeM
Mo =1.231188 u 1.1199365 ¢ orHOCHTEINB-

geiMu ommbOkamu 0.0012% u 0.00014% 1o
CPaBHCHHIO C  TOYHBIMH  3HAYCHHUSAMHU
Mo =1.231173 u n, =1.119935 [9]. Takum

0o0pa3oM, TMOJy4YEeHHBIC PEIICHUs ypaBHEHUS
JYYUCTOW TEIUIOMPOBOJHOCTH C OTMEYCH-
HBIMH BBIIIIC TPUOIMKEHUSIMU TIPU TIOCTOSH-
CTBE TEMIIEpaTypbl Ha ITOBEPXHOCTH Teja
MOJKHO CUUTATh MPAKTUYECKH TOYHBIMH. M3
(9) u (10) momyuaem:

1 1
o=[1-2 |1+ (n—”ngjm 1A
Mo n+4 Mo

Pe3ynbTathl pacuera Ha OCHOBE MPUOIHKEH-
HOTO PpEHICHUS W YHUCJICHHOTO pPEeIICHUS
ypaBHenus (11) mpexacrarnens! Ha puc. 1, 2.
I'padukn, oTBeUarone AHATUTHYECKOMY H
YHCIIEHHOMY DPEIIEeHUsM, MPAKTHUYEeCKH MOJ-
HOCTBIO CIIMBAIOTCA.

10,

0g -

1 S S S ST S S S R —

Puc. 1. I'padukn pynkuun V() Ha OCHOBE YUCICH-

HOTO (CIUIONIHAS JIMHUS) W AHAJUTHIECKOTO (ITyHK-
TUPHAsSI JIMHUSI) PEIICHU N
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Puc. 2. I'padpuku ¢pyukunu 6(n) Ha OCHOBE YHCIIEH-

HOro (CIIJIOIIHAS JIMHUS) U aHAJIUTUYECKOTO (IyHK-
TUpPHAas JINHUS) PELIeHUH

3akiiloueHue

Ha ocHoBe ananuza paboT, MOCBSIIEHHBIX
pelIeHuIo 3a7a4 O MPOHHUKHOBEHUU B TBEP-
JIble TeJla CBEPXMOIIHBIX JIa3epHBbIX H3Iyye-
HUW U CBSI3aHHBIX C MPEOOpa3oBaHUEM DHEP-
TUH Jla3epa B PEHTT€HOBCKOE U3TyUYEHUE IS
Henpsimoro Bo30yxnaenust |ICF, mpomemon-
CTPUPOBAaHA aKTyaJlbHOCTh MPOOJIEMBI MOJY-
YeHUHM MPHUOIMKEHHBIX BBICOKOTOYHBIX pe-
meHui mogoOHoro kpyra 3amgad. OmgHol U3
HUX SIBJISIETCS MaTEMaTUYECKOe MOJEIUpPO-
BaHue BoJHBI Mapiaka. Ha ocHoBe mpeo6-
pa3oBaHUs MOJIEIN JYUYHUCTON TETIONPOBO/I-
HOCTHU TOJY4YeHO HenmuHeiHoe nuddepeHIu-
aTbHOE ypaBHEHHUE C MOABMXHBIM (DPOHTOM.
Jnst ero mpuONMKEHHOTO PeIIeHUs IMOTpe-
00oBaNoCh BBECTU HMHTErPajIbHOE COOTHOIIIE-
HUE IS TIEPBOTO0 MOMEHTA, a TaKXKe JIOMOJI-
HUTEJIbHOE TPAaHUYHOE COOTHOUIIEHUE, BBITE-
KaroIee U3 YCJIOBHS BBITIOJHEHUS OCHOBHOTO
muddepeHIMansHOT0 ypaBHEHUST Ha Tepe/l-
HeM (poHTe TemjaoBoW BoJIHBL. B urtore 3a-
Jlaya CBEJIACh K PEUICHUIO OMPEeJENsIONIETo
OOBIKHOBEHHOTO aJIreOpandecKoro ypaBHe-
HHUSL OTHOCUTEIIBHO Iapamerpa 1,, 3aJaro-
HIeT0, B KOHEYHOM CYeTe, MOoJoKeHue (PppoH-

Ta TEIUIOBOM BOJHBI M €€ TeMIepaTypHbINA
npoduis. Ommdka aHaJTUTHYECKOTO pacueTa

MOJIOKEeHUsT ()pOHTA BOJHBI Mapiaka Jyist
MEPBOro MPUOTIKEHUSI COCTABISIET THICSY-
HbIE U JICCATUTHICAYHBIE JOJU MPOLIEHTa B
3aBUCUMOCTH OT IIOKA3aTessl CTENEHU N.
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