%43 K% T B o R FF R CARAFER 2021 4 7 A
Vol. 43 No. 7 Journal of Southwest University (Natural Science Edition) Jul. 2021

DOI: 10. 13718/j. cnki. xdzk. 2021. 07. 015

BEEOAXNAERE RN
—HFIRTEM

RO, 4 R
SN TG K2 B9 5 v FRLE B . R 550025

WE: AMTAHB A AMBERNLG Y@, BB ARKEGIERN TR, AR FTLEZRNLLE, BFT A
ZHhERALRATHARABBYX. ANR-AZAHZTLEMTE, RATARBRAG o ALE, SFER
WAEHTRPERT AHBECRE. ERAV, O4BECHEAB TEAAL MO T STAZENARE, B TH
MR AEREEGKBS AR ARBCRA B RGFAEX, MR TEAHL B O L, A ZLHEIKA 2R
JE . X — AU A % T e PSR BORALF eAE E

X 8 W AAaAE; BHIE; RERL; ARBSH

FESES: P223 XEIRERD: A MXEHS: 1673 -9868(2021)07 - 0111 - 07

W H BREZAROETE . AT IR T 53 A 4 K W 2R e i) Xl oa DU, MG R, XX
F A BRIE S 0 g shE A BT SR BCH BR 3 5w AR A BRI e, & B0 A BRI RN RIE
HAREE  BRECHTRHE | mail 3 A 2 S Apollo i bush, Hofh KA LA X R, i — B R oE &
W, AskBm XA A8 NEmA 1%, miEmZ R s & i EmE X 1/3. R IETE S X R
IR REFRE T M R e T AR A B AN R OCT A BOE RT  RpIR B . BT A E BN T
I PEREA] (lunar magma oceans LMO) A FEPE . ZBERIA R, ABRAWBE, &4 T 2R 0% m
fF, BRSO T, I TARENTUZ, B GRHE A 7, TERE SR BT U0, 45 5%
A M. eSS A, A ekt A U n] B S B T H e iR, MR A sE AR, B AR JOlE
gh". Zhong SN HFFERWT, 1 B X002 G BN B AL R U FRME. Laneuville 2 N #F 58 £ 01, B T IE
T A Z T — 7 5 48 KREEP A0t R, Rl XA i, 251 8 P00 U ey 7 16 1 7 A, B0 1L
AR X FRYE. Padovan 48 A MR FE W, & A 78 H BRI (9 — R KR 48 40 13 8 0% ol i, 5 SRR Mk
B FR M. H BRISOC I EE (lunar laser ranging, LLR) %#E 26 B #— F (] BE DL A 4E 3.8 cm A EERG '™,
I M- H & i TSI, TR BR A R R A AN RS, RN A BR AR L IAE KRR 2, A E
S BB R FRE A 1)  E AS RE B 2. A OC B B0 RO X T R IGE AL B R L H AT IS B 2R R IS 5 4y
Br. i, AWEGEE SRR AL, K 8 5L B0 Ty i e, A A R IT Ty B . X A i e E v Ak AT AL
DIRFE A e B0 R0 5 H BRI AR 56 R . DI ik 75 Tl a4 it — 2 1 2%

1 TENUMERTEMRERRY
BNV 0 A BRI P BB S A A T BT S A B A B R AT BRT O o

Wk H . 2020 - 05 - 06

HEEWH. BRARBEESTHE (41864001) ; St M AR IFRIBTH (BFHE T H AA[2018]5769).
fEHEIA . ok B, BUERFgT A, 3B\ F g BROCHR L5 R J5 1 4 B 5T

WEEE: B R, B2, BUL0F5 A4 S,



112 BT HRXFFROA R http://xbbjb. swu. edu. cn B 43 K

PEATOF ELAM T FEXS SEAS AL b, 8 B Ry S — RS TR A A R T T, RS 2 R O i
M, 55 AP A 5 ) i L 0 L 28 W AN T, 2 BB BB LB O Boussinesq B2 BL. FE XML AAT R, ALAE 3 i 7 7
(1) 9 3 300 v 25 R 28 A HC At 42 o O R 0 2 R B R BT Ol TR A 0 AN 5 R O R A
RIS ROV 5 A OC A ) T A3 T2 AN M AN P B R R TR O R L B Ry R A AR
DR A L X 3 AN RO B B S SRR, AT RO AR A, S, S R O R
HAT RN B, B RN TR u . BN R 6, JRSEH P R ARG fE R4
KT M H . HERNSHMEI R, RSB 1 e, By R gy B RE At
iR NI A

Voeu =0 (D
V.6 —VP +R,Te¢=0 (2)
T’ , , Y ,

St VT = VT = H =0 (3)

Hh R, FonsmME RN R

R :Pogﬁ « AT, - Rg

4
/lo/eo

Horr: po Ml g RN AES B HEMSERHIIMBIE, 1, Tk, 205 FRSHHEMPBY HRE, B
AT, 705 RN IR R BCRAZ I LR E , R, Rom ARRCFIER R SNEER R, 22, XS
Y R .

K1 HEXBENFENSEZERLENE

XS WS H o 48
FHEE R 1738 km 1.0
P EAE R o 450 km 0.258 9
ZZHIMEE g 1.731 m/s’ 1.0
H g% p, 340 0 kg/m’ 1.0
ZHEFE 1, 1.0X10% Pa -+ s 1.0
A&y HRE k, 0.9X107" m*/s 1.0
A s ik R 5B 4X10 7 K! 1.0
HigSH A Cp, 1.3X10° J/(kg * ) 1.0
T — &SR AT, 2 000 K 1.0
AERFHIRE T, 253 K 0.126 5
PEi 4 R, 2. 746 46X10° 2. 746 46X10°
FRAE S u, 5.178 4X 107" m/s 1.0
FEAERF ] ¢, 3.356 3X10" s 1.0

X F TG A AL I 9 B T IR o SR, R RS R R e R A R e KA, AR SCk
(107, AT =FMLR" N
o =2u¢ (5)
R A A 5 W A Ak G EE RN B, A 0 A T DT A P R T R R R AR L T 7
B R B SRR A, A ARG R A RS T AR e SR AR RN R S R TR R AR S X R
ANAT I R T s B K 0 T AR AR AR Ol AR W AR, e, B N T 5 R A B OE L.
BIESH JEBER oo R TR 5oeiih FOREEZ 220 AT . X T A% 448 d A, e iz
SRR R T, AT 45 A ey e EE RN



%7 H kOB, F. BB AT ARBERLE A EA R 113

bT  od
/J:/JOEXp(C_AiT_?) (6)

Hip, R #BRHABRFEH S YA, b fle NEEWE., B bob=1n2.5, c=1In2. 0",

2 EHTENERBREX

HETA BROTRE BT T B S MO DT BB RS T T AR 45 (D — (DU
S 4 TR R SO BT A S bR R 0 Bk 0. 0 5L A AR R P AT L R X B ] B —
CoLR Iy AR YRS 45 (O RAFH] () A BN

JP JP
J‘aﬁ, wUdQ——J (5o, + vv>dﬂ—+J‘(RdTg;vf%fRuYggvy)dQ-—
o " ’ o \dx dy - o o

ﬁTﬂu+TﬂgMF=O (7

Hrr: v, Mo, 205 R KA o 76« SRy BT 903, ¢, Mg, 205308 o BlAn y il J7 1) (9 JC &
AA BOMHE . w, N BIR R o X I 1 B AR K B 2 AN R R T (D AT AR

, . . ,
[ oiwiaa—| (o + 220 ) aa + | R.Te.0, +R.Te,0,0d0 =0 ®)
0 o \dx dy - 0 ’
Hoh Z B Jy ik o, 5K R A o B AR R AR B w,, 430N
i 9 r7u,,. ((7uj r)uy)
iy #© dy dx
6, = (9
(8% auj) 9 (")uy
“\or oy # oy
- du, 0 5(91}J f)vy)
E)x ’ ay + a.T
w, = 1o
; 0 5<(77Jy (’]U‘l ) afyy
L \ax oy Iy
Fefelst, ()5S X
, AT ar aT ar J , aT aT
P11 e 0 . ko _ _
JQ(T B R ay)dﬂ 1 —a 5 8t9yuy)rdﬂ
1 IT aT
#(T n, +rt ny>dF:O (1D
Iz dy

Horps T RoR AT 2 R RIS . T Fom b—I 20 MR . © 3R I BE X I A3l ek B, o R AH AT
P 2 2 (6] ) A0 K

3 AKMBESELH
3.1 BHEREE

1 ER B 3819 %00 it 1l BR 1 %% 0 8 R I A0 AR 08 L A0 i LR BUR A5 2R . T ek [ ok g 2
FY I A A R R B 747 BV T 9 3 1 55 T 7 i 2 b R [ 1) A B, I LA AT L 04 0 9% R BE B AR
PP EGE AR /N AR B R A g b A ORI T r =z, R, sk H Bk DUE AR R
AL RG H S Ash s psriE., BrMsheads. ek At maha, Ak A mahiE. HeRgEm sk A5
fsh . AR A BRI Y B A B, SCRROS MR R, A BRI st S5 BRI BE 25 3. 77R, (R %
RHLEREAR) , BB - A RMIFEZ) R 2. 4X 10" m. SCERL16JMIWFss 01, H BRI v B R H- A & A
i, WHYATRGE M2 10%5] 20%. ARUFRIE W RE M TN 14%, 256 % 2 BHRAG5HH0
() HUER F 5 8 5. 05 h, AR A H Bk A 55 M RN 4. 4 X107 rad/s. SCERL17JM SRS R A, H-H &
T S A MR F G 20k 5 by ARBFGE I TE I 25 R S L, R WA I 5T SR A i U0 A Bk A B Al iR R L
A — WA .



114 BT HRXFFROA R http://xbbjb. swu. edu. cn B 43 K

x2 HHEBELHAINEXSH

LIPS 2 ZZH HRZSH 2% (4
EE2 s 7.39X10% kg A M Z (8] B 3.844 03X 10° m
HbBR T 2 5.98X10* kg BLA-HLBR B 7 5 24 h
kP12 6.371X10° m LA BR A % A R 4.4X107° rad/s
HH 51 1% & 6.67x10 "' N » m?/kg’ A H B B e A JE 655. 68 h
FL A Z ) 2.402X10" m

3.2 BEELANITE

WE 1 PR, DL BE AT R D7 o S, HOEL DT y B, A sReboo S AR AR IR R S A
ARBR R . = Ty BN, i SCERC IS TRI g, H Bk B % 5 2 18 A R m e 29 0 1. 67 (RIS #A 00, BT LA
B SEBR A BRI b — SR E BB AR

R, =R «rcos(0 +¢) 12)

b r FoRE T BRI B RS — Sk, B R 0<r<<1, W R 5 (YR BIFR F BRI 1% R Y 52 B
AR MR A BESC R WA o« 55 TR 0, LUARARAN A IE 5 5 m S 3 p ey ), WS N B R O T F
15 B y 85 ) B2 RN

R, w’cosa
F,=—1""" (13)
g
—R,w’sina
F,=——1""— (14)
g
Hr, o FER AR B MR, RIEO)MaOR, B3R b IeE N0 A SO0 E R
R, w’cosa
g, =—rcosp +—— (15)
g
R, w’sina
L =—rsi (16)
g, (rsmg0+ o )
.
4 FEE 7 @
Hur, ABRBAINER T —R KR KN K
P 5 b ER R . 1 RS RS R &R T AN
KNS E SRR, UL R 3 gt v olr T T ad
JCERCALWAMER, Sl B BR300 E ok F Tt ' r
YA, HRYE BT B AT 55 R BE W) A A RE S B O 4G \ 0
B, R BA BRI A B IR e A BB 0 P

R0 38) . A e AL T R IR ST 4 R R AT
BT % &, ARBE RS A BT s B A R
How, WEHEE A AT 5 2R ES. 3%
SCHERES . Bz meE i B EE S 2 000 K, 8 Ak B[]
4.5 Ga(l Ga=10 124F).

H %) 46 15 B WK 2a, MARZ -8 3L B Ab
BT A, UhiE, A AWM RIRES B1 AgBLCATER
H1667.76 K. BT HFEBE.ORB . 2E 2b B
CEAGETRIZY g 4 419 J74F) , 78 2 B 7 5l 00 05 [l B B0 0 A, K 0 5 B B it s & A R
) B P X sk, BRI R T DO AS XF FAE . Be i, AN A MR EEIRE A N 1 608. 93 K. 3k
CI1IM RS R, MR 8 A B0 ROV, P2 A 38 50 1 4 A AE . 3% BB B 5% 850 %0% A 0 B AE
A ek om L% &, K 2¢ iR, £ 0. 245 50 Ga BF, A 085 B R W T RE . BT P9 30 20 5 19




%7 H OB, . BB A AR ERLY A A R T 115

AN, TEIEAR AT R A AR SO AR AR A AN R P B AR TR G A BB R, BRI, A H e
SR EA N 1 559. 67 Ko E 0.451 72 Ga bf (F 2d) o T N AE B B9 FRAK . [ EE . W0 B R el 0 A%
YR X 90 R A R A I IR . BB 0 T S G AR & R VT RS S, A 3 T R v R X A N R A A1 TR X
B, S, AN A e IR 250 1 520. 38 K. 40& 2e FIEL 2f frzn, M 0. 780 69 Ga % 0. 908 35 Ga, Hi
A=l B BT s 20 o A Nl =5 (AR B O 2 O @ =1 T O O P =3 (1 I i 2 e R
) £ T o ol 75 A% g 300 A 7 A I e R A AR AL AN Bl 2g-T8 21 BT n . ML 1,158 76 Ga £ 4.5 Ga,
VAR A AR L T A A X AR . G 0N R TR X IR A, DA R - i A IR X A S AR
PR A - R A ST AR R Y A sh. B 2a- 20 AT, AR R L RN A B T
BT AR, T8 R A O B RE 7R A DX R B S IR e R A, PR

fivaz AR A R AR

a. =0 Ga b. =0.044 19 Ga c. =0.244 50 Ga

d. =0.451 72 Ga

g. =1.158 76 Ga h. =2.248 78 Ga i. 4.5 Ga
temparatuxe

250 400 600 900 1000 1200 1400 1600 1800 2000K

o U e—

T 3 BE X R () B 6
B2 AREBERMENEL



116 BT HRXFFROA R http://xbbjb. swu. edu. cn B 43 K

G340, SCERC 1L JFEAS % 58 A 36 B DA i, A 8 RI4R (0 Ga) IR EEL A 1 735. 10 K, % 4.5 Ga 4
1 278.20 K, T RE456. 90 K. WASHI I % i [ 56 850800 J5 (8 3), A ERIa-FI 20 1 667. 76 K,
F 4.5 GaBfZ) R 1 163. 28 K, FRE 504. 48 K. AWFFE BN 09 B 28 7 0 b BE AR T SCmk[ 11 ], H W3 )46 3
0.245 50 Ga B, 437 F B 28. 28 K A1 108. 09 K, X BEHT [ 4% 250 800 51 & i X =X, BEAR 1T 1 09 1
£ JF HAE A BRAGEA A ET 0. 245 50 Ga H B, hIE 2 ol A, 7ER -8 A, FET Ay m A
WA A . X AR A A A R A ST IR T e T T, Rk, AR OB AT e S H 5t o
FHIR R . ] R H BROR X PR R AL B T Sl — e 1 2 %

F3 RENELEE S ABFERE

i 18]/ Ga FHE/K i 18]/ Ga FMH /K i 1e] / Ga FHE/K
t=0. 000 00 1 667.76 t=0.044 19 1 608.93 t=0. 245 50 1 559. 67
t=0.451 72 1520.38 t=0.780 69 1448.55 t=0.908 35 1423.75
t=1.158 76 1384.02 t=2.248 78 1 265. 22 t=4.500 00 1163.28

5 & it

BT BR A B R RN A S, LA ROR T - AR A Sl T BN R YRR A T T BRI AR A
B . A HERPGEAL M TR P B8 AR SO e, © LB A § 0RO A B T e A BT sliw 1,
TR T AR5 0, TR AL A O A s © BEE NI fvas = 0 3%, 1R AR DX 0™ A KR
JE | RRE BRI WA s © BEAT A 08 B A — 20 A, A AR I D e DX AR N B A AR X A L A
AR R AL S AR VIR A Bl s @ Wy A R RO 51 AR, REA AR AR 0 YR R L X ) e i R
A ) — 7 A R A

S XK

[1] TOKSOZ M N, DAINTYA M, SOLOMON S C, et al. Structure of the Moon [J]. Reviews of Geophysics, 1974,
12(4) . 539-567.

[2] WARREN P H. The Magma Ocean Concept and Lunar Evolution [J]. Annual Review of Earth and Planetary Sciences,
1985, 13(1): 201-240.

[3] LOPERDE, WERNER C L. On Lunar Asymmetries 1. Tilted Convection and Crustal Asymmetry [ J]. Journal of Geo-
physical Research: Planets, 2002, 107(E6): 13-1-13-7.

[4] ZHONG SJ, PARMENTIER E M, ZUBER M T. A Dynamic Origin for the Global Asymmetry of Lunar Mare Basalts
[J]. Earthand Planetary Science Letters, 2000, 177(3-4);: 131-140.

[5] LANEUVILLE M, WIECZOREK M A, BREUER D, et al. Asymmetric Thermal Evolution of the Moon [J]. Journal
of Geophysical Research: Planets, 2013, 118(7) . 1435-1452.

[6] PADOVAN S, BREUER D, MANSKE L, et al. The South-Pole Aitken Basin Formation and Its Effects on the Melting
Activity in the Lunar Mantle [R]. European Planetary Science Congress, 2018, 12(755).

[7] NA S H. Tidal Evolution of Lunar Orbit and Earth Rotation [J]. Journal of the Korean Astronomical Society, 2012,
45(2): 49-57.

[8] SPOHN T, KONRAD W, BREUER D, et al. The Longevity of Lunar Volcanism: Implications of Thermal Evolution
Calculations with 2D and 3D Mantle Convection Models [J]. Icarus, 2001, 149(1): 54-65.

(90 M, s, siERsh % (ML bt S8 M, 2001.

[10] ®AFME, FER AT, FrEw A 2 (M JUat. WK AL, 2011,

(110 XU%2%, B 2, x@ndm. F R E ki 4 A BTl [T PRV R 2 M CARBFEMO, 2017, 45(4);
46-49, 58.

[12] 3k B, SR, B4, . REGETHA W A AN M BUEE S 50w sy [J]. 70 I K5 CA AR O



%7 H kOB, F. BB AT ARBERLE A EA R 117

2020, 45(12): 58-64.

[13] BREUER D, MOORE W B. Dynamics and Thermal History of the Terrestrial Planets, the Moon, andlo [ M ]//Treatise
on Geophysics. Amsterdam: Elsevier, 2007 299-348.

[14] BLANKENBACH B, BUSSE F, CHRISTENSEN U, et al. A Benchmark Comparison for Mantle Convection Codes
[J]. Geophysical Journal International, 1989, 98(1): 23-38.

[15] KOKUBO E, IDA S, MAKINO J. Evolution of a Circumterrestrial Disk and Formation of a Single Moon []]. Icarus,
2000, 148(2): 419-436.

[16] CANUP R M. Simulations of a Late Lunar-Forming Impact [J]. Icarus. 2004, 168(2): 433-456.

[17] CANUP R M, ASPHAUG E. Origin of the Moon in a Giant Impactnear the End of the Earth’s Formation [ J]. Nature,
2001, 412(6848): 708-712.

[18] WILLIAMS J G, BOGGS D H, YODER C F, et al. Lunar Rotational Dissipation in Solid Body and Molten Core [J].
Journal of Geophysical Research: Planets, 2001, 106(E11): 27933-27968.

Two-Dimensional Finite Element Simulation of the Effect of

Rotational Centrifugal Force on Lunar Mantle Temperature Evolution

ZHANG Teng, ZHONG Zhen

School of Physics and Electronics Science , Guizhou Normal University s Guiyang 550025, China

Abstract: This paper mainly aims to study the effect of rotational centrifugal force on the lunar mantle
temperature evolution. According to the governing equations of thermal evolution of the moon, we de-
duced their dimensionless version. Their weak forms of finite element method were also derived in the
two-dimensional rectangular coordinate system. Considering the nearly conserved angular momentum of
the Earth-Moon system, we estimated the lunar rotational angular velocity when the moon was initially
formed. Then the rotational centrifugal force depending on the angular velocity was considered in the gov-
erning equations. The results indicated that the rotational centrifugal force promoted the formation of high
temperature convection columns perpendicular to the rotation-axis, and produced low temperature convec-
tion columns along the rotation-axis. Compared with the case of no-rotational centrifugal force, the rota-
tional centrifugal force was found to have an effect of cooling the lunar mantle. This mechanism needs to
be considered in the lunar thermal evolution.

Key words: convection column; governing equation; dimensionless; rotational centrifugal force
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