—t

46 www.kjdb.org

RS2 2024,42(24)

FiRREEREAILREEMK BIZRR

R A i e

YRMEI T sRE B AR TR X, AR e

1. PHLAZ R EREIR S8 ) TREARE , TH2E 710049
2. PEBFERE B TR TR0, il 201304

mE

PR PV BA R ROR R R A 2 e T AR AR, B O R AR P 1 2k

ez —o WSROI B2 o - B U Sl A% P BE R 2280750 TEMR O S5 /B J5
T, 2508 1 e PERE MR O S A BT Ik, RO 1 2% W~ W~ FoW 22 RO BE BB R 4 e 4% A
BE o FEMGBOE R TR T, PR T 2 i AR S5 A MU S 1 8 B A TABIL R T
BAUDT BB B o BRSO ZS BRI i ol S R AR PR AL, i 22 1 P PR A T A T A

Fob R T I
S T S s SR TR AL ; 2 R S (i

LR B B i 2 il UML) &
JEAF, B ) BRI S A8 A BB A (4 3 A,
LR AR PR T S Y 2R MR
P A E Ty 3 AR A B 24 R A TR Y
2% , AV HAT A 807 (8 R BT W e A AR 1Y
P RIS AR, B RT LAy o 8 A
R SPGB IE PAE 45 h ] A T
JEBE I (E A5 F & B 22 , 22 F T B B A
SRR SR E PR R HURRE 5,
A A A S AR 1R, 22 T Bk I as [a] Y L

T HN 5 R AR 5 R IR R 45 A 1S
7P RS SR B SRR R B T SR A R
FORH A

ST R R R AR TRORE A i B S I R A
AR E . ARIR F AR Y 2 R B RO
O PRRES TN I Fn 28 S I e SR R —
T REIE AR BERE, 5V B BN IR SO S T
Jo3, A A0 T PR R T L2 R BT, a1 R
N 19714F, Feldman™ & U4 1 JF 38 T —Fh4h
PRI AR A, S B T L B 48 o A SRR

Yk H 41 :2023-06-14; & 11 H . 2023-12-07
FeATH - ERERE LN DA TR LI H (202109158)

FEBZ BRIy Ve W BRI 5E A AF5E 05 1) SR B T 5k T A A R B A A I PR 45, WL 1B 4 : lengyakun@stu.xjtu.edu.cn;; iff 52 Gl {5
VEE ), 24% , W15E )7 18] AR IR TR P oL A S i i Sy 44 F ) T sh A 30 il 1540 :puliang@mail.xjtu.edu.cn
SURAEZC V2 Ehh, sKI0, B, 5 . PARRAEPERE U0 B AR M R Pz v i 1o T i JRR (). B 412, 2024, 42(24): 46-57;

doi: 10.3981/j.issn.1000-7857.2023.06.00912



—t

RIS 2024,42(24)

www.kjdb.org 47

AN
£ AN |+ !
B EERIWIE /i T3z
F > > —»> —»> —»> —»> < = e T o o=
I Sl
YL s T e Y T e R
B BEEE

T TR S R TR U

MIECARCR o 20124F, H AR L ST RN T2 SDS-4
TR IA T A Lk ] ST A A I AR s AT M
REY, WL R & PRIV BT REA 2 A T, — 2
V1205 B RE U 1k R R AR I BE R I, R
Pt R & R AT 3 B T R AT AR A X
W, AERCE JIIRAEE R AR A E S MR SR
VAR T 8 AN P2 P, W s T Al T A FH Ak 3K
SNZFERME— B 0T o AR AR A U Bl A Ak
A, B ST N 00 SR AR TP AR A IR e A A, R
FH 2 B8 A58 RN BRI 5 7 3, T T oAl
AT TN~ -0 22 RBE A5,

T 5 DA S I RN BB A U 5T 0 f BE£RaR T 2
TP RS I S AL A RE DL TR SR W, RIS AR BV i
WU 25 R B T 5 S AR AV IR e R T P o T AE
PE IRl b 42 K 25 PRI A R AH 118 o)
FWE o

1 FiRHBERESEMIL T

PRIV T Bl % A B A 52 ) DR 2R A T T
R PR TR TR AR o R A
FEY R R M 5l 25 RIS RO EE A B AN R
MR T2 2] L3 0 I Rl R Al AV 22 R g
45 RSP B PROBY AR B 25 T AR R A AR T
AN ) R TR 235 ) S R 1) I B B3R 1 s
MR TR 114 T R B T P A AV PP A 2L
PUE TR B SEHEIRAE T . BN RB &
PEIL[R 2 T B AR B, 1T D E T B AR
JE 8058 T BRI i R AR BE ™ DRI
PRI B % PR BE , NSRS A B (EASAUAT 52 2
7 TR AVE B S5 B R ITERIE

R WOROEEE R BB A

T i B
B Eﬁﬁggzﬂﬁ EAIE
wi AAERE B %iiﬂgﬁﬁ
BeEbR SR

1.1 IR ST SRR R

W TR0 25 R IR 1 B S 3R A5 T I ) A B
O I AR B DA R RS AR A R
161], W REN 5 R U T SR A 458 O B 25 A L AL A
FELEFAE AL 2 Bl 5o TR BE 4 A0 1 Tk 2 36
WK BT AN AE RS B A8 Ak LR TR TR
IEAHUES VIER = MIEH  RIESEL5 1 (K2) .
T B 5 R AR Ak A A ] DL AR AR AR PR B L 40 Xin
SEO T RIRE VIR A IR A RS IR BTG
FEEEZERHE TS T 913 W/(m-K) o SR, B 50 0
SIS WA AT BRI TR R B K R e /M A
R PR N R, H AR 24 B N TR
ARk — e

22 [ 235 ¥ = 2 WERTE G 2L I R I 38 G 2
QRPN BEE S 4L It Bl B /N LB TR 3
KA R A1) T 82 S A A PR R . IR SS g2 1Y
FLB R A BB T BT RS T I E B AR
LR 222505 7 ™, Tang %945 W H %L
F14) i 1 B I R 4l ) B B AE B = B AN PERE R
W, T ORIE 2 EtEae . ABElE . &%
HURAUER B AE MR T 1 R R Bt TR
X _E R )R, AT SR A 22 TN I YRS 25 4 3 1O
W, B3 5 20 X SR A A K A B 40 T, I3 2 )
& B B B RGeS . B EE 3 A K (1)
AR H B 1E 22 g 2L IR A5 (2) AR B AR 4
J& L2 IR A G 21 (3) 1E 28 G 2L M) 5 BB e 2 2L I
RATS, A 3 FrR . Yo 55"E IF 28 4 21 I 2544
S I BEIE G 2 1), iz B BLE 2w 2 IO T8 T e ]
FIE B = 5 7R IE A G L R B AR R
B REIPERE I 5 20%0~60% .

BRLE K90 AR 0 25 R DAL R s = B Ry AL



—t

48 www.kjdb.org

R 2024,42(24)

(d) VIE (e) =MIE

| e

0.055 mm

&l

0.025 mm

K2 ARG

() o JEE BEIGE 20 2 D) WA Y08 Jmy PR R

Eﬁﬁ)ﬁlk}

0.03x9

200 pm 100 pm

100 pm

(d) BpRESR A 22 LS

K13 BRI 2Z IR

FIRUAL WO ZE A A S o B LI B LB
TR M G THEURL ELAR B 52", AN [) B0RL B4R
(B ZE FA AN AT 47 o AL EE A A
SO A A FAPE RE RIS PR L, X2 PR XLAL I
BOSAAAE TR W 1 2842 H 1w, 1 ELAE N #R

WIL I T 78 %25 H ™, Byon SF°VHEST 1 F XL
FLWRE B AN VERE A AT B , i th XA e
R IATE RO 2 R RIAR 1) 4~6 F5 I, B AP fE R A
e NI (b Sl BN

ET B
RS2 G AW

y=H 3

“H+[52-56
/1N

L AT LATESRAT R B4 )



—t

RIS 2024,42(24)

www .kjdb.org 49

L0 TR oo St €
- SN 5
100 1 m

(¢) (90£15) um

K4 R[FERASHEEE MK SEM &

(d) (66+9) pm

AR , PRUE AL 8 BB R, R ) R R A R AT
1.2 RS ERR T BERN

PRIV AL A P U R TS
F T3, I Al WAL SRR AT S A7 AR R XE . 1T ELAE L
G T T AR RO E A5 R B S S
BEFE B I 22 T AR R[] BAS o T R B A
T ] A 5 figp ke LR Tl

TEZZ LR 308 6 2R FH AR BEL o 2845 70 i sl 4%
AL TR 73 BT I PR 2 A o P A RV Ut Bl A A e
P82 71 RS oA 245 R R T 5 R R 5 AL
X R AAE TR 70 A B R AR, (HOF AN REZR A5
TR SIA R R RS SRS B sl
PATUARGF s o 1 SRR, T 4 G- AR P 2
BT IR E AR TE IR, Wang S BE
PR TS IR RS Bl , R s e 28 U R
B FET U SIE I 3 B T R VA R 2 100
PR VEPERE R R, R4S A A SRR A R
LSRR, P A ) e R 22 T R T 9.68%
RZWFEN BT LABRIBTIE T RO 22
BEAE oy AR WA A B 3l A5 R R E
(R I 220 1 RS T LSS A, AN AL B
BERBUEAETHBINE O . ZIE R ARPVE W Mg
KB~ B4 - T IR s AT L], HZg i s S
5 2 1o A 0 R W A% G0 A AR AR AR TR O IO 4R
Z2P ARZHTTEN GO AT 1 Bl ™ (HAH 3
e — KR,

TEAT WL RS 38 R JH A T - JR 2% % 07 1
(lattice Boltzmann method , LBM ) JF 5 W W& 20 45 #4)
XV A T BN AL FAVERE A 52 o A 0 RS A A
X 40 7 0TS ORE A, EL AT AR B R S
IRPLA™, Huang %R I LBM KA MOBLE A 1 5
TR ARG B A - MR 10 ik AR A 2 4
1 50, Fang SE3EF LBM X HL /AT 1T A R 2%
P TAE R OB S (1 B AN PERE , 5T R LR IE R 1Y 6
I3, ORI, a2 BRI o BT X 3kt
FETE W RS , 8 2 s B A PR ) 5 VR SR AR 2R A B
P/ NGO () B, D13 21 18 DR 4 B B ol ) B

TERIOW R 30 >R FH R T B Je /M D i 0F 5T
YRS 45 o) T A AV D sl AL AR RE RS2,
TR IR, PR vh AR AT S AN 132
JIFZ R, Marangoni RNR A #5852 PR ™, AH
KMFFERS T K s 42 B 2 % 2o Ranjan
SR T T RE e /ANE T YE XS LA A T B
FE HERAE B R B A1 ) MR 78 AR . S5 R &k
U, MEAE RS R PERE B O . 5 PR A5 Ry AR WO
AR LY, [ | TB A AR A A IR O 5 12 PR~ il A
I KPR RE 14 5 1045 DL Lo Jiang S50"45 &
IR RAE T — RS A 5 IR G S5 A0 WL
ISR T AR S5 R P R EAT T LR,
AN TRV R S 2 AR S s ] T an ] 5P . BiESE R
B, Marangoni RN 75 L 124340 H & 1535 2R .
BRI A Ty AR 45 4 R TR 110 46 5 B T AR A 705 T 4K
RETH 5 AR A T FE B BT, 7 K T IR R
Bl , PR B R R R

(a) 154

(b) Kk
5 AR et A S s H T s

(c) BRIEKTTiA

PR AV R R R A AN [ ]UBE TR 2 mT i 5
BOSEHAIBE, B A BT[] AR 250
PRI R AT R AR (4 U0 S A% P BE 5 P AR AV A LSS
TR AT S B ST ERC S T PR AL 5 P A PR A 1



—t

50 www .kjdb.org

R 2024,42(24)

AT 45 7~k Marangoni ZX0 520, G 155 5
FIREE R ARSI s A R RE A W], 5 18 3 it
) SRS FREE I 2 T AR, T V- A -
W TR W 22 R BB A AL BIE 58 0 A R i s L
AHEEEL,

2 FRHEWRBSRE S

1 TR/ N DR B ST, Wb B4 o0
B FAAE UL B0 1 FAE RE 1 52 0 1 T 1S ™, P Al A
R RS R TR e P — 7 T ] ASE R A A A
RS RIS AT A LR OF 3R m U I AL R B 05—
TET AT ARSI BERZ AL s 80, e RS e . LR A
S SR BB AU 52 24> 5 TN - Al R i
PSR MBI LA
2.1 RBRE LR

MR AR5 3 T AT S A e A MR R T Y
T R A A - A A R B AL IR RE , 22 AT L
G D PR TR SR A 4 50 T R SR 2 b 5

o FEE TR A SR s = A 2 K BOTOKPEAR B 7%
BEBLBR K R A BRI IR B TR (A B 3 M2 TR

78 R BUoE K P A PRI A AL AR A BIL ) 7 T 1 o
T WIS Y W RRE T, — 7 T o RS v B 2
TN, 55— 7 T 78 A B 3 AL T AZAS W s A L
W HL I AN B B SRk PEAR B
AP b EL 95 B AR R I RE TR AT R S PR
TATERES . T2 B, KA BT A
— B SR A R BE o WBLESR T U AR A A0 K 25
HA BELAT AL MR 1) O 3l , 7 TR PR AR A AN R BRSBTS
] g2 P EU S A A BE AR AR ™

Ve BEBLET K AL PSR AL AL FA A LR 7 T — 7
TN T 28 R BEAZ AL SRR, 55— 7 TR
TR IR B A% A pl JBER Ve 5 1) BROIR VS B 5%
AR A K AR B R RE R A= R
G, DR AL BRI . SR, 2V BEBLIE VS i
B T YRR 5 B B G RT RE 23 A A R, AR AR AR
PERE . X LR [, Wen 552K T 7K 4 44 K
LRLEA  INE 6% BT 7R o IR EE ARV B A B R T
Ve FEVE I h 8 KA w2 1 24 Ko HJ2 40K M5

Ko BHiKaKkLLity

K EE R i AT URAR A2 PR 22 X BN T i 2458 i
IKAARE K JE ) S TR) . X I, Wang SR HY T
— e ALK SR T, R ROR S5 2 T
DA BA K AE 9K EE M, AR v T
i 7K 2 A UAR E 1

R AR S 3 T R A Kb 35 R HH 28 ke B sk vk
A RS BE B B K ML RS 5 i 2, BRI L
O3 R 7 BE A BN B B A £y 353 A MLIE
BRI oA o Jm B R T Sh A% Pk BE— R A, (B4
S 7 A J3E 17 7 5 BT TR P, 75 D0 2 P R IR R
an

AR S R SR W 5 A SRR R 28 A B R TS
T 7K s AR B A V4 358 B3R I A8 T 23 7K a5 2 b
SR SR MR TR NG /K £, T ATEZE 5l S 4
T B Y[R, $0 e U IS A AR PR RE . WP A BE,
AL 285 PR AR 7K A 8 A IN R ] B o A PR
AT DRSE PEAE T o SR AR IRL 8 B 5 i I, 7K o )
et VAN DK (SR EN) I K-S 7 W) d = TR I
PRIK A, T UM IR 7K R AP 3 1 R ok 900 A% R
RGN, FEAERER B A Bk 5 R i i ik %
TET 149 P G5t 2 D7 8, DA T S5 B0 B o v 8 ) 94
TV BE LB R AR ™

B 1 AP T Sl A% AR RE Y S BRI AL €1
B, ANV e BUBBUIR BE L 1) BROIRBELS A0 5 728 I 5t
BRAT , R AL AL O A B A% 007 A PERE
JEAR AT FE I R
2.2 Wikt RE BB ERU

AR 3R 5 B SRS TR s Rt sh
FERAR W T s Bk RE . &
JE B A Ty B8 B SR A B A HAS B 0T S n] i
PESIZIR, Xt P A BV TR 2 i eSO B (B A



—t

RIS 2024,42(24)

www.kjdb.org 51

WF5E AT E A S WA A% T S e i
WA AR S5 3 T PR D 5 P A S i A= A%, T e
AR A R S AR I RE . T R AR A W
GO RUEE BB ST 50 A5 1] T 48 7 2 T 20 1
LA R

TEROW R, T 7313 ) 22 07 B F
TR CR AR THT A T T 1 Al A T Sl AR AP RE RS20, 46
AN [6) 10E  THT 1 “0 URZ AL R G S FE
TP AR S WD IR AR KT R (B A2 <100 nm)
R AE — & 1) PR 25 BE (100 W/em?) FIHT) 4 it i
(350 K)'F, WA i HRERZIK B A2 45 nm A5
R AR A RIS, IR T
B 1 E AU MR AR AR & IR B, T
Mo R HARAE 0.1 um~0.3 mm B 19 24 K 72
WFFEHR SR AR T B A TR A TS
KRBT NI S EJr RAGEIFm [,

TES MR, 25 4% 1 - BIR 2% 2 07 i
G VR 3R T TSP T A T 20 A B R 1Y) 5
M, 463 75 3 T 91 9 1R T I A AL ) A 5 e
Xiong SFPBIFFE A Hh 2 /K SR THT AT LLAE k2 T 5K
T AR SR 18 O O 4 e AT 48, PR O iAo
B BRK R 2 W R Im K y , f  B A 7E
PRI b 1% B[] BE A, DT A A0 JoT 1, POt
WAL 2 o Liu SF5TF e 1 8 i 7K 3 100 iR s ik
BRGRBIFTE , $i 5 A 21 i /A 3R T 1 4 £ 2 8 R
I, AR & A WO Sk R 4 (P 7). WF9E R BE, W
T SR 45175 1) LBk v IR A A Y g Sl g R
JE /N, SRR AR A 50 wm B Sk R AR

7 WHSRBEI SR

MR Y 55 3 T TS ST ADL AT 5 I3 A AL
il 1R 0 B e, AL L 487 1 2 T s P e A
RS PAERERI I . OSBRI FE X T
OISR B AR BAILTR] T R S e A AP RE A
Mg BA B AR, ol T4 = S E 5T 1 T
JE X TR A BAT B X

3 SERKTIHIER IR

P R i B 3 o P A A 1) 4% 3o o R A1
o YRGB AR R, X 8 I i T
BCASFIFENE o F1 X2 R, A] A A B ] % 3T
RE FY~F- B PSS BT o) DR A% 0 | Iz 1] BEL e 12 4
Uifige MeAh ERZS BREER  $i H BRI i 4 5 A
SRRy AT 3, XTI TP AR A S AR AR B
BHAS G R TR S B s 0 S AR RO A 7 i ™
3.1 HBEERATERRE

B ) A% BROP A R AE T AR B K 2 PR T 5 8
XS R IR B A FIFZ ™ Ry LR s BB
SRR IS Y S AR PRI RE L SR T 3 R R,
U [ A SR T RE R B AR B L3 5 A VR T AR
TR BT 1]

TACZE [ R 3 T RE A FE |, RIDK 28 & Btk A58 257K
AbBR Ve BEBCHAT B K AL B, AR TR R B
BF R R E ) AR o A e S /K 3R T R VAR 32
NG, B K T ) ARV B, (B VAR R Ak
IRG R 81 31 28 e B, S AR BRI 0 0 A A% i )
BB, YFAIRAL TV BE B, BRI ) TAEAR
2o MOV BEB IR RS2 Ptk A 78 K B SR 28 %
BT K AR TE AT , JEAN 20k 18
BB, B BEBORAR T, P 2 i A Y
FIAE AT R 138 AL TSR IR B AR, (H 2
[F] 1A 3 TET BB B2 R 3K 3l 0 A RIS VR0 LBk v B — i
/AINT 2 mm, PEPVEZE S EZ RS, X B
TR IR, AT A B H 3 A A 0 AR T e R Ak v
JE Traipattanakul 257 % 1 24 B, 37 B8 [0 50 'V
N, PR A TN 480 ) e (R It 1L T H s IR 42 15
90% . SR, o kPR EE T A0 2 LA T B 2 % i H
T VTR SR 3 s e, PR F S VR AN IS



—t

52 www.kjdb.org

R 2024,42(24)

Wil BE B9 o BEA , A T eR 3 B2 A0 )
T2 ORI A o Dtk IR (RIS, ] e A
ISR B0 75 16) S8 B ARV B R AL PRI RE . X
T AT 7 1 A 128 R (0P AR AV, 3 SR B 1)
PSS BT, A S A A4 305 i) i S BH 7 e R T
IET GRS T o BRI KT 1) A% 38 B4 1) P A
PR, S 1) BELIAE 45 A B0 A5 IR ROR FE S5 F™ VIE

THORAE

Wi 7 1k 4 s 1F)

lildddddddddddda

(a) BURHCORAES 1Y

TRtk < kimit YRS A

(¢) YIRS A 4S5

LR TEZIRE T I e R U R T 7N 4 DO R T
3 17 1] 3 PR )P AR 5K ) AR T
— PP T B ARG , A 8 ()™ . %
SPARCERAE A AR AL 2 36 2 S0 L 4 T
PR R R S UL, DT ) D R 1 R AR B B IR S
FA Y LS5 7 T S5 B A ) DR A% B, ) B
B AL A T RE

VI REAL

Q

N1 | ] \(%mm

sasme ) | HERR
ACKAL LK
I e S0 T 7 R

(d) T m g B IR A

K8 e o B S5k s

32 FHABZSHLTHMBMES

AR IS 55 R AR A G T LSS B PR
TRAL 338 AR AT B W DI RE , M R = ) R %o YL
A3 N7 K o T L A B ik T AL CCD (FR e # 65 JT
TF) DL 8 IR AR T R BB T, VR G A AR
MR ARAS 2] TPk & . NIt H BRZE S AR
MRS, B3t T HVE R G A AR M RERE B Al
9(a) ™R . BTSRRI, R A A AR R R R
ST RONE T R —S TR PWERE, T RSO
TEASCFN CCD AR BIL I 5 BE 7K SF- 2 7 (20+3) °C i il
DA Tl A TR T SR T 0 SR A A
Jr ST T R TR A TR S A A A R
B EYERE, IR SR R T T XL, A&l 9
(b)) o WFIE 2 SR F I, & A HH AR M A 1 IS
e L R A J B K ) S5 T AR ML AR R

Ao b TR A RS T A ik i T R AR
JERUCR AR, W) T — B A 2k A2
PRI T DT F AR S & B, AN 9 ()™
s 3G AP AR BVIE Y BUR |, S0 E A DTAE
HEAT FCEA, JEL ISP 18] DI 3 HE I BAEE S0 A A A
PURAEE (A L AT S B R HE BRI it BB 4 T )
AE . LR IE TR N B A BRZA )™ fif ok T
B2 AR Jok b Cise 2 (9 A TR, 42 1 T PR SR L E,
FEYRI L S5 R B0 35 R AR AR RGP AR PV 2R B, T
O(d) ™R, i TR TR Ir™ 6 X T2
2t DX AR 8 22 IR BB P (AL, St T — ol
TR A XA B, WE 9(e) ™ Fin . %
FEFRMNBEA S SRR SRR, — 7 i e
T AR R IR RE , 3 — DT R R 1A
MR IERETT o



—t

RS S8 2024,42(24)

www .kjdb.org 53

(a) NI T Ui — 5 T2

ik A
T ML

FHAS Rk
(e 3
AN
AL AR

195 02 M 5 4
HAE ffRL
TR R R

B AR

i 1 DL
SRR A A

(c) BEHI TR &%

= 77 vy

AT IE — )
’ /
MR ] J7
SEE 7. 7 v il

() R THARA TR

EAL IO A
(SLFEHIAERARL)

(d) FRGERIGEHIAN LT 254

KO A AP RH PV 2

B i) S RO ARV LR AR AR5 S AR A
(25 A R IVE T —YORT 2218, 25 A9 Ry i s
CAERFMIRAT I B IR B2 R H]

4 =i

SEEG RS AU B2 2% R 2 B A58 IO X S s 3
JTERA T PR AR AR B BT, 7551 3222

epitg Il

1) WEIROE S BT R MR A A TR
SR IAPERE Y SCHE N 3R, AL AL QDR KR 4
1o~ A AV e S R R A AR AR ) i 27 5
ML E 24560 B 3 R TT IS, 4G it s PERE I
TBCCSE R LA R A v W 9088 2 1T 20 K 45 1 O AL AR
TENE , AR AL AL I it — 2D A AL IR BE A
W H A R



—t

54 www.kjdb.org

R 2024,42(24)

2) VMR BAE A [ RO BR (B AL T gk ke HLAA
RS A] o 7 WSS B T figp R fii K s - Al AV 45 4
FFEW ARV MER, A VLAY AT b BRI R e 2354 14
T LA B A ] 0 1 s 2 0 ) 20, ROWLASE AR T 48
7 Marangoni 800 DA S S AZ ML . 32 FR T4
A 78 10 I - BE 4 — S RO R DL, Dy SR s A
{18 T S P AR I Y R A DG B SR AR A I A
2 5EE

3) KSR A7 A v 8 S AR DR X Y o
R, IO XF SRS A 45 T B ) A TR Al A DL KR
WRIAE SRR A & o I h T 4501
T AR B KA R8T S50 1 DL B (R A
PAIBIEFE o S XF E 3R R, 10 A 56 35 B8 1Y [
TSR A DCE B A AL (1) I e B S B

2 % 3Lk (References)

(1] X4, 8L, B, 5. NI RSSH LR RS
1. TR, 2021, 42(9): 1067-1077.

[2] AW e, TiEH, BN BARUN TR AR LR E
FUJ1. TR, 2000, 28(7): 102-106.

(3] HR24 [, JE Ak, BTEED, 4. AT EORTEMN R ORI
IR R S [CY/ER i A PE 2GR SCER . S o
[ T RSP EE 23, 2006: 276-285.

[4] 2508w, XI/NME, XBYE, 55 . A BORTENTR A% 6
ORI AR P56 T AR, 2016, 33(6): 625-633.

[5] Zhang H X, Li G G, Chen L, et al. Development of flat—
plate loop heat pipes for spacecraft thermal control[J]. Mi-
crogravity Science and Technology, 2019, 31(4): 435-443.

[6] Xie D D, Sun Y N, Wang G L, et al. Significant factors af-
fecting heat transfer performance of vapor chamber and
strategies to promote it: A critical review[J]. International
Journal of Heat and Mass Transfer, 2021, 175(4): 121132.

(7] 2 0E, AW il P HORIE ST BE e 5 e B2 ()). o
[ 25 (A BL2EHE R, 2019, 39(3): 30-42.

[8] Feldman K T J. Flat plate heat pipe with structural wicks:
US3613778A[P]. 1971-10-19.

[9] Nakamura Y, Nishijo K, Murakami N, et al. Small demon-
stration satellite—4 (SDS-4): Development, flight results,
and lessons learned in JAXA's microsatellite project[C]/
27th Annual AIAA/USU Conference on small satellites.
USA: ATAA, 2013.

[10] Jin L, Wang S H, Guo J C, et al. Performance study of

gravity—type heat pipe applied to fuel cell heat dissipa-
tion|J]. Energies, 2023, 16(1): 563.

[11] Yu J, Xin Z F, Zhang R H, et al. Effect of spiral woven
mesh liquid pumping action on the heat transfer perfor-
mance of ultrathin vapour chamber[J]. International Jour-
nal of Thermal Sciences, 2022, 182: 107799.

[12] Gillot C, Avenas Y, Cezac N, et al. Silicon heat pipes
used as thermal spreaders|J]. IEEE Transactions on
Components and Packaging Technologies, 2003, 26(2):
332-339.

[13] Lim H T, Kim S H, Im H D, et al. Fabrication and eval-
uation of a copper flat micro heat pipe working under
adverse—gravity orientation|]J]. Journal of Micromechan-
ics and Microengineering, 2008, 18(10): 105013.

[14] XUET I, 25—, BIIEZR, % . GEO KA TLE MR
B TRAYERE N M )], AP = EREEOR, 2020, 40(6):
89-98.

[15] Li Y, Li Z X, Zhou W ], et al. Experimental investiga-
tion of vapor chambers with different wick structures at
various parameters|J]. Experimental Thermal and Fluid
Science, 2016, 77: 132-143.

[16] Tang J C, Hu X G. Evaluation of capillary wetting perfor-
mance of micro—nano hybrid structures for open micro-
grooves heat sink[J]. Experimental Thermal and Fluid
Science, 2020, 112: 109948.

[17] Zhou W B, Hu X G, He Y, et al. Study on axial wetting
length and evaporating heat transfer in rectangular mi-
crogrooves with superhydrophilic nano—textured surfaces
for two—phase heat transfer devices[J]. Energy Conver-
sion and Management, 2019, 200: 112098.

[18] ZRELA%, mkts, TRk R . 52 B A TR E LR
FE. a8 11244, 2017, 32(10): 2403-2409.

[19] Wong S C, Cheng H S, Tu C W. Visualization experi-
ments on the performance of mesh—wick heat pipes with
differing wick wettability[J]. International Journal of
Heat and Mass Transfer, 2017, 114: 1045-1053.

[20] Wen R F, Li Q, Wu J F, et al. Hydrophobic copper
nanowires for enhancing condensation heat transfer|]].
Nano Energy, 2017, 33: 177-183.

[21] T35, =B, #I, 45  EF BR A BRI S SR ).
L TR, 2015, 31(5): 5-10, 14.

[22] Shukla K N. Heat pipe for aerospace applications—An
overview[J]. Journal of Electronics Cooling and Thermal
Control, 2015, 5(1): 1-14.

[23] Xin F, Lyu Q, Wang Q W. Three-dimensional numerical
analysis of mini—grooved flat heat pipe filled with differ-



—t

RIS 2024,42(24)

www.kjdb.org 55

ent working fluids with experimental validation|J]. Heat
Transfer Engineering, 2023, 44(4): 317-333.

[24] H/NEL, RAFHE . BREE ) ZR R T BV W AR AR RS A
Brl]. HE=s mRREROR, 2015, 35(4): 46-52.

[25] Faghri A, Harley C. Transient lumped heat—pipe analy-
ses[J]. Heat Recovery Systems and CHP, 1994, 14(4):
351-363.

[26] Zuo Z ], Faghri A. A network thermodynamic analysis of
the heat pipe[]]. International Journal of Heat and Mass
Transfer, 1998, 41(11): 1473-1484.

[27] Fadhl B, Wrobel L C, Jouhara H. Numerical modelling
of the temperature distribution in a two—phase closed
thermosyphon[J]. Applied Thermal Engineering, 2013, 60
(1/2): 122-131.

[28] Fang W Z, Tang Y Q, Yang C, et al. Numerical simula-
tions of the liquid—vapor phase change dynamic process-
es in a flat micro heat pipe[J]. International Journal of
Heat and Mass Transfer, 2020, 147: 119022.

[29] Xiong S L, Du Y P, Wu R. Study of low=level pool boil-
ing in vapor chamber of wickless micro—heat pipe based
on Lattice Boltzmann pseudopotential method—Effects
of superheat and wall wettability[J]. Journal of Physics:
Conference Series, 2023, 2441(1): 012017.

[30] Liu X L, Cheng P, Quan X J. Lattice Boltzmann simula-
tions for self-propelled jumping of droplets after coales-
cence on a superhydrophobic surface|J]. International
Journal of Heat and Mass Transfer, 2014, 73: 195-200.

[31] Jiang H P, Wang X L, Li X R, et al. Enhanced evapora-
tion performance on a novel microstructured surface
with vertical dimension gradient|J]. International Journal
of Heat and Mass Transfer, 2022, 199: 123478.

[32] Cui Y F, Yu H'Y, Wang H J, et al. The numerical mod-
eling of the vapor bubble growth on the silicon substrate
inside the flat plate heat pipe[J]. International Journal of
Heat and Mass Transfer, 2020, 147: 118945.

[33] BRI . FR1H TR J1 AKX 0 SE S5 [)]. 5 ke,
1989, 19(3): 353-364.

[34] JTEBE, BEGEER, WhoR A . IR A R B oY i T
[J]. fL T HERE, 2022, 41(2): 554-568.

[35] Xin F, Ma T, Wang Q W. Thermal performance analysis
of flat heat pipe with graded mini—grooves wick[J]. Ap-
plied Energy, 2018, 228: 2129-2139.

[36] Yu J, Li Y, Xin Z F, et al. Experimental investigation on
the thermal characteristics of ultrathin vapour chamber
with in—plane bending[J]. Applied Thermal Engineering,
2022, 217: 119175.

[37] Jiang L L, Huang Y, Tang Y, et al. Fabrication and ther-
mal performance of porous crack composite wick flat-
tened heat pipe[J]. Applied Thermal Engineering, 2014,
66(1/2): 140-147.

[38] Tang H, Tang Y, Wan Z P, et al. Review of applications
and developments of ultra—thin micro heat pipes for
electronic cooling[J]. Applied Energy, 2018, 223: 383-
400.

[39] Ivanova M, Lai A, Gillot C, et al. Design, fabrication
and test of silicon heat pipes with radial microcapillary
grooves|C]//2006 Proceedings. 10th Intersociety Confer-
ence on Thermal and Thermomechanical Phenomena in
Electronics Systems. San Diego, USA: IEEE, 2006: 545-
551.

[40] Ma H B, Peterson G P. Experimental investigation of the
maximum heat transport in triangular grooves[J]. Journal
of Heat Transfer—Transactions of the Asme, 1996, 118
(3): 740-746.

[41] Mallik A K, Peterson G P, Weichold M H. Fabrication
of vapor—deposited micro heat pipe arrays as an integral
part of semiconductor devices|J]. Journal of Microelectro-
mechanical Systems, 1995, 4(3): 119-131.

[42] Hung Y M, Seng Q. Effects of geometric design on ther-
mal performance of star-groove micro—heat pipes[J]. In-
ternational Journal of Heat and Mass Transfer, 2011, 54
(576): 1198-1209.

[43] Zhou W J, Li Y, Chen Z S, et al. Ultra—thin flattened
heat pipe with a novel band—shape spiral woven mesh
wick for cooling smartphones|J]. International Journal of
Heat and Mass Transfer, 2020, 146: 118792.

[44] Li C, Peterson G P, Wang Y X. Evaporation/boiling in
thin capillary wicks (I)—Wick thickness effects[J]. Jour-
nal of Heat Transfer—Transactions of the Asme, 2006,
128(12): 1312-1319.

[45] Tang Y L, Hong S H, Wang S F, et al. Experimental
study on thermal performances of ultra—thin flattened
heat pipes[J]. International Journal of Heat and Mass
Transfer, 2019, 134: 884-894.

[46] Zhou W J, Li Y, Chen Z S, et al. Effect of the passage
area ratio of liquid to vapor on an ultra—thin flattened
heat pipe[J]. Applied Thermal Engineering, 2019, 162:
114215.

[47] Zhou W J, Li Y, Chen Z S, et al. A novel ultra—thin flat-
tened heat pipe with biporous spiral woven mesh wick
for cooling electronic devices|[J]|. Energy Conversion and

Management, 2019, 180: 769-783.



—t

56 www .kjdb.org

R 2024,42(24)

[48] Zhou W J, Li Y, Chen Z S, et al. Experimental study on
the heat transfer performance of ultra—thin flattened
heat pipe with hybrid spiral woven mesh wick structure
[J]. Applied Thermal Engineering, 2020, 170: 115009.

[49] Huang G W, Liu W Y, Luo Y Q, et al. A novel ultra—
thin vapor chamber for heat dissipation in ultra—thin por-
table electronic devices|[J]. Applied Thermal Engineer-
ing, 2020, 167: 114726.

[50] Semenic T, Catton I. Experimental study of biporous
wicks for high heat flux applications[]J]. International
Journal of Heat and Mass Transfer, 2009, 52(21/22):
5113-5121.

[51] Byon C, Kim S J. Capillary performance of bi—porous
sintered metal wicks|J]. International Journal of Heat
and Mass Transfer, 2012, 55(15/16): 4096-4103.

[52] Chen L, Deng D X, Huang Q S, et al. Development and
thermal performance of a vapor chamber with multi-ar-
tery reentrant microchannels for high—power LED[J]. Ap-
plied Thermal Engineering, 2020, 166: 114686.

[53] Velardo J, Date A, Singh R, et al. Experimental investi-
gation of a vapour chamber heat spreader with hybrid
wick structure[]J]. International Journal of Thermal Sci-
ences, 2019, 140: 28-35.

[54] Li Y, Zhou W ], Li Z X, et al. Experimental analysis of
thin vapor chamber with composite wick structure under
different cooling conditions[J]. Applied Thermal Engi-
neering, 2019, 156: 471-484.

[55] Velardo J, Date A, Singh R, et al. On the effective ther-
mal conductivity of the vapour region in vapour chamber
heat spreaders|J]. International Journal of Heat and
Mass Transfer, 2019, 145: 118797.

[56] Yao F, Miao S S, Zhang M C, et al. An experimental
study of an anti—gravity vapor chamber with a tree—
shaped evaporator[J|. Applied Thermal Engineering,
2018, 141: 1000-1008.

[57] WA, X4y, Talde, 55 . & iR Vs % 0% R (A
RIMFSR 2R R )] B2 5 TR, 2022, 42(5): 1093-
1113.

[58] Ranjan R, Murthy J Y, Garimella S V, et al. A numeri-
cal model for transport in flat heat pipes considering
wick microstructure effects[J]. International Journal of
Heat and Mass Transfer, 2011, 54(1/2/3): 153-168.

[59] Yan W T, Yang X, Liu T Q, et al. Numerical simulation
of heat transfer performance for ultra—thin flat heat pipe
[J]. Journal of Thermal Science, 2023, 32(2): 643-649.

[60] RILAS, ZEH, BIF S, 55 . Bl | PV R Y

BUABITEN]. R A5 EOR, 2022, 10(1): 9-19.

[61] Wang Q H, Zhao H, Xu Z J, et al. Influence of groove
parameters on the thermal hydraulic performance of a
composite porous vapor chamber: A numerical study[]J].
Applied Thermal Engineering, 2020, 172: 115149.

[62] Wang Q H, Wu Z H, Xu Z ], et al. Optimization of the
coupling groove parameters of composite porous vapor
chamber{J]. Applied Thermal Engineering, 2022, 205:
118007.

[63] Huang Z H, Tang X W, Luo Q L, et al. Numerical analy-
sis on heat transfer characteristics of a multi-vapor
channel vapor chamber with novel ultra—thin composite
wick[J]. Case Studies in Thermal Engineering, 2021, 26:
101035.

[64] Bodla K K, Murthy J Y, Garimella S V. Evaporation
analysis in sintered wick microstructures|J]. Internation-
al Journal of Heat and Mass Transfer, 2013, 61: 729-
741.

[65] Harimi B, Ghazanfari M H, Masihi M. Analysis of evapo-
rating liquid bridge in horizontal fractures|[J]. Journal of
Petroleum Science and Engineering, 2021, 202: 108577.

[66] Huang Y H, Chen Q. A numerical model for transient
simulation of porous wicked heat pipes by lattice
Boltzmann method|[J]. International Journal of Heat and
Mass Transfer, 2017, 105: 270-278.

[67] Ranjan R, Patel A, Garimella S V, et al. Wicking and
thermal characteristics of micropillared structures for
use in passive heat spreaders|J]. International Journal of
Heat and Mass Transfer, 2012, 55(4): 586-596.

[68] XIJ7, M8, & DA, 4. B 50 R BHIEARIBESE
PR K e B S )], BFHR 5 TR, 2018, 18(23):
163-169.

[69] Miljkovic N, Enright R, Nam Y, et al. Jumping—droplet—
enhanced condensation on scalable superhydrophobic
nanostructured surfaces[J]. Nano Letters, 2013, 13(1):
179-187.

[70] Wang D H, Sun Q Q, Hong M J, et al. Design of robust
superhydrophobic surfaces[J]. Nature, 2020, 582(7810):
55-59.

[71] Hu Y X, Cheng J, Zhang W, et al. Thermal performance
enhancement of grooved heat pipes with inner surface
treatment[J|. International Journal of Heat and Mass
Transfer, 2013, 67: 416-419.

[72] Xie X Z, Weng Q, Luo Z Q, et al. Thermal performance
of the flat micro—heat pipe with the wettability gradient

surface by laser fabrication[]]. International Journal of



—t

RIS 2024,42(24)

www.kjdb.org 57

Heat and Mass Transfer, 2018, 125: 658-669.

[73] Lee J S, Lee J S. Critical heat flux enhancement of pool
boiling with adaptive fraction control of patterned wetta-
bility[J]. International Journal of Heat and Mass Trans-
fer, 2016, 96: 504-512.

[74] Kousalya A S, Singh K P, Fisher T S. Heterogeneous
wetting surfaces with graphitic petal-decorated carbon
nanotubes for enhanced flow boiling[J]. International
Journal of Heat and Mass Transfer, 2015, 87: 380—-389.

[75] SRBETE, 25 03CHH, AT B, 55 kbR AT AR AR R A
X7 BAE IR ¥ VERE RO RE R [D). T ALF R, 2022, 43
(3): 383-392.

[76] skvkagk, B#E, KA, & PO CHRETE R mHRIDE
UL RN I P E s R Rk 2E R R, 2017, 37(6):
68-74.

[77] Edalatpour M, Murphy K R, Mukherjee R, et al. Bridg-
ing—droplet thermal diodes[J]. Advanced Functional Ma-
terials, 2020, 30(43): 2004451.

[78] Traipattanakul B, Tso C Y, Chao C Y H. A phase-
change thermal diode using electrostatic-induced co-
alescing—jumping droplets[J]. International Journal of
Heat and Mass Transfer, 2019, 135: 294-304.

[79] Traipattanakul B, Tso C Y, Chao C Y H. Electrostatic—
induced coalescing—jumping droplets on nanostructured

superhydrophobic surfaces[J]. International Journal of

Heat and Mass Transfer, 2019, 128: 550-561.

[80] B4 dE AT, 5K 1 3¢, SEWIIE . — Ff B )y i B HOGRAE
CN110793367A[P]. 2020-02-14.

[81] mIgfk, BEas 22, FME, 5 . —Ff i o1 20 o) 4 SA I
CN111590281A[P]. 2020-08-28.

(82] Ak, BLEE, M, & . —Fh YIE S0 & WO o )
AL K HIN T 77 5 CN114390869A[P]. 202204
22.

[83] ik J1 3¢, Mifett, sk, & . —Fp o) AT 4R IT
B9FAR $EF: CN113008060B[P]. 2022-01-11.

[84] FR24, [y, P EELN, 5% . MV AEIR IR 1) B sk
THHI R HICY/ER i 4 E A SUGE S0 . S
TR R 2E 2, 2006: 269-275.

[85] T&h, Brent. MAEMRIENTRES 1N FH[J]. i RER
P8 TAE, 2013, 30(5): 522-528.

[86] RliVLWe, A, T . Y AHAE B AR O 11 5 100
X ELIFSEL]. B S 1) L, 2014, 3(1): 12-16.

[87] E e i, PMECC, ZE3R, &% . —Fhas (8] RAT a8 A g ds
TR g 45 A b H 5 U7 B CN106697335B(P).
2019-09-17.

[88] XML, J&l H i, T #k, 55 . fiff G =X 2 A pl %
CN112325686A[P]. 2021-02-05.

[89] T HN 7, TR, BrithiE, % . —Fh DA HE A 20H48
SR CN113074570A[P]. 2021-07-06.

Application and development of flat heat pipe in spacecraft

thermal control
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Abstract

Flat heat pipe, due to its advantages of high heat transfer efficiency, great temperature uniformity, and safety and

reliability, has become one of the important options for spacecraft thermal control. Optimization of wick structure is an important
method to improve the flow and heat transfer performance of flat heat pipe. For the design of wick structures, the method of
designing high performance wick structures was revealed, and guidance was provided for the selection and application of macro—
meso—micro multiscale numerical model. For wick surface modification, the importance to improve nanostructure mechanical
stability, adjust heat transfer mechanism and carry out numerical simulation research was emphasized. To solve the problems of
heat dissipation and high radiation in space environment, the development directions of flat heat pipe in spacecraft thermal
control were figured out, and the shortcomings of current research were analyzed.

Keywords flat heat pipe; wick; structural optimization; multiscale; numerical model
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