Marma KaK reteporeHHas cpeaa .

*®dusnyecKkme cBOMCTBA Marm B 3aBUCUMOCTU OT ¢a30Boro
cocToAHnA. Pexxnmbl TeueHnAa mHorogasHbIX cpeg,
(romoreHHbIN, NY3blIPbKOBbIX, CHAPAAHbINA, ANCNEPCHbIN,
NAEHOUYHDbIN) U UX CBA3b C TUNAMU U3BEPIXKEHUA.

*OCHOBHbIE YpaBHEHMA MeXaHUKU CNJIOLLHOMK cpeabl
(ypaBHeHUA Hepa3pbIBHOCTU U COXPAHEHUA UMNY/IbCA).

* BBegeHue B peonoruio marmbol.

ME/IbHUK ONEr 34YAPAOBWY
TEN 939-5476, EMAIL: MELNIK@IMEC.MSU.RU



mailto:MELNIK:@IMEC.MSU.RU

[TpOAYKTbl N3BEPHKEHUM

NaBa < 10% Mem3a >50%
ny3blpeun



Tunbl BYIKAHUYECKUX U3BEPIKEHU
JKCN/I03MBHbIE IKcTpy3unBHble/ddPy3nBHbIE

Ha noBepxHOCTb BbIXOAUT CTPYA rasa J1aBa c ny3blpbKamu rasa
C YaCTUL MM Marmol

ﬁ USGS USGS Photo by D. Harlow, June 12, 1991

] USGS Photo by Lyn.-Topinka, August 22, 1981













CXembl peXXMmoB nU3BepPKeHUA

Pacxon
106-10%2 kr/c

cbparmen-
Taumsa

" marmbl c obpasoBaHve
| rasoB3BECU.

Pacxon

[1py noagbeme marmbl U3 ovara 102-104 kr/c
B pe3ynbsrare nageHus
AaBreHns npomcxoguT
obpasoBaHue 1 pocT
My3bIPbKOB.

[Tpn 3KCNI03MBHOM peXxume
NMeeT MeCTO (pparmeHTaumud

[1py 3KCTPY3UBHOM pexume
Ny3bIpbKKU 0OpasytoT
NPOHULIAEMYIO MEHY.
CyLecTBEHEH OTTOK rasa u
Kpuctannusaumsa marmbi.
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3KCI‘II‘IO3I/IBHbIe M3Bep>|<eHMﬂ

CTtpombornunaHckue
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Bﬁ'lKaHCKlAe

KopoTkoxkusyuwme 1-2 bonee

MMWH B3PbIBbl, NPOAONKUTE/IbHbIE
BbI3BaHHbIE (o 10-20 mun),
NOABEMOM ra30BOr0  XapaKTepPHbl ANA
Ny3blpA K Kepny bonee BA3KOM Marmbil,
BY/IKaHa, BbICOTA BblCOTa BblbpoCca Ao
BblOpoca oo 10 km. YacTo
HECKO/IbKNX COTEH npMBOAAT K

METPOB NMUPOKNACTUYECKMM

MOTOKaM

MoLlHble,
NPOAO/IKUTE/IbHbIE
(mo yacoB n gHen).
BblCOTa KOMIOHHbI A0
50 km. MpuBOAAT K
Pa3pyLNTENbHbIM
nocieacTBUSIM.



JKCTPY3UBHbIE
M3BepKeHuA

e JlaBoOBble NOTOKMU
(raBaiAickuit TMnN)

* JlaBOBble Kynona
(nenenckmin Tmn)




JleTyyme — ABUKYLLAA CUNA
M3BEpPXKEeHNN

Mpu 60nbLIMX AaBAEHUAX Pa3/IMYHbIE ra3bl
pactBopeHbl B marme (H,O, CO, , HCl v ap.)

Marma moxet cogepatb A0 10 BecoBbix
NPOLLEHTOB PaCTBOPEHHbIX ra3os.

Mpu nogbeme U NageHUn aBneHUs NPoONCxXoamnT
HYKAeaLuma ny3blpbKOB U UX NOCNEeAYIOLLNIA POCT.

[Mpu B3pbIBHbIX U3BEPHKEHUAX NPOUCXOAUT
npobneHne marmbl U BbIHOC €e Ha MOBEPXHOCTb
rasom.



PeXXMbl TEYEHUA ra30KNOKOCTHbIX cpep,
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My3bipb- CHapga- Tlepe- Konbue- Aucnepc-
KOBbIW AHbIN MeXx. BOM HbIN

N3MeHeHue CTPYKTYpbl NOTOKA N0 Mepe pocTa A0JIM ra3a



Buaeo otaesibHbIX peXXMmoB

1. Tly3blpbKOBbIN
2. KnactepHbii
3. CHapAaaHbIn
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LIQUID VOLUMETRIC FLUX, j [m/s]
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UM TeyeHna?

*Ob6bemMHOM 40U
rasa

*BAaskoctun
KNOKOCTU
*CKOPOCTK NOTOKA
*[eomeTpumn
KaHana

*Cnocoba
ancnepruposaHuA

Ha 310 ocAax oTh0XKeHbl npuBegeHHble 06beMHble NOTOKK ¢as.



BynKaHM4eckne n3seprKeHusa Kak
MHOrogda3Hble Te4YeHUA

Tnn nssepeHunA PeXXnum TeyeHunA
[aBaNCKnM [Ty3blIPbKOBbIN
[lenenckmnn KnactepHbin

CtpombonunaHckmm |CHapsaaHbIn

BynKaHCKuM ncnepcHbin
[MAMHUAHCKUN




HABNHOAEHUA
pacxoa marmbi

ceMcMmuyeckKkue
CUTrHanbl

Aedopmayumn
NOBEPXHOCTH

Temneparypa

JIABOPATOPHbIE |
U3MEPEHUA NETPONNOTNMYECKUE

SKCNEPUMEHTDI
NNAOTHOCTDL

ycnosua nogoemMma marmbl
BA3KOCTb

Ha4vya/bHbIU COCTaB
TepMmoAauHamnyeckue

cBOMCTBA KUHeTn4YecCKkue npoueccol

BbICOTa KOMIOHHDI CTpyKTtypa

MATEMATUYECKOE MOAE/TIMPOBAHUE




YpaBHEHMA MEXaHUKN CNAOLWHON
cpeabl

3aKOHbI COXpaHeHMA Maccbl U
MMMNYy/bCa



JlarpaHxes

Joseph Louis Lagrange, 1736-1813

* [lOoTOK cpedbl MOXET 6bITb
npeacrtas/ieH B BnAae noTokKa
KNOAKUX YAaCTUL, ANA KOTOPbIX
onpeageneHbl macca, MMNynbC,
IHEPINA N Hada/ibHOE NOJZ1I0KEHUE.
3aKOHbI ABUXEHMA 3anMnUCbIBAtOTCA
AanA KE])-K,EI,OVI YaCTUUbl U CMOTPUTCA
3d €€ 3BOI'II'OLI,VI€V1 BO BpeMEHMW.

fluid
particle

U

Snnepos

Leonhard Euler; 1707 -, 1783,

1 OIﬂIxOIﬂI Mbl dpnKcupyem

3/1eMeHTapHbIM 06bem CNNOLLIHOM

cpeabl ¢ KoopanHatamm (X,Y,z2)
BbIMUCbIBAaEM ypaBHEHUA ANA

M3MEHEeHMEe MacCbl, UMMNyAbCa U
3HEepPrum B 3TOM 31€MEHTAPHOM
obbeme.
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control
volume

[aHHble nogxoabl NPUBOAAT K OOMHAKOBbLIM MOMNAM TeYEeHUs,
yOoOCTBO KaXXao0ro 3aBUCUT OT MOCTAHOBKM 3a4a4uu.
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CBOMCTBA 3/IEMEHTAPHOro obbema

* Mbl MOXeM OnncaTb XUOKOCTb B [ |
NAaHHOM 3/1eMEeHTe C MOMOLLbIO; -
- Ckopoctuu. || g [
— NasneHua p. Sy

— [lhoTHOCTM p.

— TemnepaTtypsl 1. 1,
y

— dusnyecknx caomncts , C,, A




Pag Temnopa, nam Kak y3HaTb
3Ha4YeHne PYHKLMN B coCeJHEN TOYUKE

e [ycTb UMmeeTca becKoHeYyHoe
KOZIMYeCTBO pPa3
andpdpepeHumpyemas
dyHKums f(x)

* /I Mbl 3Haem ee 3HaYeHUe B
TOYKe X

Brook Taylor, 1685—1731

* Toraa.

f(x+6x)=f(X)+ f'(X)ox+ fﬂz(x)(éx)2 +...



3aKOH COXpaHeHMA Macchl

* MI3ameHeHne macchbl = I'Ipl/ITOK MaCCbI M3BHE
* Ml3ameHeHMe macchbl = at(P5X5y5Z) 5X5y52

* [1pUTOKU MacChbl K FpaHAM:




3anuiulem 3aKOH COXpaHeHuA
Macchbl

op o(pV,)
0X0)0Z r + H(,OVX )‘X + x|

5xj sysz—(pV,)|. 5y52} +[y]+[z]=0

[Tocrne cymmnpoBaHuns U geneHns Ha o6 beM A4ENKN

dp o(pV,) B
ot oXx Ly]+[z]=0



Pa3Hble popMbl 3aKOHa COXpPaHEeHMNA MaccCbl

* B obuiem Bnae no KoOopanHaTaM:
op , 0(pV,)  OPVy) | 0wY,) _

ot OX oy 0z
y O . (7
°* BeKTOpHbIl BUA, aerdlv(pV):O
(Y a 1 7
* [Insi HECKMMABMOM KUAKOCTUL — P = 0= d'V(V)= 0

oV, , o) av,) _
OX oy oz

* lnhn B KOMNOHEHTHOM BUAeE: 0

+ [1n8 cTaumoHapHoro aguenms  div(pV)=0



2-1 3aKOH HbloTOHA

YckopeHue Tena
nponopLUnoHarbHO
paBHOOENCTBYHOLLEN CUT,
OEVUCTBYHOLLUX HA Hero.




YcKopeHune XnaKkon 4actuubl

[lycTb B MOMEHT t YacTuLa HaxoanTCs
B TOYKE X, Y, Z U UMEET CKOPOCTb:

\7p(t) =V (t’ X(1),y(t),2 (t))

[Tocne nepemMelleHnst YacTuubl
OHa oKasanachb B To4ke X(t+dt),
y(t+dt), z(t+dt).

CKOpPOCTb B TOM TOMYKE:

BD 85 BD 95 1DEI 105 11EI 115 120 125 0

Vo =V (t+dt, x(t+dt), y(t+dt), z(t + dt))

—

dV Vp(t+dt) Vp(t)

YckopeHue

dt dt



MaTtemaTtnyeckoe oTcTynsieHue
[Tpon3BoaHaA CNOKHON GYHKLNN

e Nyctb nmeetca ¢pyHKuma F(x(t)).
e Hanpgem ee nponssoaHyto no t.

dF (x(t)) _dF (x(t)) dx(t)

dt dx dt




YCKopeHune

dv . odx. 9 - d . dz
= ID:8V+ ID8V+ yloaV+ g
" dt ot dt ox dt oy dt oz

_QV +V, iV +V, iV +V, EV
ot ) Y oy " 0z

Q|

YckopeHue YacTuLpbl (M3MEeHeHne ee CKOPOCTM) MPOUCXOANUT KakK 3a CYET
N3MEHEHWS NONMS CKOPOCTEN, TaK U 3a CYET NepeMeLLeHust B Apyroe MecTo.



B npoeKumnAax Ha oCcn KoopaAnHaT

/VX\ /\/X\ /VX\
da V :Q Vv +VXi V, [+V 9
dt| ’ ot| ’J ox| ’ y@y
\V2) \Vz} \Vz}

3 ypaBHeHUS!

/VX\
V

y

\Vz )



dun3nyeckas UHTEpPNpeTauni

é:P: d—V — 6—\/ + an_V_I_Vya_V_l_Vza_V
dt ot OX oy 0z

;

[NonHoe yckopeHve ”0'(3”;"09 KOHBEKTVMBHOE YCKOpPEHME

yCKOpPEHMne /

e —» o

—) T LT T~

‘ HecTaunoHapHbIN

CkopocCTb noToK

CTaymoHapHbIU
4 NOTOK

CKOpOCTb A
’ YckopeHue

> Bpems

v
X



Cunbl, AeNCTBYOWME HA SNEMEHTAPHbIN
06bem co CTOPOHbI ApYrnx obvemos

cy(y+5y)




[lpoeKunun cunbl

/ny\

ny

\ O vz /

y

A




banaHc cun

o, (X)

0o,

oy(y+5y)

6, (X+x)

,(Y)

4_ (ny-l- Py 5yj5X52

Gxxﬁyﬁz ‘+ ‘LEG +8Gxx

OX

5xj5y5z



2-1 3aKOH HblOTOHaA, NpoeKLumaA Ha

OCb X
ma| = md—v = p{O6x5ydz| Ny +V, N, +V, Ny +V, Ny
" dt | ot OX oy 07

B HampaBlieHUM OCH X:

%))
E 9% sy5y574 L0 5x5y57+ 2% 5%5y51 + py.OXSYS 2
OX ‘ OX ~  OX \
HopmanbHoe ~ CABWroBoe HanpskeHne( oy, O6beMHast cuna

HanpsikeHue HanpskeHne, AencTByoLlee Ha
nnowaaky , nepneHauKynsapHy ocu
Z B HanpasneHum x)



2-1 3aKOH HblOTOHa = ypaBHEHMUE
COXPaHEeHMA MMNYbCa

13 2 3akona HeroToHa: M é‘x =F

+V X+V X+V XX + + ZX ‘|‘,ng

N, N, N, .. N do, 00, 0o
Plat " ax Yoy ez ) ox | ox | ox



YpaBHEeHUA UMMY/bCa

.. X-component of momentum equation:

Rt W N, . M W N, _(do, 90, oo, ‘0.
a “x Yoy ta X oy o

.. y-component of momentum equation:

p %+VX%+V %+V% = 6axy+6ayy+aazy +pg
ox oy Y

ot x oy P
.. z-component of momentum equation:

N N N N (6o, 00, b0,
p Z +Vx : +Vy : +Vz == + + +pgz
a “ox Yoy a x oy




Peonornyeckume cooTHoLWeHuns

* [lpeabigywme ypaBHeHMA He 3aMKHYTbl. OHU
coaepKaT NIOTHOCTb, CKOPOCTb (3 KOMMNOHEHTbI)
M HanpsaxxeHua (9 KOMNOHEHT)

 Hago Bblpa3uT HanNpPAXKEHMNA Yepes3 CKOPOCTH
NN YTO-HNOYab eLle.

e Ob6bIMHO HOPMANbHbIE HANPSAXKEHUS
00603HayYyaloT T, a KacaTe/ibHble - T



Maurice Couette
1858-1943

Ba3kaa XXnaoKkocTb
OnbIT KyaTTa

gHtsreserved

[NoaBmKHaga NnacTuHa
: nnowaan A
C NOCTOAHHOW curnomn F
C NOCTOsIHHOW cKop. U

HenogBwxHasa nnacTmHa

N3 akcnepumenTa , F ~ A(U/H)=A(dV/dy)

o.=T.,. = E —~ d—V CABHUI'OBOC HAIIPAXKCHUC
dVv
Tyx — ,ud—, H - BSA3KOCTDb

y



[Mpy 0 QHOMEPHOM ABWMKEHUMN:

CBA3b MmeXXAay HanpAKeHUAMN n

B obuwiem cnyyae:
(coBurosoe HanpsxeHue) = (BA3KOCTb)X(CKOPOCTb Aedopmanmn)

nedopmaumnamu

»B fnekapTtoBbIX KoopauHaTax, B TPeXMepPHOM crny4vae:

0)

XX

YA

+ 21

+ 21

+ 21

oV,
OX
oV

y
oy
oV,
0Z

_ _ aVx aVy
Txy_z-yx_zu( ay + an
_ — aVy aVz
’L'yz—fzy—,u( p + ayj




YpaBHeHuA HaBbe
-CtokKca (1822)

$1,000,000 3a nocTpoeHue
obulero peweHus

Claude Louis Marie

SirGeorgeGabrieI .. X-component :

Henri Navier
Stokes
oV, oV, oV, oV, op o°V, 0°V, 0%V,
P Vy TV, —— 1P gx T+ 2 + 2 + 2
ot " OX oy 0z OX OX oy 0z

. y-component :

oV oV oV, oV, ~op o°V, 0°V, 0°V
P : VX - y = pgy T+ U 2y + 2y + 2y
ot OX oy * 0z oy OX oy 0z

. Z-component :

p(avz+ oV, oV, avzj op o0°V, o°V, azvzj

+ = + + +
ot T Ty T e )T e P “(8x2 oy | oz



[laBneHune

PaCCMOTpI/IM NMOKOALYHOCA XUOKOCTb B MnoJsie
CUJTbl TAXECTW.

Hanpasum ocb z BepTUKaNbHO BHMU3, AaBIEHME
Ha NOBEPXHOCTM XNUAOKOCTU PaBHO
aTMocepHoMmy.

OT Bcex ypaBHeHU HaBbe —CTOKCa oCTaHeTCH:

dp
——=pg = p=p,+p0z
dz




Shearing stress, t

HeHbIOTOHOBCKNE }NAOKOCTU

Binghdm plastic
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Peonorna marmsbl (pacnnasa)

dVv
u=F|—=*7,T,X
dy "
1010_
800 °C
10° |
168 |
@ g
a
=
10° -
10° 0
1000°C 00 °C
10* |

0.01

0.05

Hess K-U, Dingwell DB (1996)
Viscosities of hydrous leucogranitic
melts: a non-Arrhenian model. Am
Mineral 81:1297-1300

CvnbHasi 3aBUCMMOCTb BA3KOCTU
pacnnasa oT TeMnepaTtypbl U
KOHLIEHTPALUN pacTBOPEHHOW BOAbI.

Map = 10
Booa = 103
Men =10 Pac

Butym 1072



[lpenen TeKy4yecTtu

M.O. Saar et al.
[ /[Earth and Planetary
] Science Letters 187
/ (2001) 367-379
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3aBUCUMOCTb OT KOHUEHTpaunmn
KPWUCTaN/10B U CKOPOCTU CABUTA

Luca Caricchi, Luigi Burlini, Peter Ulmer, Taras Gerya, Melissa Vassalli and Paolo Papale Non-Newtonian rheology of crystal-bearing
magmas and implications for magma ascent dynamics




JlTamuHapHbie 1 TYypbyneHTHbie TeYeHUsn

3 Laminar Flowvw s freshgasflow.com

Turbulent FlIOW g

A Vi
cumgsensle S e s S8
e Lok >a ) 59 14614
Yucno PenHonbaca
Re — UHHEPLIMS _ oV * _ oVD
Bsi3Koe conpoTtuBieHue HVD 2!

D2




[1BUXKeHne marmbl B KaHane

Kputnyeckoe 4uncno PenHonbaca ~ 2000
Kanan — 50 m
Baskoctb 10° Ma ¢

C 1 m/ *1 %
I'I;?)g(:g;?b 2“%(()30 ki/im3 Re = & = 25007*1%50 =1.25

J7 10°

ABUWXEHUWUE NAMUHAPHO!

[1ns rasoB3Becu
KaHan — 50 m

Baskoctb 10~ Ma ¢ VD 10*100*50
CkopocTb 100 m/c Re= "= — =5x10°
[MnotHocTb 10 kr/m3 U 10

AOBUWXEHUE TYPBYJIIEHTHO!



NTaK:

Mbl y3HaNM, YTO Marma mHorogasHas cpeaa,
pPEXNUM ABUKEHUA KOTOPOU onpeaenseTcs
rasocozeprKaHnem

Hawnm cooTBeTCTBME TUMOB U3BEPIKEHUN U
PEXUMOB TeYeHnA MHOrodasHbIX cpea.

BbiBeNM cTpalLHble YpaBHEHUSA, KOTOPbIE
OMUCLIBAIOT ABUMKEHME KUAKOCTW.

BbIACHMAWM OT Yero 3aBUCUT BA3SKOCTb Marmbil.

Ha cheaytolien nekumm Hanaem HeKotopblie
nosie3Hble peLleHna



