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Pabora nocssieHa ucciieI0BaHUIO BIMSHUS HHTCH-
CHUBHOCTHU OCAaJIKOB Ha CKOPOCTb NMPOTAUBAHMS BEUHOU
Mep310Thl. M3yueHne nponeccoB MpOTauBaHUs MEP3IbIX
TPYHTOB UMeeT OOJIbIIOE 3HAYCHHE KaK Ul CEBEPHBIX
TEPPUTOPUIL, TaK U 711 CEIbCKOX03HCTBEHHBIX PallOHOB
3ananHoit Cubupu. B obmmem ciydae takue 3agadu Tpe-
OytoT yuera MHOTHX (akTopoB. B nanHoit pabore paccma-
TPHBACTCs OIHOMEPHas 33/1a4a 03 yueTa CHIIbI TSKECTH,
UCTIApEHMS, HAJIMUUS BET€TaTUBHOTO CJIOS U U3ITyUCHHUS.
JlokasbIBaeTcsi, 4TO 00J1aCTh MEX/Iy THEBHON ITOBEPXHO-
CTBIO ¥ ()POHTOM IPOTAUBAHHMS 3aHSTA TPYHTOM, KOTOPBIN
paccMaTpuBaeTCs Kak MOPUCTasl Cpejia C HEMOABIKHBIM
CKEJIETOM U NOpPaMHU, 3aTI0JIHEHHBIMH BO3/1yXOM U BOJIOM.
B Mmep3nom rpyHTe Jie B HOpax U caM CKeIeT HEMOABHIK-
HBI, @ BCE TOPHI 3aHSTHI JIbJIOM.

Maremarudeckoe ONUCAHUE IPOLECCOB TEIIoMac-
comepeHoca JejaeTcsi Ha OCHOBE METO/0B MEXaHUKU
CIUIOIIHBIX CPEJ U BKJIIOYAET YPaBHEHUS, ABISAIOIIHECS
CJEJICTBUAMHU 3aKOHOB COXPAHEHHs MacCChl, UMIIYJIbCa,
SHEPIUU U 3aMbIKAIOIUX ypaBHEHUH cocTosHuS. Mozenb
CTPOUTCS B CIEAYIOMIMX MPEANOI0KEHUAX: BOJA U JIe]
HEC)KUMAEMBbIE; BO3yX — BSI3KHI COBEPIIEHHBIN ras;
TEeMIIepaTypa 1 JiaBlieHne — oOIIue JUIsl CKeJleTa 1 Top;
MOBEPXHOCTb I'PYHTA MOJBEPKEHA BO3AEHCTBUIO TOKAS,
BBINAJAIOIET0 C ONPEAEIEHHON CKOPOCTBIO U TeMIepa-
Typoil. CKOPOCTb 0CaJIKOB, ITPEACTABIISIONMIast COO0H yc-
JIOBHE Ha IPAaJUCHT AABJICHUS, 3a/1a€TCS Ha IIOBEPXHO-
CTH IpYHTA.

3ajaya pemaercst B MOJHOM MOCTaHOBKE, 0€3 InHea-
pH3aIMK Ha CTAIIMOHAPHOM pElIeHUH. 3aj1a4a co CBOOOI-
HOH rpaHuIei npeoOpa3yeTcs B 3a1a4y ¢ HENOABM)KHON
TpaHULIEN, CTPOUTCS aTOPUTM YHUCICHHOTO PELICHMUS.
AHanU3UPYIOTCS PE3YNbTaThl YUCIECHHBIX PACUETOB.

Kniouesvte cnosa: ha3oBulil mepexos, HHOHIBTPALUS, 3a-

nada Credana.
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The paper is devoted to the study of rainwater
infiltration influence on temperature, water saturation
and permafrost. The investigation of thawing processes
of frozen soils is of great importance both for northern
regions with permafrost and for agricultural areas
in the West Siberia.

In general case, the problem is very complicated due
to many factors to be taken into account. We consider here
a one-dimensional problem without including gravity,
evaporation, vegetative layer, and radiation. We suppose
that the domain between a daylight surface and a thawing
front is filled with soil that is considered as porous media
with immovable skeleton and pores containing water
and air. The domain ahead of phase change boundary
is occupied with frozen soil with constant temperature
and pressure and pores containing only ice. The model
is constructed under the following assumptions: water
and ice are incompressible, air is a perfect viscous gas;
temperature and pressure are common for skeleton and
pores; the soil surface is under the action of falling rain
with given temperature and rate. The velocity of rain
on the ground surface is assumed to be given, and that
leads to assuming the condition for the pressure.

In our paper, we solve nonlinear system of equation
in full statement without linearization on stationary
solution. Free boundary problem is transformed into
the problem in fixed domain. The numerical simulation
algorithm is elaborated, the analysis of numerical results
is provided.

Key words: phase change, rainwater infiltration, Stefan

problem.



YrcaeHHoe peluieHre 3aaavru NnporanBadHrA Mep3/0rIo rpyHTa...

1. locTanoBka 3ana4u. Pa3znuunbie Moaenu 3a-
Jlad TeIioMaccolnepeHoca B I'PyHTE UCCIEAYIOTCS
B paborax [1-3]. OcHOBHas 3a7a4a MOCTPOCHHS MO-
JICJW U YMCIICHHOTO pacyeTa — OICHUTH 3aBUCHMOCTH
CKOPOCTH MPOTAaWBaHUS BEYHON MEP3JIOTH OT CKOPO-
CTH BBINIAJIAOIIHUX HA TIOBEPXHOCTH 0CAIKOB. Pemaem
OJIHOMEpHYI0 omHOo(a3Hyto 3amady. Oce 0X Hampas-
neHa BHU3. O6nacTh 0 < x <{(t) — rpyHT, KOTOPBIH
paccMmarpuBaeTcs Kak MOpPUCTas cpefa C HEMOIBUK-
HBIMHU CKEJICTOM W ITOPaMU, 3aIIOJTHCHHBIMH BOJOU
n Bo3tyxoM. O0mactp £(t) < x <Y — Mep3Iblil TpyHT,
B KOTOPOM JIeJl B TOPaX U CaM CKEJICT HEIOBIKHBI,
a HaCHIICHHOCTHh paBHA CIUHHUIIC, T.C. BCEC MOPHI 3a-
HSATHI JIbJIOM.
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HwkHue MHIEKCHI a, W, i, S OTHOCSITCS K XapaKTepH-
CTHKaM BO3JyXa, BOJIbI, JIbJIa M CKeJIeTa IPyHTa COOTBET-
CTBEHHO, HW)KHHE MHJICKCHI /71, f yKa3bIBAIOT HA YCPEJHEH-
Hy10 (3 (eKTHBHYI0) XapaKTEPUCTUKY COOTBETCTBEHHO
TAJIOTO M MEP3JIOTO I'PYHTA, KOTOPAsi 3]1€Ch BBIYHUCIISCTCS
KaK cpe/iHeB3BellIeHHas [5].

Ha tHeBHOI TOBEpXHOCTH 3aJaHBI TEMITEpaTypa 0cal-
KOB, HACBHIILIEHHOCTh
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Mogens CTpOUTCS B CIEAYIOMUX MPEANOI0KEHU-
SIX: BOJA M JIel HECXKUMAEMBbIE; BO3yX — BSI3KHIl co-
BEpUICHHBIN Ta3; TeMIeparypa U JaBlIeHHE 0O0mIne
JUIsL CKeJIeTa U MOpP; NOBEPXHOCTh I'PYHTA MOABEPKEHA
BO3/JEHCTBUIO BBINAIAIOILETO C ONPEAEIEHHON CKOPOCTHIO
u TeMneparypoi 1oxst. CHIIo# TSHKeCTH IpeHeOperaeM.
Onpenernsronye ypaBHEH!s B TAJIOM TPyHTE NPEACTaBIs-
10T cO00H 3aKOHBI COXpaHEHHsI MacChl, JHEPTHH, OO~
HEeHHbIe 0000IIEHHBIM 3aKOHOM JlapcH 1 ypaBHEHHEM CO-
CTOSIHUSI COBEpPLIECHHOrO Ta3a [4, 5].

B obmnactu nHpUIBTpannu 0caaKoB BHIIOIHEHBI Cle-
JIYIOIINE YPaBHEHHSI OTHOCUTEIBHO HEN3BECTHBIX (DYHK-
111 § — BJIAroHaCHILEHHOCTH, IIJIOTHOCTU BO3/yXa B I10-
pax p,, remneparypsl T u naBieHus P:
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Ha rpanutie daszoBoro nepexona x = £(f) BBITIOIHCHBI
YCIIOBHSI [Tl TEMIICPATyPhI U JTaBJICHUS

TE@),t) =T, , PEE).t) =P, .

KpOMe TOT'0, BBIIIOJHCHBI CJICAYIOIINE YCIIOBUS, AB-
JIAOMUECCA CICACTBUSAMU COXPAHCHUA:
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Ox
[Mocnemree yemoue — 310 yenoue Credana [6], B Ko-
TOPOM ¢ — Y/ieTIbHAsl CKPbITas TEILIOTa (asoBoro nepexoa.
CkopocTb (ha30Boii IpaHUILIBI B HAILIEM CiTydae paBHa £(t) .
Jluist Toro, 4TOOBI 3aMKHYTh 3a/1a4y, HaM HE0O0X0AUMO
3a71aTh Ha4YaJIbHBIC PACIPEJICIICHNS TEMIIEPaTyphl, HAChI-
IIEHHOCTH ¥ JAaBJICHHS:

T(x,0)=T(x);
S(x,0) =S(x) ;
P(x,0)=P(x).
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2. IIpeoGpa3oBanHas cucrema. bynem uckars perite-
HHeE, JIUIsL KOTOPOTO BCE ITOPBI B MEP3JIOM TPYHTE 3aHSTHI
JIBJIOM, @ TEMIIepaTypa TOXKICCTBEHHO PaBHa TEMIIEpaTy-
pe dazoBoro nepexona (onHoda3Has 3aaa4a).

B mensix uMciIeHHOro nceaea0BaHust HCXOIHASI CUCTe-
Mma (1) Oyner npuBeneHa k Oe3pasMepHOMY By M pac-
CMOTpEHa B ITOCTAHOBKE 0€3 yueTa CHIIbI TSDKECTH.

[Tpumennm meton BeimpsiMienus ¢pponra [7]. nes
METOJ1a COCTOMT B NPeoOpa30oBaHuM 3a]a4u B 00J1acTH

C KpUBOJIMHEHHOM IpaHULEll B Ipyrylo 3ajady, onpese-
JICHHYIO B IPSIMOYTOJIbHOM 00JAaCTH IyTEM 3aMEHBI Ie-
peMeHHON. BBeieM HOBYIO IEpEeMEHHYIO
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3. AJITOPUTM YHMCJIEHHOT0 pemeHust. J{i1st nanpHen-
LIET0 PEelICHHUs MPEIaraeTcs CICAYIOIUN allrOPUTM:

1.3amaeM HayaJIbHbIE YCJIOBUS JJISI HEU3BECTHBIX
dhyHKIHH

T(n,0)=n-T, +1—n)-T,;
$(n:0)=n-S, +A—=n)-S;;
P(n,0)=n*-P,+n-P,+P,.

2. Pemaem 3aaady [uis reMneparypsl 7' u naBieHus P

C U3BECTHOM HACBILIEHHOCTBIO S U N10JI0XKEHUEM (HPOHTa

cf (t ) MIPH BBIIIOJIHEHUU KPAEBBIX YCIOBUMN:
Ha gneBHOM noBepxXHOCTHU:

Ha cBoGomHOM TpaHuIe:
T(Q,t)= T, P(Lt)=P, .

3. PemraeM 3aa4y Ji1sl HACBILIEHHOCTHU C YCJIOBHUSIMHU:
Ha rpanunax:

S(0,t) =S, ;
SILH=S, .
I[J'[SI CyHICCTBOBAHUS PCILICHUSA HCO6X0,HI/IMO B34Tb Ha-

YaJlbHYI0 HachIIeHHOCTh B MHTepBasie (0.92..1)[8].
4. HaxonuM HOBOE TOJIOKCHHUE CBOOOTHON TPAHUIIBL:
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5. BosBpaiaemcst K BBIIIOJIHEHUIO 11ara 2.
_ kS, B, 6_P —N(@)- Jliis perieHust cucteMsl (3) BOCIONB3yeMcsl HESIBHOM
o, E(8) On| Pa3HOCTHOU cXeMOi. Pa3HOCTHBIC METOIBI TIOPOOHO pac-
cMoTpeHsl B [9,10].
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B ypaBuenuu a1 S nociie nepexosia B QpUKCHPOBAH-
HYI0 00J1aCTh MBI JTOJDKHBI IIPOCIIEIUTH TIOBE/ICHNE XapaK-
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ro mopsjKa HE BCerja MOYXHO HailTH 3HAYEHHUE
HACBIIIEHHOCTH Ha (pa30BOM rpaHuiie. J{es1o B TOM, UTo Jaxe
[P MOJIOKHUTEIILHOM HAKJIOHE, €CITH HAKIIOH XapaKTepH-
CTHK Ha JIMHUHK pazjelia (a3 MEeHbIIIE, YeM HAKIIOH CaMOi
(ha30BoO#t TPAHUIIBI, TO MBI HE CMOKEM HAWTH 3HAYCHUE
HACBIIIEHHOCTH, TAK KaK HAYaJIbHbIC YCIOBUS 3aJIal0TCs
tonbko Ha uaTepaie (0, & (0)).

S

06

05

w
-

t
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B 3aBrcuMocTH OT 3HaKa XapaKTCpUCTUK 6y,HCM peuIaTh YpaBHCHUEC CXCMaMU «I10» U «IIPOTUB» IMOTOKA:
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Puc. 2. Pe3ynbTaTsl pacueToB Ipolecca ABMKCHUS (Ja30BOI IPaHUIIBI
B 3aBHCHMOCTH OT BPEMEHH JJIsI TpeX 3HadeHni naTeHcuBHOCTH Nokas (0, 11 u 54 Mm/q)

4. Pe3ynbTarhl pacueToB. Pe3ynbTaTsl YUMCIEHHBIX
pacyeToB MoKa3alid, YTO CKOPOCTh BBIMAJAEHUS OCal-
KOB Ha MOBEPXHOCTb OKa3bIBAET 3HAUUTENILHOE BIUSHHE
Ha CKOPOCTb IPOTAMBAHUS IPyHTA. Tak, BeUHas Mep3-
J0Ta, pacnoiokeHHas Ha riryoune 0,8142 M, B ciaydae
OTCYTCTBHSI OCAJKOB IIPOTaUBAET 3a JIBEHAALaTh YacOB

6,006

Ha 2.244 cm; HeOombIoro moxas (11 mm/a) — 2.517 cm;
cwibHOTO JUBHS (54MM/4) — 3.562 cM. Ocanku, BbI-
najaroue Ha NOBepXHOCTh, UMEIOT Temmeparypy 20°.
[TomyueHo KauecTBEHHOE COBIA/ICHHUE JBIDKEHUS (ha3o-
BOM I'paHUIIbI ¢ pe3yabraTaMu [4].
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Puc. 3. Pe3ynbTaTsl pacueToB Iporecca ABMKeHUS (ha30BOif TpaHHIBI B 3aBUCUMOCTH OT BPEMCHU
JUISL TpeX 3HaueHUH nHTeHCHBHOCTH 10K (0, 11 1 54 mm/a)
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[Tpu yBenm4yeHNN HaYaIbHOK TTyOWHBI 3aJIeraHust 710 6 M
TIOJTYYCHBI CIIETYIOIINE PE3YJIbTaThl: B CIIy4ae OTCYTCTBHS
0CaJIKOB BEYHAsi MEP3JI0Ta IPOTANBAET 32 ABCHA/IIATh Ya-
co Ha 0.313 cm; Hebonbioro ok (11 mm/a) — 0.344 cm;
criIbHOTO JIMBHSA (54MM/1) — 0.492 cm.

W3 mosryueHHBIX pe3ylbTaToB BHIHO, YTO OOJIBIIOE
BIIMSIHNE OKa3bIBAIOT HE TOJIBKO MHTEHCHBHOCTH OCaJl-

KOB, HO U ITyOMHA 3aJIeraHus. B 3aBUCIMOCTH OT DITyOu-
HBI 3aJIETaHUsI CKOPOCTb IPOTAUBAHUS MOXKET U3MEHSITh-
Csl B HECKOJIBKO pa3.

Jliist pacueToB BEIOpaHBI 3HAYCHUS HCXOMHBIX Tapa-
METpPOB, UCIIOJIb30BaHHbIE B [4].
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