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Figurel.1 Several typical field of extreme heat dissipation
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Tablel.1 Heat dissipation capacity of common cooling methods
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Tablel.2 Thermophysical properties of several cooling media
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Tablel.3 Part of microchannel heat sink optimization research work
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Tablel.4 Research on nanofluids heat dissipation
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Tablel.5 Thermophysical properties of liquid metal and water
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Figurel.3 Schematic diagram of liquid metal cooling system
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Figurel.5 Room temperature liquid metal jet cooling device
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Figurel.6 Single phase convective heat transfer system of room temperature liquid metal
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Figurel.7 Variation of total thermal resistance of room temperature liquid metal

microchannel heat sink with flow rate
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Figurel.8 Porous medium heat sink
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Figurel.9 Liquid metal flow driven by low boiling point working fluids
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Figure1.10 The research framework of this thesis
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Table2.1 Advantages and disadvantages of two types of electromagnetic pump
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Figure2.1 Schematic diagram of two kinds of electromagnetic pump

(a) Conduction electromagnetic pump; (b) Induction electromagnetic pump
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Figure2.2 Schematic diagram of electromagnetic model and velocity distribution of
conducting fluid flowing through rectangular channel
(a) Schematic diagram of electromagnetic model of conducting fluid flowing through rectangular

channel; (b) Lorentz's influence on velocity distribution at Z=0 slide
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Figure2.3 Current path and velocity distribution of MHD flow in a square channel with
electrically insulated walls

(a) Current path; (b-c) Velocity distributions along the axis of symmetry z and y
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Figure2.4 Current path and velocity distribution of MHD flow in square channel with
conductive wall with Ha=30
(a) Current path; (b-c) Velocity distributions along the axis of symmetry z and y under

different Hartmann numbers
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Figure2.5 Current path and velocity distribution of MHD flow in square channel with
conducting Hartmann wall and insulating side wall
(a) Current path; (b-¢) Velocity distributions along the axis of symmetry z and y under different

Hartmann numbers
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Figure2.6 Two dimensional flow of conductive fluid in électromagnetic field

(a) Physical model; (b) Mesh generation’
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Figure2.7 Multi physical field distribution
(a) Magpnetic field distribution; (b) Current distribution; (c) Lorentz force distribution; (d) Velocity
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Figure2.8 Velocity distribution of liquid metal

(a) Velocity distribution of liquid metal before and after applying electromagnetic field; (b)

Velocity distribution at different positions along the flow direction
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Figure2.9 Current distribution

(a) Induced current cloud picture; (b) Induced current distribution at x = -48 mm
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Figure2.10 Relationship between exit velocity distribution and Ha number
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Figure2.11 Schematic diagram of DC electromagnetic pump
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Figure2.12 The relationship between pressure head and current with different B/A
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Table2.2 Physical parameters of DC electromagnetic pump

H SR B BRI E
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SR 4000 0 1 / /
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o L AR 1 6.0 1 / /
ek 1 0 1 / /
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TIOF RS ERY, AR E BN 4357390 6095130, 6930919 F1 9859231, FEIR
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TRARBSI MR AT . % 2.3 FIH TIHREME RGN, S5REH, BMPMK
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Table2.3 Grid independence test
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Figure2.13 Physical model of DC electromagnetic pump
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Figure2.14 Velocity inhomogeneity in electromagnetic pump
(a) Multi field coupling of DC electromagnetic pump, the black line, red line and gray line
represent the vector direction of velocity field, electric field and magnetic field, respectively; (b)

The velocity distribution along the flow direction in the middle of the channel (XY plane)
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Figure2.15 The flow rate-pressure head curve of DC-EMP under different flow duct
heights
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Figure2.16 Three types of magnet arrangement
(a) The magnets without iron yoke, the magnets with opening iron yoke and the magnets with
closed iron yoke; (b) The magnetic field and volume of three types of magnet arrangements where

B is the magnetic density in the magnet gap along the y axis, ¥} is the volume of the magnets
without iron yoke, 7> is the volume of the magnet arrangement with opening iron yoke and ¥ is
the volume of the magnet arrangement with closed iron yoke; (c) Magnetic density distribution

between the two magnets with different magnet gaps d
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Figure2.17 The electrical analysis of DC electromagnetic pump
(a) The electric resistance distribution of DC-EMP; (b) Electrical equivalent circuits of DC-EMP;

(¢) The schematic view of the current distribution; (d) The current density distribution in DC-EMP
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Figure2.18 Schematic diagram of ultra thin electromagnetic pump
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Figure2.19 Schematic diagram of ultra thin electromagnetic pump body
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Figure2.20 The magnetic field intensity at the center of magnetic gap changes with the

magnetic gap
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Figure2.21 Relationship between static pressure head and current
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Figure2.22 Flow rate-pressure head curve under different channel widths
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Figure2.23 Flow rate-pressure head curve with current 30 A
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Figure2.24 Schematic diagram of series electromagnetic pump
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Figure2.25 Physical fields distribution
(a) Magnetic field; (b) Electric field; (c) Velocity field; (d) Pressure field
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Figure2.26 The static pressure head with currents for series pump and unit pump
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Figure2.27 Flow rate-pressure head curve of series pump with different currents
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Figure3.1 Laminar heat transfer in temperature developing region
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Table3.1 Thermophysical properties of six typical cooling media
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#HEFR(W(mK)) 0.026 0.26 0.37 0.606  21.8 22.45
EL#F KI(kg K)) 1.005 2.84 3.29 4.18 0.97 0.352
#5 B (mPa-S) 0.018 19.83 3.8 1.003  0.94 222
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BRI HURAG, A48 0.02, BHSHESEN 0.03; 2 -ERHERA,
HA B L 216.6, 50% 2 EE//K HIE BRRFEZY R 33.7.

NaK Air 50% EG/water
Pr < | 1 » | l | ry | l P | » Pr
0.01 0.1 1 10 100 1000
GalnSn Water EG

B 3.4 AFEAHFR TR

45



WL AN B B IR RS @ SR s A AR RS R L

Figure3.4 Prandtl number of different coolants
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Figure3.5 The physical model and mesh of a mini/micro pipe
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aspect ratio, in which the characteristic size is 1 mm and the velocity is 0.1 m/s
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characteristic size, in which the aspect ratio is 10 and the velocity is 0.1 m/s
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SRTT, TR R—FMTRRES, EBREBI/IMISINAS GRS . AT HRBERES
&8, MITERARES &SRR R 7RI 1280, (B B — s S
ERF RS SAHELRAEMNE S, EXFEL T, FIRSMSMAEEBRETRE
SEE R R — MR T .

SRR INF (ESH) Rt inHE, BRESRIIMREBMAR,
FE BRI FRBEXTFIA LS. Gau fl Viskantal'?® PG sLiGMi 82 7B 4R E
A RALRERE, FERT BANRS ERATENHIEM. Yang FA
31 4 L8R T /A i — R AR FEAN R T AR R FE AW T A 3t Re, RIle
BB EERMTHES, ARAMNAEKS, X5EZTRABUMER. I, 5
—FHmP T ERES BN REMEMRE, HANREMA (ISH). Tabassum
NIBAFE R T —ANBraS g BERR, DABF RN I B LK A 2 TR A
AR A Kotze 2 AISSRHY T LASL S ERRES 4 AlSin NHZMEIRE
PHEA, SRS RERFIEEIRE, KR53 RAGIEHIBRRMA N @S
Tt A, AL T — AN SR B X R & AT B A AT v BEAh,
BRI ERSS M (UHG), ©f LUBS B &8 & b B kst
P Mccord 25 NIBEN T — I #1850 5 FEAE AL Stefan 8] 8, 1% 18] 7L T [H B2
th B R, SGRESHEREIEIEE —. AW, <T ESH. ISHH
UHG =& B R LB I SCIR AN AR 4G TR .

AERITEISHOFNEEN R, T ESH. ISH Al UHG =#thn#Js 20
SIRIBI LRI . BT 4.2 WA RMNB T =MER M r, M=
TP B IR T R E S A BT T W AT, 4.3 3O UMM, #TT
— RBVRBERR S, P T AR AR A B AR FE A0 IR A4
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HB B B 52 TR RS R IR Bl R N B AL

RIIEEAL RO . A, BARR] T AR BB AR, &5, W =ME ik
BT T 45& 00T, AR TEN MRS 7 #3

42 =ML AREIBIEST

JNSEPL ESH. ISH #1 UHG, v SR A B in#7 =, A EfEs] 3. K 4.1
N PR ¥ 5 g SeE £ B R T LN R, B 4.1 (b) AHBELEAERET
LIAARTE. ERERNE, £ ERERT, BELNSeREAS%. HEEE
IETE 4R PN R N BRI T LAFS AR SR, FE SR I 7 3 A B A o e AR LA SK B
UHG, WA 4.1 (). &RMEHEAE, EHHENR 4.1 frs. EENKELL
o, BIFN (41D BN, %ET 3.

(a) (b)

Melting metal §

Resistance wire 4

B 4.1 S&BBURI=FITH
(a) SMREMH; (b) ARMEMHA: (o) B
Figure4.1 Three metal melting ways

(a) External surface heating; (b) Internal surface heating; (c) Uniform heat generation

a:% 4.

%Df}q1 =Z—(D22—d2)H2 :%DjHB (42)
a=%=%€%~ (43)
quz%mm=g%QW; (4.4)
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F41 FERpges
Table4.1 The thermophysical parameters of gallium

S HIE Parameter HE
R Tw (K) 302.93 WASEHRE cn(Ikg/K) 397.6
wH AH (J/kg) 80160 BSHER L (Wm/K) 33.49
BAEEE ps (kg/m?) 5903.7 BERER K (Wm/K) 33.6767
BEEE p(kgmd) 6094.7 IR E B (1/K) 1.2%104
EASHRE cps /kg/K) 3723 FiE u(kg/n/s) 1.75%¥103

StF ESH, BimELBENWER D\ MEE Hi 7179 10 mm A1 30 mm.
st ISH, HZERZ dHEN1 mm. AT HEMEEEEFHERSEEFER
MHRRESEY, ZEATR 42) IR 4.3). Fik, XFISH, £EE%& DM
B H ity 10.036 mm X 30.108 mm; XF UHG, &BERE D MK Hs it
35 10 mm X 30 mm. FEIITEARRE ERHRERMRL, X (4.4) Frm. ESH
HIPIR g 2N 10 W/em?, ISH BIRWR g2 75N 99.64 Wem?, H5IRAE 05
HIEFR R BN 40 Wiem? .

(a) Symmetry axis (b)  Symmetry axis (c)  Symmetry axis
§ 1 1
d i
— [
— [&¢; Liquid metal p—
— ' —
— T
—_— jel—
— ! Melting interface el
— i —
Hl qy__|] ! ]| .E_Q7 H2
}
— 3 i
] Solid metal T
— ’!—
p— jod—
— o
A i
3 ) 1
b
1 b, |1dj2 D2
D)2 D,/2

42 ZSRELTTERYERE
(a) ESH; (b) ISH; (¢) UHG. ¥ Hi. H#l H; 53519 ESH. ISH A1 UHG M=,
D1+ Dy F1 D3 435179 ESH. ISH # UHG B, by BSH FHEESBEHIREE, by ISH
RS BIREE, dAHEMZINER, g8 ESH IR, ¢ & ISH B, 0s & UHG
MR 34
Figured.2 The physical models of three melting methods
(a) ESH; (b) ISH; (c) UHG. Where Hi1, H» and Hs are the height of the ESH, ISH and UHG,
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PR IR B 5 IR VRS S SR TR BN A LR S L RYBI 90

respectively, D1, D; and Dj are the diameter of the ESH, ISH and UHG, respectively, b, is the
width of liquid metal in ESH, b is the width of liquid metal in ISH, d is the diameter of the
resistance wire, g1 is the heat flux of ESH, g is the heat flux of ISH and Qs is the volume heat

generation of UHG

Yang % A\USUse gL B 4 B AR AR AL AR REBEAT T H . S5 RRH,
EBENEBER M THMET, BARIRESES . B, ABER T I ERES.
B A TR AR AT LA ZBE B AL BT T, &R 1 H RIRE AR,
RISE, AT LLZEE R i i e Besh, 24 B ARNTI AT LLRIE AN THA, b ] B4 R
IR o ARYE B3R, BESL T R E BT H - IRE T 4EX AR A

B 42 7R T =FEb 7 PR R . X3 T ESH, Efke /R iR
REMREELE N, wE 42 (@ Fw, AN9TPRE, Z 0k EEE KR
g, TREARTARRHZ . T ISH, &g E B i A 2R K 28 A BTE
WEIRE, w42 (b) B, ANJaxIFR, iRk EEERR ¢, LM, T
EARE R BN T UHG, @l 42 (o) B, ANy frsh, 20N, T
HAEMARBHNE, HE WM EE &R E.

EEL RS, @RI AESKMBEX. EESKE, BEEFETE
B o BRI, XA X BT T B . EMUAX I, REETRRRBAT

or 18, ,0T
¢ — = —— (kr’ —
pp&r%J ar) (4.5)

He r BBASERXEHERE. £l SBELR—ERESTE, BERI
MR, WESEBNEEZREIE K. BT Mk, £ERSrhRERELEE
EER— RIS HE TR, ik, EERIr BRI ER O ERS. 34
AR TR N ERSSES, BEE T TER RN A:
, 0T

B A ARS SR XG5, -E R R E A RFESERE S Tn.
ST RIBRER G FENIDFAZM. () XF ESH, ZMHEHINE 2R g, A
IMERRRE Tms (b)) AT ISH, FEHEINIERE R ¢ FEEFHIMEE RE Tn
(c) XT UHG, BAXBEBN IR RREHAETIES.

bEE LB, WAESREX b M by NEERBEE R 8] ¢ ZFBTG . Bk
RENRAZMBENRENTE, TUEH =n WS EEXNERE S,

0 (4.6)
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r+3P, ¥y <r<pj2 = ESH
2% D,-2b,
Ty=dT -2 gp<r<b+d2 = ISH
m 2k 2b2+d 2 (4.7)
T, 0<r<D/2 = UHG

43 HEEH

43.1 BUERIFGENS

AT Voller 25 AR H A48 FLRR BEE I B WA AL R R . X7 VAR &£
ERER: (D REFERETRRTIFRERN, 7T UJ7 S RN, (2)
PR I A B FLIK 3, AR R SRR A4 4 B S FLBR A48 . 27 A an
T

BT
div(v)=0 (4.8)
AR IR s BT R
a(éo )+ div(pw) = div(pugradv) - gradp+ S, + S, (4.9)
s, - (yl f; (4.10)
S, =-pgB(T-T,) | (4.11)

RP, v RNEE, p AEH, THEE, Sw ASIEFREUEDL A THHBHRAE
IRX RS, So ARSIET, p. uv 1 T N PCM HIEE . SNSRI 1BR
HIEE A S, ¢ RENMERE, CREBEMGEIRNFELR, b RELTDE
HI/NESERS, R 4RTEEIF, C=105, be=0.001,

a(—a";}-l—)—+div(pvh) =div(k - gradT) (4.12)
(T
[ edr T<T,
Ty P n
I,
h=1 [ e,dl +H T=T, (4.13)
T, T d
jT”fcpdT+AH+J'Tmcp T T>T,

Ref, kF cp 2 BN SRRBMLRAE, O FAE; h NHRZEMEHT
%, bR (4.13) BE, Kb, T AERES, ZRETREAT, A NERE
B, Tm NERHA. ERREE, » TEEUTESGHE:

65



FL A DR 31 2 TR RS 4 R TR B A FAL s B LRI B A

h=[" c,dT
. ref

y o (4.14)

AH

EREENR, BERESEy RSENSE o XKTPR, KEWREERAE
AT EHE R S A B AR AT BHA TR A, %058 SO 2 B TR A . A
B R, WAL o Ry FEEA B REBUINECFIE, AR (415,

0=[raviv (4.15)

SR B E R A T RS, BT T TR, BB S A A
FEIALIERR, B T SRR R, 35 Beckermann F1 Viskantal 37 sk
WEE BT T HAE. IRTELRBEINE, GEEAH, HEHEILE 42, EXE, i
AT RARRT TR £ 302.93 K. T3 A0 5 B0 f B BE 1 5 B N4 4

R 42 EAWNEEKLRZME
Table4.2 The boundary condition of left wall and right wall

el ATy AT; Ra
=1 10.2 48 3.275 x 105
FH 2 10.2 9.8 3275 % 10°
Bl 3 10.2 19.8 3.275 x 105
%P 4 5.2 14.8 1673 x10°
=l 5 15.2 14.8 4.877 x 105

B T Ra B9/ T 3.24x10°, /N TR FHE 10°, BT AER
IS8 Rk, BUETVERA T ERAERSIMER . KA FLUENT = 85k A1
W, RAETEANBEBEZCRENRTREMEL 2. HEERA: HRm
FHZHrmRER, FEICRAROES SR, BETRAE T iR,
W E S1R{E 7 R /2 PRESTO. BT tH E R SUEX T LM TN R T2
/K107, WTREERGREED N 107, ShEHFERERSUELN 1074, EETE
RIS SIHE U g 107, TEARAIETHERE AR (B JE BRI RUIE T, BT 0.01's BN JA]
HRBATHRS T .
WAKHEERNE 43 R, 5CPIPLUTEENSHOEAS B RER
HI|BIT TR, B 43 (2 BT EEF=FFEKFE ENRES A, B 4.3
(D) BT SHARBAZMGTHBERAT. XE, 6F 6; & PCM IR AR E
ERBHTENEE, BXNO=T-Tw /! (Th-Tn) F 0s=(T-Tn) / (Tn-Te)>
Hep TWfl T Al R =i A MABEM A M ABERRE. &My ZAKFMEETT
W R TR ENKE, &N /W Ml p=y/He, Hrh W He R RN
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E. NE43TUEY, BRIITESERSEREIEYS RE, W T BaidiE
THER TS '

(a) 10 (b) 10

a a Caset =
o Case2 o
° 08| |cCase3
05 ° © ] e Cased v
& ° CaseS o
°
5 P 06
0.0 n
04t
- X n Exp.  Num a
05} 0133 a _—
0500 O _ 0.2
0867 O —
-1.0 1 4 . 0.0 .
0.0 0.2 04 06 0.8 1.0 0.0 10

4

B43 HEHTHEREXRPERERK LR
() =&KX EMBREN; (b) AMARLFFET HR-EFE
Figure4.3 Comparison of the current computational results and the experimental results in
literature
(a) Temperature profiles on 3 specified lines; (b) Liquid—solid interface under 5 different boundary

conditions

%+ ESH A ISH, T RERITNEERIEEE S FI R B v, LHESHWEN
fEERR M. T UHG, BERTREE. K. AMAameEg k8 has, m
4B A ER IV B OB e IR . AT T RS, RN R AT IR IR
SEREIBIE R

N T E B AR AR BB R (R E G, AT T PR AN B 2SR BE T
B 6 HMAE R (40X 120, 60X 180, 80X240. 100X300. 120X360. 140X
420) BEATRIRILSLMERIF, HHEEREH, 100X300 Mi%5 120X360 MK
B R MBRZE EZE/NT 0.5%, FEH 100X 300 M1+ 56% B 7T LA 2
AERRER . AHEP, —HEEER/NIE P KRREF Courant FHIE
R, B—5HBER KK ES KRBT ER R, i, B2kl E 7
0.01 s K& HH.

432 EMERREITH

AN S IR T ESH. ISH #1 UHG RIE4bHERE . EAR&BEMMER
MINRHERE , BiE T 4ENFRIETE T RS

&l 4.4 B75 7 ESH. ISH #1 UHG 7E =M WA E /- bult (BF 0.3, 0.6 A1 0.9)
MRS ERS . SRR, 2BRENHR-ARAE L F—EREERN, XEARN
PAL SIS, X—IREEMRY, MMESHEREESEM. T ESH, &M
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RAMBBINE, TXT ISH, &8 MAAEHEIRE. ESH A ISH & EZAYX

BIFETF, ISH (RS EREERER KT ESH. A4, ST ESHME, /AadE

g ﬁﬂﬁ, WERE S REMR, XERTEANRRTER. YT UHG, ¥
EE&MH@E%%W@W%W

(a) g10

0.
=l g,
0.0

Melting fraction 0.3 06 0.3 0.6 0.9

B 44 BUESHAN 03, 0.6 70 0.9 H K EBAEFA
(a) AMRMEMF: (b AREMH; (o) HIRH
Figure4.4 The liquid fraction distribution at melting fraction 0.3, 0.6 and 0.9

w0

Liquid fraction
-
(=]
»

F -9

N

(a) The external surface heating; (b) The internal surface heating; (¢) The uniform heat generation

©

Temperature (K)

Melting fraction 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9
B 4.5 BUESER 03, 0.6 F 0.9 FEEBEESH
(a) ESH; (b) ISH; (¢) UHG

Figure4.S The temperature distribution at melting fraction 0.3, 0.6 and 0.9
(a) ESH; (b) ISH; (¢) UHG

79T B LU B = A T R & B A PR RE, R R E = B
K 4.5 fTc. TEMAREMEER PCM Z B —Z IR, IXRE R W A X 548 0
T AEERERAD A M RHML AR TE . BEE I TR OHERS, MAEDGRE, TR AT #AH
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Wk, BEMZFAE, BAS R KEE R k. 4REH, 3T ESHA
ISH, BEERALAEINN, MESBRNEEGELTE, T UHG FERRIHA
(R4 R3S, AN, 5 ESH 1 UHG AHEE, ISH B EAAEMAES. LA,
ESH 1 ISH 5 &8 B A Fm#dil. 18 UHG KIS SIA &R FFTE 302.93K. HTS
—iRH9E, ISH M miEE S &® T ESH M UHG.

B 4.6 AR EEERENLE S LA, BEBE TR ENR&HREMNE
WANTHET T ik W F ESH, B BE KR RER S B mmzEgig L,
ST ISH, 5 i 10 L3R B 1A AL 40 B 38 N TR Wi/« X3 ESH, BEE R
SRS ML TEYS BT, T ISH, Ao/ T o8 r, EUNEREHE
W R SRLT. EXANEEA, WEATNLTEE, BAXNRRE. BHit, £
#E BB ERE SRR, EEBMOIBERN, BUGRSERERFERE.
XM TFESBKL T A R B E AR, TR E 2 s P Je R A
pizh, SEGEH MR, AT T %A RER. Fik, IS0 i K,
HEFEUE AL BEARSHEM RS, SBRET .

370

360 |-

340 |-

---- Theory ESH
-~ Theory ISH

350 L

- Theory UHG

—- Simulation ESH
—— Simulation ISH
—— Simulation UHG

330 d

Maximum temperature T(K)

320 - - z

310 i,

300 " 1 A 1 1 1 A
0.0 0.2 04 06 038 1.0
Melting fraction ¢

B 46 AEBUTRT, BERERLER

Figure4.6 The maximum temperature comparison of different melting configurations

4.7 B7% 7 ESH. ISH #1 UHG 7EMS4LE 4 Ee ok 0.6 1 0.9 W HIEE S . 7]
PIEW, 5 ESH M UHG #iLL, ISH AAEKKEE. € XTENE Ra FRE
SRR, I (4.16) FiR. MWE 4.8 TULE H, ISH i Ra KT ESH. XRMHE
SRIFIRTE ISH SR, 11 H, BEEEAZMEIN, BARAXNRASENE
I, ISH MEAWNRSHEERSHEMERZANEERE, WA 4.6 P,

3
_8Be, PR
Hk

Ra (T

max

—Tﬂl) (4.16)
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Melting fraction 0.6 0.9

47 B 0.6 71 0.9 B KIEES
(a) ESH; (b) ISH; (¢) UHG
Figured4.7 The velocity field at melting fraction 0.6 and 0.9
(a) ESH; (b) ISH; (c) UHG

2000 +
—a—  10.0 W/cm? ESH

—e— 996Wcm? ISH

1500 | —=—  40.0W/iem® UHG

500

| 1 1 1

0.0 02 0.4 0.6 058 1.0
Melting fraction ¢

Bl 4.8 FRFIH Ra SIENIE 9 HIRFR
Figured.8 The Rayleigh number Ra with the melting fraction ¢

R EAIHEE T 4B AL IR G 0] EL s B 4.9 B, ATUAB H, ERIR
#IHE T, ESH. ISH f1 UHG HEILI RIRMISN), IE B REE L5 Hi g im
MG, XRBETHEOBREATER, WK 4155, Eit, HaLER
LEHAKNERIER. B4, SHEUBERNEREMATIRAR, B A
ME. BB AT, AL A B B 45
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120 - 4 100 wiem* ESH
! ¢ 500 w/m? ESH
100 |- m 10.0 w/m? ESH
A 996 w/im? ISH
® 498 w/m? ISH

so L | 996 wW/em? [SH i
A 4.00 wiem’ UHG
i ® 20.0 wiem® UHG

60 m 400 wim® UHG

Time £ (s)

0 kamalk " ol 1 . R .
0.0 0.2 0.4 0.6 0.8 1.0
Melting fraction ¢

B 4.9 RERNET, HILEI o 35 RKELE ]

Figure4.9 The melting time with the melting fraction ¢ under the different heat power

SHEW IS REHAT T BN KB, TEHE o €A

i = ESH
pDAH
4qtd
"\ D ) = ISH (417
2 o uHe
| paH

410 B T BN MBS, TE i TIEERRAETH
HRIREER, W0F PR

9 =0.9927 (4.18)
1.0
08
06 L 9=09927

A 1.00 wem? ESH
® 500 w/m? ESH
N & 10.0 Wem? ESH

04 | g A 996 Wiem? ISH
) ® 498 W/m? ISH

® 99.6 Wem? [SH
A 400 wiem? UHG

02 ® 20.0 wWem® UHG
B 400 W/em? UHG
Fitting curve
0.0 2 x ) 1 I 1 1
0.0 0.2 0.4 0.6 0.8 1.0

T
B 4.10 LS 0 ELELNRIE 7 FIRR
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Figure4.10 The melting fraction ¢ versus dimensionless time 7

EREEMRE, R (419 WHEETREMUGEE. BEeEFE DA,
RISRF W RBSSBERNGEER, ETIEEHN:

(pp%DzHAH —guDHt = ESH

o od

(pp%(Dz—dz)HAquﬂdHt = ISH (4.19)
T 5 T 2
ppZ D'HAH =QZD'H = UHG

BHEAIAR (4.17) Mz (4.19), @ LESR:
=t (4.20)

H b, K (4.18) PR 0.992 xR (4.20) FMEIE, HAPEE 7THKE
W B
ST F AR A, NER B GRS, B =Gk AR AE
mAQW&%iﬁU%%””{ﬁFﬂP FETREMAY, &RENIEFEF IR
RE/N, 5 ESH #1ISH MLk, UHG MTERERMK, RFEEESRHEA. K,
ﬁn%%é}aﬁﬁﬁmﬁﬁaﬁiﬁz/m)ﬁ, HIWEH UHG. AT, HREFEB LGRS,
UHG A2 wik. i, HTHERFEREESBENTN, UHG UEH TEARS
L& )E. ESH A ISH S TEEMAS . ZRIABEMES, ISHEM T&
FUNKI 2, R0, BT HEBELFIEEHBALSES L, FHILRERE. RN,
BB R B2 MEARERSERNRE. XT ESH, HEBEMEE &/, AJLUE
AR TE R B 28 R M JE 55 FL I 22 SR ST . (R G, SR ZU s B TE IR A ESH.

4.4 KREINEE

AENFIFLE T =FMERENTIE: SRTMMAE ESH. WREINFAE
ISH f 51 R#E UHG. KIMER BAGERNFMT, JbRmmMHAI; XpE
PPERERAL; TCHRBLEREMT, Bty NEvEstRt. X&BEL
REMAT TR, BH TRESAXRRA, SEMASERYEERE. KILE
ANMEWTFESF, ESH 1 UHG B B AR AT LZBE AT, SR B RXT R &5 4
R G R R E AT . BRAh, ST =Fs4L 5k, AR B TCE AR [a] R B
N9 =0.992%1, AHIWIFRLE N ESH. ISH M UHG AL HERERIELBHRIE TH
MERER, S ELERESERAEERGEP LIPEERETEFEENESE
o
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51.1 BHMEERBEREAR

WMAEBEELHAE. SRABKRTHEINNR —FE R RRREIEN R
(1391400 fridg ek B4, KB b4 TR #ok B2, Rk ISR S & s it
441451 Wb, SEAESR, BEBSSBEANERIREE A 7345
BT AME, mEtEas A, X HEEM, miERHOLTREN. BT
WAL BAERR AR, THEBENRBSSREZEBRNM, EHEKR,
PR AR E RTINS RS & BTN A RGN 6 1B 2115, (B2,
X PR LB W R B AN E AR R, B, Wit REAE KRR, 5%
REENEUER B AMEERREEBRSEBANEARNERRE,

WHRARYELERIHNE, BERSEENESBERE LA RENRME.
Amy Z N T —F R R HUNER , %58 I 7NV 25 3 4 v A5 I B B A
B, RS R, AT, XMERESRE, SRS, B, B
Pl HHREARNRE, AR EARBENESI L. B THWRES, mSak
BT R A SR B IS R0, TR BERE AR RKNRIAR T, CMAT
s B4 BYA IS, TR S MAHIE T EHEREREH T RIEN
Rif, WEAT 100 kW. ST/ RBESEREIER, R RERTHENE
WA, BERBREAESHEA., EBUNER S, REES AR,

KT R BT RAMEAER, Mansour ZAUBIFAT 1.3 L/min 1 10 kPa
MIBETBRIRE. Lee fl Kim'4¥eit 7 B BRI, BIEHEIN 200 A RERFLAT LA
B4 3 L/min B E . 7 WA EFIREE, Deng 25 ANBRW 54T T BLRLR BRI
#31155), 7£ Miner 1 Ghoshal (B 156eh, H R MR MK EKH 8kPa, K
MEN 1.3%. Polzin™I NS LT T B BRIR K EMARRITK . SR,
BB B BUE NS E K/ T 10 kPa, HE/PMT 3 L/min, CETEHER
WA EBAHNEARRESR, XRE 7RSS BB ARREIRERE, K
EI KRR

H IR R I G AN R KRR T RIE M - TR, ARA T RER N
057, BAR R TVEREEI 2, (BB AR e S FhanFerl e, S/ ERRIERE.
B, HTHEATUESEMNGESERXIE, SRR XIEKA R, H
i, AR B BN S BERIRAR T, PR RIS AR T .
VETEHIAR DL TT R R IE I B A AR IR FNB RN . 2RTT, 72 Hf K
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WIS AR — bR Sesh, BB E R RAEIERT, FtE
EBMEEHRTEN, WEREESRESSREEESE, AR B, B
BB RIS, FRIG AR IRE, W LAR SR IR, (RIXFh RO
RIFEEE WM., RN ERR RIS RETREEN, R R R A4 H IR AN ] H I
HFE, TRERERAFBERNEL. REMER.

B2, BB TER IS, R IS 00 Ak 5y 2 OIS T AT T REN
WA, R, ERXMHAEERRA-DERER, Lhrl, T=/RREME
TR, —J7 T, (KRS IR SR E AN R, T InEs k. 75— 0,
R ESRRRE, WM IXERE . B, BRI Eg. W
BESHRMEREN, FELEEEZR. I, BRo RERME T —Fhite
%, BIESLRRIH, LACERTFLRAIER. BARNMMERBMELR Oz
11T KERBII, B34 15, e R AL51E 100 kPa [5 3k ) FBLR U5 R 7T Ko
PRIk, FESHBRIATRART, IR BRRNRIEIERE, DRERHEXR
MESEMENE R AR

512 HEBEBBMEREA

St FRE TR B R, MM RGREMERS, FILRBRE/INEAR
G AR BE. BRARTFRANERERAD, ERMNBHBARGRAK,
SHEMNR&MERBEKR, BARGNERESET T IR, R\l 7=
FAAE. Blan, X STERIREMR/ADN, EREAEARK; Ei0A Bz EEt
FRRRE; MEXRITHEERB/NRL. AR TRERARENBIUTHKE,
BB AR C A R BT A A T S BN

O o} 78 7 2 (B AN BB RO R B R R EOR, RAER — I RT &
B—ANE, BERREE, BB RN REAREN KRR BIE S P, W
VRIEBUAUS], B fCUI e IR B CIEEOR, BRI LY R F AL
RS . R RAE R R BT IR A AR TR, B B AVE 1 LLRF
MAFWEE. HET VC ER/T RER, MNERYIMTR TR ERESN,
WEICABME, HRMVENEREEERIILEAR, BimMARRE BT
20cm, FHEERIAK, BREEN TR UELAERNY], FRLHAEN CPU
BEERBER, EARFEEELRM, FRIAE. VCHFHABAREA G
A2 ERROET, NAREBITEEER.

XTI AR, AR ARBERRITTR, BN EREANZEE
KERENE, EEECUEBFREEER TS IEHslel, wih, mifx
ENRUAE AR BB BIN 5 DhAE B T A ROy, IR T SR e AT S 1 . (H 2,
Bl THREERBENETIER, RHEEET BT AERER, TEERES
A E AU T BARNURER RSB B, B R ENMSEE, W T a7
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&Y, HRIHHGEERT 34, EKEEATRREGRE TEL KN
B R, YT REFARE. BESRsMERET, X FMBIUNERE RS
FIAT SR T Ak, tRIER B TREEBEFEMNES HM, BERR s —
BEARBEER A B AEINA .

FALLT BT D BEE0 FIAER , FRATR R IR 52 SRR 0 SR Bh ), FamE ) AR )
AEEEELHS, Rk, REREERFENHME, WTLUE— M,
BARENATSRNE. ARREERANNREFRENSRE, —BATEIRS
HREES SR, EEAHNFRK. SR, 2SR ERAERES. B
IR S SR A EI AR A T 2 1440 B A T RS

(1) HREZFEA LR S mm BLF, @EEERLRTS

) BAEERAFRBNHIE, WK,

(3) HHABNERIT, BIEAERA LB EHE, RAHRE
HIPTSE 1

(4) HHETEHE, WRER;

(5) VRVARLERTT LR T S i AN AL 4

KB 52 f 5.3 WAHFEA IR T BRI R BRI ERR, A
RIEMERE. TERE., WEMSTmIET I

52 BRIRHEBHEER

52.1 ZE5WigH

BAUEH T —FEREBRELEW, BERN —BEARERR=0EEM,
Wl 5.1 Frg. B—-EAMEOER, BSEBRES—BHKFRIENERR
7, BRNKERE. SLEREER, BEMEEEE K. £R. F=F
MENERREN K. EEERBSERBRAKX, HAZK. 7 HRRMBERA
B. “V” BEEHURBEBET IR, HARREIKiEK. MAERE V7 BRRIRE
WP BRI, WD T REK R, BTSRRI EE, 7 LURE 5 iR
REMEE. B2, BTHRSEERRERAKR, NRAERERZBK, BEER
LUEHE, T BREE ERAR, WS XIRAK IR K. FrLLRE R
ABETCIR /N

ZEMAE. R B SETAR, R 5.2 (a) B, WEL T AR
REk ), SRRk X BN S RSB A, PR B AR B AE SLE R, 5.2
(b)) SR T BRER B 44 . AE L A B3 A0 EAE F F= AR IS AR 22 BT
BAERIREshEMEL,
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FH B RN 2 IR TS 4 IR TR B0 1 LR R R HE B AL

Fifth layer
1screw
2 fixed plate

Fourth layer
3 upper wall

Third layer

4 electrode

5 support pad
6 insulation bar

Second layer
7 lower wall

-First layer

8 cover plate
9 nut

9-

pore e R

e

E 51 BREBRELEW

FigureS.1 The structure of layered stacked channel

®) Flow duct Electrode

Magnet

Iron yoke

B 52 BREBRMESEN

Figure5.2 Layered stacked electromagnetic pump

K NdoFeB bk RS, SBRA R RSk TP 1 RE SRR /K HER
ZRBERINREREBUT, B T IS LR ERTERM L. HARZAEREE
MR, 7EmR T ERABIUABOR, && LIERE) 80°C £4. HTHEH
EHRKEREME, WESHHM, TR RmEENIEEMS, WEE. B 2.
W AR RIS, fE R AERAE N SREFR, ERRME I BARATRL, B B
I, FRARAN A 2 K BN . 3R 5.1 A T Rk s LTS 4L.
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- %51 HABRBENEWSH

Table5.1 Structure parameters of electromagnetic pump

WitSH HE
W% E B(T) 0.95
Wi BB d (mm) | 4.0
WEARTEE wm (mm) 150
WK E I, (mm) 50
1 H 1(A) _ 0-300
BAREFR 4 (mm?) | 35
WESE b (mm) 1.4
T EEEE h(mm) 3.0
BIEE w(mm) 140
EEKE [ (mm) 370

522 ZLGHRE%L
K53 (a) PR NERBHESE LR NETE. BEEmER, 53
HEE L OIS NRSLREEE, aEEAREUENFEL. BTHSSE
BRE S RAEEN, EHELSHMESEE L, SRRIURE=E. 8T EREWL
B, BIEFMNSERNSERT 1 ml BEENMNER. BREEFERTER,
B ELN 0-500 A, B RHIH IR 2kW, |
[ 53 (b) NEBERBMRALS, (HEERBEENTELR. RAKES
RS BEGETNEEARRE, BEfAARKE, aRfETEINER
W FE FE T 0 L PR I R R ). BRI RVRSERRE, REARKIIER,
#5.2 FERENSENIREE

Table5.2 Uncertainty of main equipment and physical parameters

3 RAAHEE ZH BRARAHEE
P +0.25% I +2.00%
gv +0.25% 7 +2.85%
U +2.00% R +2.86%

SHRHEESTRAR 5.2, FIERREME REKAREEI T (5.1-
5.2):

onp 1|01 o0 O o O o o 0N
2 (ELSUY +(2 8D +(==3g,) +(==NAP
” n\/(aU U) (a] ) (8qv 9,) (aAP ) (5.1)
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R A B 2 2 TR RS 4 R L B0 A% AL T L FE B 9

OR 1 |OR oo OR oo OR o o OR |
R R (anYU) +(a] o) +(aqr5q‘.) +(aAP5AP) (5:2)

®

B 53 BRERUATE
(a) BEAMATE; (b) haseiabl
Figure5.3 Test platform of electromagnetic pump

(a) Static pressure test platform; (b) Dynamic experimental circuit

523 MRERS5HH

5.4 (a) BoR TEpEKFERRIEN. NEFITUES, fHELEERER
PIRITH&ERR, SERTIEA . ZHEEENRERERN 1.4 mm, #
BEERN 0.95T, RI\AN (2.14), AIUHESHBE LSRR AR R, AP
=0.679*], LI E LN AP=0.391*/+4.135, R TELEL. XZFANRIERE
NLEFZB AT LRI TR, o BARARSE M XI5, &R
PFE. LN 300 A B, ZEMSKELN 120 kPa. ERATH T HEIEEA,
ZEELARLL T RS M REERS T - MER.

B 5.4 (b) BR TAEERT, BEENRE-REZZARXR. BEREE
I, BRI E Z R RS . SPUEAEL, BlREE-REMERE
IR, IEHEBEREITERE. AN, BB, EE-REMSGERS, B
DL PR AR/ R AR P R . A FR IR 300 A B, X RS AT LUSR
BRI R EN 6.9 L/min,

B 54 () BRTARBRT, BEENRE-RERR. BEENSIFEE
FERES, —MoRAERDEATRINBSERE, 7 MoRIRESK, FEH
EHAGIE. NEFRITUEH, SESPYE 2 BRENEEERERY
K SBEMERN, FE—NRERENE. FH, BENEEBRRE R T
%, XEHTEEASBRAETFIRR, BEEMEN, BRI SIRNLE
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ES5E SEH BRI B

Bk, EASHRETAN, ENRREAT 6%, T ERENE— R
6T 3960153157, ZESbRby TRRRLA o, SRR I AR S R BT R AR T
S RLE FRRUE 77

_P—qAP
R = (5.3)
(a) (b) 120 ’ —»— 300A ——250A
200 | = Theory data - —— 200A —w— 150 A
- @ Experimental data 100 A S0A
& 100 F
Zisof AP 06791 £
< wf
® . 8 .
oot £ 6or
iy 2
23
:E:' AP = 0391 14135 & 40F
“ sof
: 20 \¢ v
v
0 ; . . 0 . | . A : L
0 100 200 300 Q 1 2 3 4 5 6 7
Current (A) Flow rate (1./min)
1.1
C
( ) 14r —a— 300 A —e— 250 A (d) —8— 300A —e—250A
—— 200A —%—150A —4—-200A -*—150A
12F —+—100A — 50A 1.0 —+— 100A ~—4 50A

1o}

e 09
78

2

2

',_. 6l 0.8

Electrical resistance (m§2)

o
“

.

N A S I I R S
Flow rate (L/min) Flow rate (L‘min)
B 54 HERENMEGELR
(a) EEESLBERITAL; (b) REREERTFHRRE-EAHL: (o RARBR T AEMEIRE
RIARAE; (d) S e BERE IR 1AL

Figure5.4 Performance test of DC electromagnetic pump

(a) The static pressure varies with the current; (b) Pressure head-flow rate curves under different
currents; (c) Efficiency-flow rate curves under different currents; (d) Total electrical resistance-

flow rate curves under different currents

SRR LA PR LR T 2R B ThRER B R EE, AMMHRK (5.3)
E, EEARUERNTET . BEEANRAERSERE S Bk ARt R
DEBSERBASHEME. B 54 () SRTEAFEBERT, BRBEEANHERE
RER, EHEBKERNT 0.62mQ 1 1.0 mQ 2 /6. &REH, SHFEME
FEMBEINTE A, EARGKET, BFEEN, SEEBR. XRHTRESER
Setgy BAEEMEE. YRSERE LR, HEapE/LFETRRBEME, H)
SE&RBBMME, HESEBREERZAEMAEZ, EisElR. B8RS
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PR B 1) 2 T RS 4 R U 3 1 AL e L Y B

&R 5 MR AEAEEAR I, (B2 1Zm i R R, BATERR
MR BB, 3R B EBLRE RO E AL S FUR E

% 53 B T X B R A A A S A0F k. UAER RSk B
Bk S, UL IXR TR B R AR R R KR IE R

& 53 HEIBBEETRRNERKEES

Table5.3 Static head of electromagnetic pump at different time points

F/A7 Fr ik

2017/05 82.75 kPa@200 A
2017/08 79.87 kPa@200 A
2018/10 83.36 kPa@200 A
2019/12 81.91 kPa@200 A

ZERHER IR EUEY B T AR HO 32 R R U8, 72 Mm I
FE BOER A RE B AT B T IR R AT . BB, IR FR IR i I ELK Y
Phik. ok, FZRBKEIK RBEAE 200 °C LURLAE, 1 FRB #4 K R BEFE 120 °C
DL AR, XFREAUHKRERRESBA A B FHR4, BAARATRHE TS
SRIIE%L. AT IRE TR, WLCRAREENRIEME, FFXHE
REGABT Y. FUR, LR BB R N R T TR, ERNLRA
hEEIERNER B &, BTFRKOREA, EREIER S SHA
e K AR RARSE R . BT TR LB S I 1) RELET 75 B AE 4 fa A B[R] L 1R B gk

5.3 HEEHBEIRIT
5.3.1 LEHgit

B 5.5 NBHBEMERNRER. ZHEMEHKARES. Bk, R 20
AR BN ERMR, ERERKN ENERE, X THEK BT BRSEE
HiEEmRE, EMOREmMASAE; I RARS S A ERAER AR,
TS, SHABEAEREININET, BN, HMPOvigk, RmEBRE
RO, K ARG N52 Smimisk, NN 20 mm2 mm-S mm, HA 5 mm 77
AR IA .. BRI, BEAN 1mm. 43D D, MEARE. 2
R R SRS RIFAOA0ERFE . MR AREE N 4.08 mm, KEMEEN
30.19 mm, #HOEZEN 3.2 mm.
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55 mEEEBRERYT

Figure5.5 Dimension of ulthin electromagnetic pump

532 WAL

BEEERNRXEERBNSHEREESN. RE. BE. BR%, BIEE
THE 5.6 FiRMAS. BHREMNRE BT EEARBNE, TEEREN 040
kPa, MEBSREHEITNE, TEEFREAN 0-100 mL/min, FRAKERTRSR
B, SR ARRKE-RETES. B TEREEENRAERSEE L, R
B UBEUERENRHRSEEN A S B TE, FIUREFESLRBBIAS
feizft, JHH, ESENESTR, BSERSRESN, WMEEERE L,
MIFEEHEA F7, FFU RGN RARBEEENERRSSRERE. AHANRAER
SSVEVETE, HANBANEEMAS, REEH=EBR, BEmsE, £EEER
T, BALERESEHNERER RN,

FEbRIER A, AR, BT RGEITTESR, HBHEIBKR, RE S50
FEEFEE 30 A B, BREETASERNOEEERE) . TZRERET R
MEA S/ NERKRET. BHRETARNRRETHERER, Aok eE
PR EER. ETHAREITERNRG, RIMNEFRIUTERRAS, KHKE
FMERSERBRE.

e -
o9| ot 7% 0 ]
) ‘
A
LA
=ik 15522 =il

Bl 5.6 EFWRERS

Figure5.6 Schematic diagram of cycle test loop
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R B B 51 B IR VRS R TR B A AL S L R 7T

B 5.7 ARHREENE BRI RE R . BEEIERTEN, BlE
& @ M A v SRS 18 2 A MM v, e b 1R DT SRR 19 i R 7y, ki
KRR LI HOE M. el MR RNE S, RARE, EREERNEA
T, FLMERES ASEBIR—®&E, REITHT MR ANE. JE 40
A RSFRE A, AERE 1.5 RUBRSEREERIMSERME; Bl
R 778 R 2 A A B R B R B iE T B IR e 2,
LR Pl R R SR E

Bl 57 FREHFNABEEMER

FigureS.7 Performance test of electromagnetic pump by weighing method

EEERSERZA, FENRRFHITRIT. A 99%EE1ENRIRT
i, XEF TR EFRBENERNE, FHRRESBETE, H— 7 EBEEE
HNENIER, BEEEXT & REE N BEBATE . BRERIRRED T

(1) #EEZEARES, HHIEE TE,

(2) $THERIE;

(3) [AMERFE P ETETERS, AV A 2G5 E 172 & E T R

(4) MBRARERE: —/DNE, HRRIWFEE, WNREE TR

(5) M VRS 36l TR ARG B SR B IR RMLIR T R 4, it
Pl RIEREHEK

RIRZ G, BERSER: RASEREETNE, RERTHME KA, W
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BT St IR ROR A

T, BEEUE, FHRSERE, WEEHEREREHE R ZIMHAS
H iR BRMEERF B T RRE-E A, B sRIRFF R &
GRS, TS RS S B ESE. BANRARED T

(1) BiEESMERE

(2) BEBMERR, HITHERE 10A;

(3) HRATHEREITFEZRE 0° L 30° . 45° . 60° . 90° ;

(4) EFAFEBRBITE T HEENEZHE;

(5) FAFHERE20A. 30A. 40A;

(6) EESLRE (3) - (4);

(7) FKPIHEIE,

533 WBERRSH
FHAERIET, YTRSERRE, MAEREMENETRE, IRKT
2. B 5.8 NEgRSHREBRZ AKX R. NEFTLUEH, BHHERERRK
EEBIA(, AP =0.365+0.45*1, FEBERHHETMLBES . LT 40 AN,
EE TN 18.5 kPa. WEEE Eiff, BEL-ERXRETEAK—FEL,
TS BRI &L RIFAEEIE 0.365 kPa, XM TE/MERSEB FHIREER
K. BORTFAESIE, BRAZBUER/D, ATLLZA .
20

18 |

—
=)
T

14r AP=0.365+0.45%]

1 M 1 L 1 2 1 n 1 2 1 M 1

10 15 20 25 30 35 40
HER (A

B 58 BUMEHFHESRREZANRR

Figure5.8 Static pressure head-current relationship

& 5.9 FRIREH RN 10 Ay 20 AL 30 A, 40 A K, BEEKEL-IR
Ehze, NETTTUEY, MEREEM, ELBHRE/DN, T 200N
4. BEEIRZhERIEH N, Mesthgm bR, UNREMELEEM. ik, A
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H A SR B S IR A R U B 1% AR B B I B A

K 5.9 A CLEY, FEEWRSIERFRENIN, SRmERWEI, B8R
e HAN30A N, mAREN 75 mL/min. '

22
20 a 10A
18 b * 20A
Q
v A 30A
16 v 40A
14 b HA
:::‘ A ¥
-‘5]2" A
j—»j\’_lo; A
= 207
S+ Y A v
6+ ¥
a :
) 10 A ¢ v
4t . o .
5 L ] ]
= = "a ° F Y v
0 1 Ll 1 " 1 1 " 1 1 ]

0 10 20 30 40 50 60 70 80 90
it B (mL 'min)
59 HEREE-REMHEHLE

Figure5.9 Pressure-flow rate curves of electromagnetic pump

&l 5.10 ARMEAREREZM L. NEFITLIEER], ZBHERRE

N RIRHER BRR, XN T2 BMER T N 2344 5%, BFE

BB R, ERENSM, BEEREEI LG REBE, A RK4%

R 172 NIRELL. WAk, BEEBRIE K, BERENRRBRIREEMRK, M 3.3%
@ 10A [FRZE 1.7% @ 40 A, HB RECRFTR MR =R T8 K.

4.0

35+ 10 A

30

ME (%)
u
(]

—
(9]

T T
»

1.0 F A N

0.5 "

0.0 ' £ 1 L 1 2 i L 1 L
0 20 40 60 80 100

WE (ml/min)

B 510 MERAE-REXR
Figure5.10 Efficiency-flow rate relationship
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B 5.11 NHEBESKKTHFEE. HERSREMN, RERIFESARE
EHER. NEBERAELZE, RARRBUNEERMES SR, MK
H# SRR, T4 RE—EN, SERSHRE ZRTIRR, SEPEE
BB, TESERRRA T, BRATA BB A BN, SRR DR
ORI A, FREOC R E R B RS B MY At .

0.6
A zione YEOOUR <4E3NE
05 & Smayng WEsng e Zerns
1 v
04}
"-;-’4;,0'3 -
.S s
0.2
0.1
0~O i i " 1 " 1 "
0 10 20 30 40 50
W (A

& 511 HBEEIEE

Figure5.11 Power consumption of electromagnetic pump

FERMEAEN, BSSRBREERINIRET S BRI, BT R
fh, —EAEAGEEAMEBEME. Fit, BEREABRHES 3 HoEHK, SFEakE
fH, BASEEME, BA4E SRR AR, FATES I EERM N
HIEEE, SRERRCAEIRIRE T B, WA 512 FiR. NEFATLES, HBR
HEIEZA 0.3 mQ, A FRMERMFEEESN, RARZRLESEZRHE
B B LR P P B B RIR] o X R i T R 424 (0 F A IR ) B AR I E 5 LR
BEZHEKR, BASBSERZAEMERK, BaBEBORE. RIFN
R 5 M A R L L AR T B AR .

N T VP % LR SERR N A P RS R IR B SR . BATLABE 9-4900HS
WA SR, T TR . S A ThEN 30 W, HKEB/TRE 105°C,
R~FY 20 mm*20 mm, SEF 8 0 16 RF2%it, ZERINEK 3.0 GHz, mEME
43 GHz, % Vega8 GPU I 4900H F1 4800H B (%, Fi# T 3200MHz W17, &
AL BEIEDEE N 30°C, BHN20°C, BSERMENRERE, BEN
0.5mm, FESEN2mm, BEN20mm. EAEESH5RE R SRR
HER T EATIFE., HE4RB3)2S EGalnSn KEN 33 mL/min MFRT,
SR BEBEANS3°C, BNTHRASITRE. HREXN 33 mL/min i, 3]
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HIRLIRE) IR RS & B IR s AR LR A

XTHER 5.9 FEIX LML, WK 5.4 Frm. NARIEZR, XEBET RO, &
BEL3 /A~ R F AR T RE SR B 3k o |

0.8
Agsrngy Fuxig - BINE
SEONE W FE5NE © oINS

061+

g 0.31 mQ
=04Ff
E . v
_; !é & 1
' : & ¢
0.2 F
0.0 ’ 1 L . ! ﬂ
0 10 20 30 40 50
i (A

B 512 BEEREESRAKKE

Figure5.12 Electrical resistance- current relationship

#£54 WERN33mL/min, BREEREXTRKEL

Table5.4 The pressure head of the electromagnetic pump, with flow rate 33 ml / min

B (A) 10 20 30 40

&k (kPa) 1.1 5.2 10.3 14.1

5.4 AKREE

Xt 2.4 NRHMERES R MBE EUEERN, REIHT TR
FIEM LI TFl . X T 2R EB BE, WS 120kPa@300 A 2, 2
BRI C#ER & &7 EARBASRELEFEANEIERRERT 6%, FilHE
RN 3%, Tm T FEKEERNRE,; BRENERRICN 2L, FHik, 2R
WBBBERELIL T mEk, SR, FAEWEE. S TEEREE, RN
30 mm*30 mm*4 mm, 7] PR 17 kPa@30 A BIE3472, B KIKE 24 75 mL/min,
i R LA 30 Wil BT K, EA I A BRI EERNE.
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F6E MELSREBERFERINERLIHA

FeE ASEREXTERNEAITRAR

6.1 5lE

/OB BRI EE LLREA K. KART/NR A, 7SR EIRH
S e R AU, RAEEIE R TR E, OB IE TR 4 A ROK B IE AT
BB BRI, KB SRR R ALk B LE Bk, Tl
BN, AT AIRAB I K B SR ALAE R . £ Tuckerman I PeaseVH G TAEF
EUGEE T ROEEAH, HEILT 790 Wiem? BIBLH, BRI E T KEE 71
°oC, AN, JEITER BRIGHRUVATERIL ARSI GRRIT AL T8, "L
BB B OB A H BB A T . Xia AN T —FhEAREE /1 48 W Y
OB R, BTN 0.81 cm?, BIBETEE LN 150 um, JBE = E Iy 300 um,
rEEERE, EEEM A IERRIFTE 45°C B2 60kPa BE Ak . FEit, i
RN, EAfRRBR, W SBERM IR, thoh, HoBERIH
VER BB B 8 4 B R R RE I L S F 2 PR R 180

BB IE AR B —F RS RAE TR, IR NJLEXK, Saad %
AR ERR S T B E N 2.56 mm, BEEEN 1.0 mm F7KAFHUBE T,
GERER, ZREERTALE 5.2 cm? TAPISEIL 41.45 W B, BRI
%342 kPa. SXBEAN D THEAMEE, HEEB/AD. R, SHEEA
AR, BHSTRR AR BEK. 45 LT, ReRIBEA H RE B RIIE AR
A B R H A A BARKE AR R, SRR E AR, 1RXE
T P A AR SRR W R S S ARk . X E B R H T RAKIK S RARL
B, 294 0.60 W/(m-K)!S2, 33X 8450 A AR IE 7 B SRAG R AU i e 38

EGalnSn [IZhASHELAKKFRE, EHRRET, BSSREARGENE
FRERTFKAUNRERSR, W THBEAH, EREMEZE. (&, EGalnSn 7
ALK 40 4%, EXBSKEEEMRMAHZER, BEFERT, B
S4&BAEEEKEE TSI S AREERR, RNEABRERD. Bk, B
& B2 BE AN LI AR RN E R FEEA DR T — M ERSI I/
fRRTT SR

TRHE N RIS 4 B A KA A S0 T3 LS v 04T 7 SRR LR,
F& T FF LEDUSL, Byt A OAMBES SRR H . XEH R EHES
EREESBIOBEA AL L, @ REXEN. HH, XA AR
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E R R B 5 IR TR AS S R VR A A P R B R RIRIT 92

BELE 50 Wem? LAF, FFRI RS & B & A0 5% B H U7 & . Luo
e \[8SIg 4 R ~F 9 2.85 mm. 1.67 mm A1 0.91 mm KRS &8 AT T A,
B R ThE M PR 2 AR 80 W@20 Wiem?, B H KRR, FRIETHR
SERESAMEAT HMEFHZT RS EHIRE . MM.Sarafraz 55 A\ HI50L5
Wl TSR RIS EE F R EIRE T, HFE T ERERRIK T
R, 05 IR A AR R B . Xiang!'$71%5 A SUE EE T AR SR /K FE 108 T8 Al
REMEFHRA M. SRERW, REAREKENTIRRKE, S0RER
ERTIEAmEEN, SERITHAME A KB /N, Liu S AUSEERB R 7 EAE
ANOFREREBEMEEEWSH TR, KA GalnSn A7 T-Y ZUH08EE &
B, SRRV IZMMFET, MREMNRHTIE 4.7 W/ (em* K). H&iE, Yang!'™)
S ORI HC IS RS £ R A E AR A BN R B AR RE AT T BE L. £ R
R, BAEBEAHNEZKBERTTHEEG BRI TR
mEFTR, XS EREREEREE, CEFKENHA, WEREE
Bk EKBEAINBET . R, ETEERSEBNZRIBEEAI KL
WA HAEE A R I B, BUF BT 2 R EUE RN, KBS SEI T A IR
INDHEREH, FRLIRESEBERARE ERH T LR .

REF LR TEERSEBEERZRATA R ERER, FRk—
ERHREE. KIRATHNBSEREZRKREEAHN RS, AET 6.2 MoK
HHFEIE T ERBERIL REBELTETEERSERNZEXKBEAHRE;
6.3 TAMEAR BT ARBRAFMRIEINE THAT 7 LMK, WEERSE
BRI SRR RGRAT T = BTN R,

6.2 MiXRGEE
6.2.1 ERIBERIILI

B 6.1 NEFXEBRANNEHREE, BERTHN 1 mmX5 mmX34 mm,
e 204, AIFEN 2mm. #EH O ER 438 10 mm. JRAR 585 85 AR
T, %A T2 80k, BERERRABEERE. 7ESRORRR R BE % S
BT E . R OBRBESR b, RAIBSUERE .. FIEERH/SIREAFIN
AR AR . PRSI 9 2.2 mm X 2.2 mm.

B 6.2 ARSI BFHEN M ERER. MAKEBAD#EART, R
JEMAFHRIE, RRHRIERAE, BAETERERS . PEGEARTP O
B, IHN22mmX22mm. RIRSHGTZ AR AT AR, kL #E 2 (8]
A RAGTURAR BN 2 mm.
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B =5 mm

»
>

<

Inlet/Outlet

Nutx12

BoltxX 12

Cover plate

Gasket ring

B 61 FEREERIHNEH

Figure6.1 The structure of minichannel rectangular heat sink

n=20
A

=34 mm >]

22 mm

W=52 mm

L=66 mm

\d

B 62 AEEHRIVEXAE

Figure6.2 The relative position of minichannel heat sink and heat source
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Table6.1 The dimensions of minichannel heat sink

Z @BEEW BES BEKE MW E EEEE S#HHOER
# | EF(mm) FE(@mm) (mm) (mm) (mm) (mm)

HE 1 5 34 1 2 10 20

6.22 HHREI

BHEREN AR AFEEFRET . ARHE T hRRET. RHERE
T HEBRENE. FFRETEM N FEKERIE T & ER IR E,
HTHEERBEAND S E RS HEE. B AT RIFIRHHE, KWERT L
BEPSR A S BT, A RE IERA R BURE W VR B THAR IR B 1T iede i iF,
HIAE BB IR R B R BT W EEAL, QI (A e & AR B iR, 1
WRET. WERE e, BRNEERSZIRAFENTWE, T
EHREH RS SERARERET . ERRAET T LIIE S RRARRE, T
BERNEM, MELSRAZREMER RN, TUHTHERSEBERRE.

R E TR R . LAl PETISIH ) tieshit, ikt
FEAR IR B BN Fy . BN BN RN 5 SRR S BN AR R Bh i [ E L.
FIRE, 2T AL & BRI VIR N 2, RN R AR B P
M AR B Ao N E A7 8 R TR E , BB BRI A/NHU T AR
e :

E=BDU 6.1

K BN S B—HURRNRE; D—EEAL; U—RERE-FHRE.
IR E ¢v S THARRE U 5EERIE (oD /4 BFRBL, KX (6.D
RAZAE:
4 ="E
" 4B

B EXATH, EEEER D B BRFFEBPEE B AN, HMERI
ESRMBEHELERR. HEEENME /AR BAR, BT 5 NEN AT E,
MELLEFHAIRA, Bl RIGERRE.

HE e CS ZMMNA T Tk XM SRR ERNE. FEATAI. &
&K e HR. GHEOK. B RS, BEWTILA: BERETRAE
RARBNEMNR, PZRWNTURE. HE. FEULFEEREI; BRR
EHRAEEE RS, A TS IHRK, RN BAS I EEHR.
FHEEE R, MESRR SHEMN R THRERIEL, M5REPRETR; B

(6.2)
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R E T TR AR, SR A, T LA RS Bk Eh A, T E T, EE
BRI (5 B B e P R SR R M (B M AT 5 B4 |

A5 D R B SR R IUR 2 A B LA 3161 sufbt kL, BARA O-
1.5 m¥/h, WEHEER 025%, RIGTHMER QLB ARERAT.

623 ESItEREE

AR SR AY SRR SRS, T/EREREF RN R, g N
R SRS E SRR IE L BITRAS, R A s PR R A A, B R r g,
H AL AL R L RS S8 o AR R R R e BRI R M BUS A, B
-100 kPa-100 kPa, WHXFSE 0.25%, , RMWTFHMEREBSIMUERFRAH.

6.2.4 HREBBHE

AFFAFH T RHAEENE, 2B THA T BHAEERENATRERE
B, AT TRERRRATUETEE Tr. fE4E _DRISIIA T 2518,
WP EA S TR E . FTE T BREERNERENE02°C,

FEARSZIRWF T, GassInoSnp FILKIBEEANT 277 °C 5 41.7 °C Zd.,
GagsInooSniz IS HAEBTE 27.7°C £ 41.7°C TEE A E RS (M 2536 W/(mK)
5 26.61 WmK)). FEI 346.74 T/(kg-K) F P 336.94 J/(kg'K), M 27.7°C
TREF| 41.7 °C. FL, %% GasslnooSniz 7E 34.7 °C T IR ERERRAE S F 7
YR, WE 3.3 i,

62.5 MKES

B 6.3 AMIRRL, mRIE. AUl BEE. TWmiAE. EERE. B
R BT ). IR BIE RERGA K. ERMENERS T, WIEE SR
207 MERENERET. WEANDEAKEERS AL BT, WED
O SMEERKS B, REREEHAE, BEENERERT T —RER. B
RIS S i Agilent34970A £, AEMZEN 0.5 HZ.

AR RA TR EE, AR RIERHRIIER, HhbE S5 RRAER, i+
PR IR AT BRI R AR TE N 2% RIRRABHRAR (FRR
LA 0.03 WmeK), ISR ERE, RETHE, RRRNT2W, AJLLZAR
Fit. HPEEITIZATAER SAGTRE, BAMER S AL DR,

SEIGTE 25.540.5°C B IERFE T T, 8%, Wik T RIEARRIIR
£ (300 W~1500 W) FIRFEAIREE (20 mL/s~80 mL/s) TFHIFWERE, W
A B UR B AN A S, B R AR R AT E, B R ERRE
FRRAREAERRGE. S48 REERESMET 02°C i, YIWHIE, R
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Pressure sensor A Pressure sensor B
] . -
(a) . Heat source Hea K .

Plxi
— P
Radiator ]:..‘ -
7 Electromagnetic
Agilent 34970 — flowmeter
— U, 7
[ 2N ] oo I T]L
— ®
Data acquisition 1
IIO
— 'leil
— J—
Reservoir DC EMP Valve

A 63 SERNRFER

(a) RIEBRERE; (b) WEEE. X G MERRE, Pu ARTTREOES, P H#H
FUR RS, L APIEINAER, 8 EMP MIREhER, U APERIMARE, U, A
EMP W3RBIEE, T NRITRIADRE, Tho AR DRE, T 98ASEDRE, To
AEHSEHEORE, Tu. Te IEASFKITEE
Figure6.3 Test platform
(a) The schematic of the test loop; (b) The experimental loop. Here G is the volume flow rate, P
is the inlet pressure of heat sink, Py is the outlet pressure of heat sink, /4 is the heating current of
heat source, 7, is the pumping current of EMP, U}, is the heating voltage of heat source, U, is the
pumping voltage of EMP, T, is the inlet temperature of heat sink, T, is the outlet temperature of

heat sink, 75 is the inlet temperature of radiator, T, is the outlet temperature of radiator, 7% and

T are the bottom surface temperatures of heat sink
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62.6 NHEEED
T WRBARE. AP IEREIAHEE T T

sRe=L2 57 (6.3)
M
1 | oh oh
Sh=— |(——580)* +(—5T)
A\ﬁaQ 0 (6T5T) _ (6.4)
| R oR
SR= (== 60) +(—oT)
_ (6Q 0) (aTéT) _ (6.5)
5Nu=%sh (6.6)

Y Re ko R AN Nu B RIRZ4 HI24 9.41188 W/m?/K . 0.000303 ‘C/W.
0.077, MXHRZLFH 0.25%. 1.92%. 0.96%. 1.17%. h Fl Nu [iREFEHI)ER
I K TTRD, R (IR ERERTh R I AT KR 6.2 B4 T T ERENEE.

%62 FTERENSEWAHEE

Table6.2 The uncertainty of main devices and parameters

¥ BRAHEE ¥ BRAHEE
T 020 C Re +0.25%
P +0.25% h . +1.92%
G +0.25% Nu +1.17%
0 +2.00% R +0.96%

HUESE R SHABLA 003 Wm « K KEEMEAE, TERASHER
3 0.15 W/m » K (9388, ¥4EER 10 mm, PJFESREBALN 94 om®. RiX
HIEREEEN 50 °C, MRBRMAKCH 30 Wm? - K, RIETRIHERBRN
077 W. iHELREFE, LRAMAIIEN 1500 W B, Hhss s KAkl
PAZEE AT

T -T
QosszkA—’LL_s:hA(T _T) (6.7

5 a

6.3 LGRS

EARBRRRZE T, MR TEERSEBAVIHAMER, WHE 64 Fia.
Wik BN 51.8mL/s, Re 2481, PAHIE 7K APy 8.0kPa. S5RE
B, BEERIR g M 79 Wiem? (382 W) /%] 283 W/em? (1370 W), Tp M 42.1
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°oC M FAEF) 77 °C, WAEBHEOEF (The-Tn) M 3.9°CHEME] 13.0°C,
BT EBASSBIERAREE JLPRKK—), HEFEREKTK.
F 63 FIH TARNTESUAMAMLE. 4REH, BREBSEBREXRAI
BB 77 K B K AT — N B . R, £ EGalnSn {F J9# 20577,
ERAGUAH T ARBE KRR . 141, EGalnSn 2K AT E 17 KIE
RTFKEMEBEAH, HEARAINESHR. B2, ETEERSEENZ
KB AT LSS S AR R O RE HE, TR IR RN AEIRE, £
F A4 R RIFH S HE M AT DU KB IE HOR, /K R a8 A ilEE 4 AE sk
DRI RIR SR . Iah, BB RGN WHRE KRB RE, 5
K RZER .
%63 AFLBHAASMARTLERHLE

Table6.3 Comparative performance of the present experimental study

28 H R 5 PAEDRFE 104 DUEAT 5T 2090 PAEB 5T 307
AR EGalnSn water 0.25%A0s/water  water
1BIE R~ (mm?) 1*5%34 2.56%1%40 0.5%0.8*50 0.05%0.30*10
I IE 20 13 49 100
P (W/em?) 300 8 16 790
HINE(W) 1500 4145 400 790
JEF(kPa) 8.0 2.0 10.0 214.0
#FHCC/W) 0.0342 0.14 0.047 0.1
AR F(W/(m?2-K)) 70000 / 4400 <42000
FIEH 2481 318 1000 429

WS4 BB AR E G, BT i BRI A B T [ 6.4
R, EFBRE T, (25.5°C) F, BAEFERE TL7E31.0°C $/39.9°C 2
[E3sAY, (AR ORE T LR 291 °C, FRETRESERATH
FZHCAT DA SR O B BB 1. BEAh, BT oo BUh, WA ERN Thil %
ETK, AT DAEE— 3mSR B . TR, T VRS &R 1 o B A
FACLpr T2 AT LU B R 5.

i, MR T ARVRENEE T FEIRBI T L, (50 AL 100 AL 200 A, 300
A. 400A) A4k, W 6.5 FioR. T/IEHTE 1125 (S0A) 13774 (400A) Z
A8tk AT, ¥ T RERE 75°C LR, £ L% T 400 A I, WESEREHRI
T AFEEAE 305 Wem?@1476 W. FEFE I, FIFEMK, FMRIFAIE SRR A
297 W/em? JB/NE] 227 Wiem?) . e4h, FEE RS LGN, RS ERR
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2 (SEhr R R AN BEE/N. BB, 24 LA 50 AMME 100AR, Th&
/N, T 100 A BHN%] 400 A I, Ty /MR T B |

80 |- —9— T, Bottom of Heat Sink
—<4—T,; Inlet of Heat Sink
70k 2 Tho Outlet of Heat Sink
—»— T, Inlet of Radiator
,E)\ —e—T,, Outlet of Radiator
o O —= 1, Ambient
2 Re=2481 [,=200A
g ot G =51.8mLis
% AP, =8.00 kPa
= 40 |
S . < ———¢+¢
—a—f———8&—8—8—8—=
20 1 1 1 1 " ] 1 ] L 1
50 100 150 200 250 300

Heat flux (W/cm?)
B 64 ARMRMEET, BAEBREXATNRES
Figure6.4 The temperature distribution of galinstan based minichannel cooling system

under different heat fluxes

80 —— Fitting correlation for 400 A
—— Fitting correlation for 300 A 75°C -
F —— Fitting correlation for 200 A ~ ')" i
— Fitting correlation for 100 A ,
70 - Fitting correlation for 50 A
. m T, with [, 400 A
O L & T,with/ 300 A
° A T, with 7,200 A
:é 60 - v Tb with Ip 100 A
@ @ Tywith7, 50A
) H
o
= 297
8 50 2'85
D75
1125 < Re < 3774 ! :
i 268
27
2 1 " ! . | il 1 1 HI
50 100 150 200 250 300

Heat flux (W/cm?)

B 65 ARKESEAT, AGIEREE T EAREENZN

Figure6.5 The variation of Tp with heat flux under different currents

FEARFRIIREN IR (50 A~400A) T, LA 1000 W HIRATHEMIR TSR
BT R BEANTRAR S S, B 6.6 Fis. TEXER, #MRELUATTRERERE
Ty fE RPN F8HE, FESIRE APy ARE G RRIERTURKS /1 E, ATLLE
W, BEE LI, Ty SeRBE TR, AREEEI M. L M 50 A BE{RE] 200 A,
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PR IR B 5 TR TR AS 4 IR TR B A TR I BRI B 9

To FEAET 6.7°C, TiM 200 A FEE) 400A, To REEKT 1.34°C, XR&HTRHAM
MRS, RS, AP.A G B8 L KNG, G _EAMZEER/N, APy £
FRIZBEE K.

B ARE T 1 KBRS B i T AR AR TR e e 77, (B /KB A3 5 A B 75 O R
ThEM LN, HitE A, £ 50 A~400A JuE AN, M200A 2] 400A I T T
B RAY N 16.7% (1.34°C/8.04°C), T APn 3 INZ N 64.4% (8.88 kPa/13.78 kPa),
G #IN#E 4y 48.8% (1.62 L/min/3.32 L/min). SHIHU, MKz ERENEET
Wy, JCIHRXTTF A 200 A F 400 A, T2, BARMEXBRSRESATHISLR
tEge, EHRSIMESHE, '

70 _ =18
O I, W AP, A G 118
—— Fitting correlation for 7, 47
68 - — Fitting correlation for AP, 145
~ — Fittin lation for G S 46 ~
5 g correlation for & & =
© 66 - J120 |, E
5 g5 2
S 81 2
49—~ ©
Sl Seds £
g {1 2 2
@ 1 <2
F 16 @ {3 W
| o
62 A
43 —42
60 : ) N 1 . 1 N 1 0 J1
0 100 200 300 400

Pumping current (A)

B 6.6 ARIEFNEIT, RITHRSIIERSRFE
Figure6.6 The thermal performance and hydrodynamic characteristic of galinstan

minichannel heat sink under different currents with 1000 W heat power

R P — 4 PR AL R R AT P BEREAT 1 234 o JERE B AR AR 73 e 2 3
PR R BE AT R AR
Rralal = Rcanducnan + Rcanvecnan + Rmpacr/y (68)
Rmml=(7;>_Thr')/Q (69)

X=AREEATTHE Y

Rconduction = b / (kcA) ( 6 1 0 )
Rconvection = (Tb - Tm) / Q - Rconduc/ion (6 1 1 )
Rcapacity =(Tm _Thi)/Q (612)

AF, b ARRTTRRIRIZEE, 4 ARIEEIR, 0 ARINE, T AATTEREE,
T 79 Tni ¥ Too BFIOME. (EAE—RIE, RUTARMEENERE, XmAHE
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ﬁﬁ?ﬁ%ﬁﬁo jmj_‘jjﬁy ﬁ%ﬁﬁﬁﬂ}g Tb ?E’EEI%@U, Jﬂ:’ Rconvection %Zl—:\‘yﬂ
;EE%??\*FE (Tb - Tm) /Q %u Rconduction Z%o ﬁ&ﬁ’ﬁ%%%ﬁ h %%7.]1\‘?“:’ v

h=0Q1A4/(T,~T,) (6.13)
RERE Nu TEARN:
" Nu=hD/k | (6.14)
Hod D REER T . WhTRARBES AT TR BRI RA:
| P=APG (6.15)
EIEEA:
Re=L2 (616
. 1%
Kb, VRNEE, DARBERS, v AEIIE.
=2.4(‘::fh) =1.67mm (6.17)

B 6.7 Fim N RGTHRBATHE SR, BEERE G FEM, Row BHFHEK. RIE
R (6.9), X4 Tni JLPRFALE, To5 Row FIZENEFEMHEE. X TN
HRHIE, FEERERBEINTRAD, ESRAERREAZZ 0.01 °C/W. 100 A,
200 A F1 300 A B, Riota 23514 0.03635 °C/W. 0.03420°C/W. 0.03335°C/W. %
FEF) 100 A. 200 A F1 300 A HIRGEEMR/D, RAGREER T KZENHRD, R
HEKMRFEETASHEE. B0 g =100 Wem? i, 300 A 1100 A KjRE
1.4 °C, RAIEHIME, 2 g =300 Wem? B, 7E300 A F1100 A Z AR T
44°C KB E. Bk, £E 6479, HMEMIZKERN, EBEZHAL.

. ME 6.7 Fim, SR SRR S EAIRER, Fral REXRREN B
Eit, EREREEBRKROASEMBHEREE, RN TR % &I TR AT
PUBRIREE .

mmm%m%ﬂmﬁ%mmw%ﬁﬁﬂ%m@mxzmwﬂmmmﬁﬂﬁi
REHE. HE 6.7 0N, AEMAELKES SRR XRENBRSEE
B RN, MAh, BEE LB, GEHM, ARAMLEHEA. o, &
RB, ME G, RERAKTREERIRGE. e, 3 G BKH,
BEEI G HEAEREHREAEME. MAkER, ASAHRERMESERZE
KIBEWAMEERER.

SHR PR 5 B R BB YIAE S5 . Miner A1 GhoshalPMAFR 1% FIESE T
BE BRI R TR T KRR A RS, RIS &R BRI
HEEBN. MWE 6.7 ATLLEH, FEE L M, Reonvecion Z18 T, (EJLFIREF
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Figure6.7 The thermal resistances versus flow rate

& 6.8 FT7s AR HE Row FIZRT) Py ZIAIHIR R AT LA, BEE Py HIIE I,

Row BIRECTRE. FERIBSNEIRA, Row BH T, ERIRBEFEEN. R,

BB S & REABERAN T RAER, DRIERIIRE. b, BEEREH

B\ LB AR RIS, IR E R B A SR AT AR E KK

Fhr. XERE, ETHSERENEARRTIBRT UL HK OB E RO E L
BEE. FEA. B,
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Figure6.8 The relationship between R and Py
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W%Raﬁ,%ﬁﬁ%%%ﬁﬂ%ﬁoE%Xﬁﬁ%ﬁﬁ%ﬁﬂ%ﬁﬁ%@
. BIHBEEFHIR NuHEFWT:
Pk B R B S5 2 R F 1O,

Nuy =1.87(x Y a P Pr®%  0.005 < x <0.013

Nuy, =3.35(x" )" a™2pr="  0.013<x" <0.1 (6.18)
X = 0<x<L | (6.19)
DRePr - 6.
R IE RTINS ZERHU,
Nug, =8.253(1-1.883a +3.767a% -5.814a° +5.361a* -2a") (6.20)
TR 5% 2E R H 164,
' Nu,=6.3+0.0167Re**Pr*® (6.21)
R EIRBOTHW TR
- 1 L 1 0.013DRePr
[ Nugdxt [ Nyl
L —0.1DRePy J01DRePr 0.013DRePr - 0.005DRePr J0.00DRePr Ro <2300
Nu,, = 1 0.1DRePr €% 25
™ + ,[ U dx
0.1DRePr - 0.013DRePy 7 0013DRePr
Nu Re > 2300

t

(6.22)

B 6.9 B 7B /RE Nu FISHREIRE h BE Re FIZBHE. AT, Nu
HBHAS (LA S S — B, AT, B Nu (4T BANMEEE AT IS, W
SEB Nu REARGTHI T, Filt, 2% Nu KT Nuo 1046, EMER T
Nu Bi—AR 8, T TR BRI RS, BAR Re /NTF 2300, EET
B O BRI, AR TR

10 80000
9t 1 70000
st - 60000
7L {50000 ©

5 1 e
< 6} - 40000 3
5 - {30000 =
T ey oo
Nu in experiment
3F . . -1 10000
| —— h in experiment
2 " L L L 2 H 1 " 1 " o
1000 1500 2000 2500 3000 3500 4000

Re
6.9 IiLFISLIT Nu 1 h B Re ZELL
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Figure6.9 The variation of Nu and / with G and Re in theory and experiment

% 22 SOMORI R T R B 3 S b R RARMN . REWSEEH Nu
KA H AR A A Nu AR B BTSSRI SRR, WA 4B (70000
W/(m2K)) HIst F i kT HAA 5. Bk, TSR MR
BRI B

6.4 RENG

AEF LT TS ERERERBERIRSERNE. BET kW
WSS B/ NEERSMERLIREE, FRHEHER T 1.67 mm KI/NRIE, BT
THE. £, AR 5/ NEERTNARERMRMERE AR R AR, LI
THRAERB/NEEA AT EAREE KRR BEH. WREREH, D %
B R GRS LA 300 W/em?@1500 W HIBCRGE 3R ; 2O AT sh B AU 8 kPa;
3) WEMAERSEBRGESAES EFRKMLLE; 4 BEREEM, XK
HOAEARRD, MM EZER/ . Bk, HRARSERENREIIR, AL
FEZRRIE R POl E AR FEE R, BEREAsIE .
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7 % MENRSERBANEARN TS EOLR B

®7E  MEURSSEANEARRTE S ER

7.1 B|&

A B B TE B TAERS, HA R — BT 50%, KESEERRANEK
P93 1940 TR AECRINERERT | TENAEFRESH., XBERET
FUROL A K R AR AR, R ER R BE B R AR 2 A B 2 & S B an A I T 5
M R AR, TR e R R . RN Ot SRR 3
BEARIER BE BN RIEER. KB R#mEIee 197, -

BE FELI R SO B TR BN IR, RE IR SRE PR ARL
AR (7.1 Bk, B mM@BERSHRETREAREE. NAXPATUEH
1981, R {H HEIRPE IR BB ARG K.

T-T
T = Ju(T,) exp( -

) (7.1>

RNATHESEEHFVMER, MAR (7.2) Firx, REBSE, RKICTIRB/D,
MIEEA 100 °C B, - SABOUCKIRIETIZRB/NE] 20 °C B H)—F.
T-T T -T
])0 = T]ref(I - Ir@f eXp( T rEf))eXp( me ) (72)

BOLBE KA ZIRENEW, ZFZMRRMAR (7.3) Fia, EKE
B 5RETEELREIXR. —MKH, 30 °CREZLT MEROLREKES
Ilnm i, £EERRBILEEK.

E(T) = E,(0) -

aT?
8+T

(7.3)

R, BTGRP AR BN, AT e AR B AN 2R
H B AR B BT EER R . E BRI R KFAR R MR ERTH
2 /NEK, BRI T RO A SEROE SRR T R Sika P RE T EE
1, BREOCBAKBREEMSZ —. Bk, n7ER R i & sioors
FNBOLE AT S, BTE R BREES], RAEREFEBOLR LR
RSB, RESHRRYHEITERERRZ TR, BOVIEERE RS
BRI FRIRR AR L —

B, FABFFR T FE 40 PEBUL RS AT BRI A, =R AR
HE TS AR A T o B 8 A ENY), 2 R AR S a R mite
HEORCEIF R K, AIEEREA A0, FHEW-EIPOIH % J1P220,
PRI, XL F BT R NRE, TARHNAES TRINFBLZR
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(2042051, Mundinger 2 A ROV YOk K OB TE A BN BOR 51N S AR I8 B2 RE 51 [
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A Choi® @ T —FH TR H 2 R T REOE B M5 K BT e ss
Skidmore ¢ APRIERIH LT T 1.5 kW RERUEIE T4 402 SO 25 . B
RHEEAN CEB R ZHA, BHTRERSGHSHREIEIK, KiEE
RO AN BE IR E IREY), ghah, TORRSHRIER 5 S8 ki 2o2),
MITE KR Z AR R e . [Rbe, EYFEF RIS R, Ut—$iR
R ARE I RIB TR E T ‘

TR, (iAEEHMEASZPASIR T AMIKRE, TRASTEEPERS
FERAMERERP), SRR T ZER), Cetkin 25 AP1ONE It $ {8 A0 5236
W T MBI AR S ittt SEREW, SEKEBEML, WiE
RV ENIR A4 7T DL R E IR M vk R, BB REILIIE, Bejan 2 \RIRFR T
MEAR TN SRR DA Z AR R, KM A H BAG R IR R S5 AN
FRIRERERIRE ST, TR RAR /1. Ak, MEE 6 SRS RATUE L, FHK
SEBREARADENZREEADBARTUATERARSEAEE, Filt, £
R T RABS RN RN ME 2 KIBERIT, RS T IS8 H
BEERBERBEEA M S .

AREF 7.2 FRH T ENRESEBRAYT, STEREREHEAT T BUE L,
SHEOE T RE RS A B 5 T THR1E; 7.3 3N BB RS 4B S E
BRIFEE; 7.4 BAX MRS S B ERGET S, 7.5 OB T mIE
BOtES 5B L BA I RANERNRT G, FF3IT 7 LTS,

7.2 MEWHTHER
72,1 MERHRTILT

7.1 (a) MRS ERLELRTEH. FOWEN TSI, HOR
EALTHEASFM . # OB — g2, —shERstd n&E., oy
570 /N REMEE, BPE—2 36 &/ E, £ 34 £/ME. B 7.1 )
B 3568 X R IRAR X3, IR X U PO B X 3. PRI RSN 72 mm
X72mmX 17 mm. B3t EE . X DEEMNEEERZS A 16 mm. 10 mm
AT 1.8 mm. HPTHFEARTIE 7.1 (b) FE 7.1 () Fim. FEAHNEES, Bh
EBMBE EEH ARG, RERANNEE, RFHALO@EE, WHA. X4
BESERET /NBER, BRSO A P R HE .
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1 Inlet
2 ¥ 2 Outlet
3 Mini-channel

4 Inlet passage
5 Outlet passage

6 Heat sink top surface
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® | © _
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[
< £
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Q
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E S E
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(o]
%
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| U
| S L
72 mm 17 mm

B 7.1 ARG
(2) MBEWRIILEN; (b) EERT; () MERF
Figure7.1 Vascularized heat sink ‘

(a) The structure of vascularized heat sink; (b) Front dimnsion; (c) Side dimension

722 HEERHE

SEIR T TR SR RN B E R EE A, AT R T AT ERERE,
FHegt— 45 R A A BES &R v VAL B Ak K A E B AR R, A543 1T T BUE
5

AR KA AT o B R BATTIRT AR, AN TR R L
AR, 0 7.2 BioR. HLEM. ShEMRENEHTEDT:

TR A XI5

div(pV) =10 (7.4)
8(%/2 + div(pVV) = div(ugradV') - gradP (7.5
div(pVT) = div(k - gradT) (7.6)

FE [ 4 X 35K
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div(k - gradT)= 0 (7.7)

WHREMMT: (D FERRTIEREERIIER 02, (2) A DRERE
F303K. (3) WA, T il BEREFITRALE. (4) AARIEE TXH
Sk, (5) MPTAORELSE U, (6) ATHEHOREN 1 atm.

Pressure outlet

Inlet diameter: 12 mm
Outlet diameter: 8 mm
Mini-channel: 1.8 mm
Velocity inlet: U

Pressure outlet : P=latm

Heat power: QO
Velocity Inlet |

72 MENERSERATHYERL

Figure7.2 Physical model of vascularized liquid metal heat sink

K AR S5 H WA S T AT AR Rl 4, FFEAT T AR IRSZ MR 78, ARA DR A
ANZ WS R T HIRE . BIT R E & KM R 5.0, 2.0 0.9 #0107, X POAA
[E] PR FEAT A, BT BN 4357390, 6095130, 6930919 A1 9859231, 7E#
hEE 2000 W, NORFEE 30°C, WE 4 Vmin FIEH R, BT T PRSI ERTA .
® 7.1 58 T FREEMESENEN. EERE, 6930919 KIMEERTT 2
AT P i) R R AT Y

R7.1 MBEBLERK
Table7.1 The check of grid-independence

WA B (B R P ) PIREHL 1 Py 2 PR3 3 P& 4

4357390 (5.0) 6095130 (2.0) 6930919 (0.9) 9859231 (0.7)

SEHRE (°0) 56.3 46.5 46.1 46.2
NT RIESUER R K ER I, FEARR S X EUE S R 5 SRR 45 RadtiT 1L
B o SIS B (1.39 L/min, 2.09 L/min, 2.70 L/min, 3.14 L/min, 3.57 L/min,
3.95L/min, 4.27 L/min, 4.59 L/min) M2E{k, #HMIJZFLREFLE 2000W, &FH 71 Al
T ROTTEREE NS, B 73 AH TEREENIEEENLEER.
LB SEUERERRITFN—E. Fik, FSUEERBVCNEITER,
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B73 BELRSELRERKLER

Figure7.3 The comparison between the numerical result and experimental result

723 WESEBAISKAEAIELE

74 () BRTHRASSBES ZEETREEN . FREY, EER
SEREGEMNEA, REARENA, BRSNS ORE, MNEEFHEESER
gk, B 74 (b) PR ABUiTEEES . TUEH, BERERSEM,
Tra EHR/N, BRX BB/ Mo, BTRBENHRE, KRR
FEEEX. X EEREY, —HEELMAAMIDEX AR DRI, MEZ
KBAEERE, B, HO/NBERAHRRE AR,

(@)
0.806 mys

G =1.39 I/min G = 2.07 I/min G =3.14 U/min G = 3.95 I/min
& 7.4 FUURIBEEAEE A0
() SFEZEWOBEHEBESAT; (b HUTTE R 1
Figure7.4 The temperature and velocity distribution of heat sink
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(a) The velocity distribution in the second layer of mini-channels; (b) The temperature distribution

of the heat sink top surface

7.5 BR TS EBAHKANEELE. X% G KT 2.4 L/min i,
WA B EN Toaes Toin Bl T IR T KR . REBR B TWASLBEAE BIT
MISANE, BT A, YRENT 24 Umin i, BSLBEANNEEEES
Frkd; L4EATF 1.8 Limin i, BELBANNTHEESTAS. XFEE
REHTFRESEBOAERT K, FERKSESBIRT AR, Fi, fEREnE
WEN, HASRORSRAMBEANEERE. SR, UE4AHASR
MREATIRREN, HESRAHRT AL,

—&— T, Liquid metal cooling

80 - —&— T,.. Water cooling
—8— T, Liquid metal cooling
—— T, Water cooling

70 —8— T, Liquid metal cooling

—e— T, Water cooling

g (24.66.7)
e
2 680 (18.60.4)
s
®
Q
£
2 s0f
40 - s,
" 1 " 1 2 1
1 2 3 4 5

Flow rate (I/min)

B 7.5 BEERAANKARITREEE HE
Figure7.S The temperature comparison on the heat sink top surface for liquid metal

cooling and water cooling

N TERANG I REM S RARBHE RN, BT T RS B 7.6
BN T SRR MAKAREE Reap M Roony FER BB . G5RKRH, Reap N
Reonv il G HISEINTRHT IR, HTFHEBEE. WA BWEEBAEAN Rap J1
FRKAKIFERE . XEREZFRARERESHERR L, BEESBHERRARL
FRKHI—F0 T Reonvs BEAEBEEH Reony SAENET KA K Reony, X FEE
RHATHRSEREFREN SRR

BEAh, ST KB Reony KT Reaps RFZRJAM. X TREEBEAA,
Reap JLTZE T Roonvs Roap A Reony HRAEEZKIHFE. Fk, X THREEEAE, Reap
AEEZHTE, T Reap XY T 7KK B — AN R TEHIFPH o
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0.020 b~ - Liquid metal cooling R,
L - Liquid metal cooling R,
% 0.016 - Water cooling R,
< - Water cooling R,
@
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R
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3
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B 7.6 WAEBREHFKEEK Reap M Reon B G

Figure7.6 The variation of Recap and Reonv of liquid metal cooling and water cooling with G

PATRARZER, ARTEREE T RENAETE, —H 0, B2
VR BRI, B—05H, BobS &k HHREEE KRG, AR
KRERZE. Ft, SHRTRERRES AT Tt 877 85 7T &KR
E(ADmax . G B, FHBESERA B ADma KT KAH . XEEEHT
AR ERANBRSEBIERABTER. N TIRDAD R RS
7.2.4 TR,

35
) —<_— Liquid metal cooling (AT ..
8 30 —=a— Water cooling (AT .,
2
L
D 25+
g
2
g
8
g2}
3
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g
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3
=
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7.7 AURERARZE
Figure7.7 The maximum temperature difference in the heat sink top surface
724 RS
X ERBOCE AR, ARSI N SR Eo R, hT A
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TR @ HIR 8N, UG XKIRRRER . AT K Tox M (AT maxs XT
WO R AT T AR, B 7.8 R T TR SRS A oA . 18RI
KERN 72 mm B, HEREE D58 72 mm. 60 mm. 50 mm Fl 40 mm. [OF
4370 77 N FAT 235 2000 W

(@)

P ~

~

First type Second type

()

Third type Fourth type

& 7.8 NFRBKBOES R am
Figure7.8 The four types of HPLDA distribution

Kl 7.9 Bror AYRE N 3 Limin, #3224 2000 W IR T ENEE 546, 7T LA
Fit, RIETHER G R IR T B & e Tma D ARERIRX A LA
EJ7 e T Twin, BEFETHIEXF I, S£R2KH, 70mm BHINELE
mEHRE, FE=F HPLDA 437 i LRI RAKH Toaxe BE4P, 5538 HPLDA
YA Tnin BAE, 25 0UZK HPLDA 5375 H Tnin B 153 o

! 63°C

L]

ﬁ 38°C

70 mm 60 mm 50 mm 40 mm

B 7.9 WF HPLDA 5452 T AUTTRE KR B 276
Figure7.9 The temperature distribution of heat sink top surface for four types of HPLDA

distribution

Bl 7.10 BR 7 ST RREFE 2000 W I VU R HIE TR T 5 Tmaxs Tmins (AT
max F Tave B8 G BIAEAL, TTULEH, Tmavs Tmins (AT max F Tavg 3956 GBI KT
VN e T P TR R B B RN TR, TS SR B RS, R,
ATV 2R 1 1) P 3538 3G
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B T R Toex 2 S BOLHFR B T RIGUEBEREZEWHIR, i
BRI (AT) max 2B RRB A FHGTE . Bk, Tma (AT ma B/ MWE
710 BILAB Y, ST Towo SHAMPAESAMLL, 5=FAIRE Toa &IK 50
FHBIEH Tnax 15 55 = FHRIBRT Tonax JUFAEF o 5T (AT maxs S5 PUFHAIERT (AT
e A, B TURD AR R B REN . 5 FhREAEL, IR AR
Toax AR T 5°C, BIUHAIER (AT ma BAET 10°C, FEIHLRA 40 mm HI#IE
FIE, Tmax M (AT) max B5E B3 RIFEK.

(€ - ® gl
—a— Fissttype 70mm ) —a— Firsttype 70 mm
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'E —w¥— Fourth type 40 mm =R ' —v— Fourth type 40 mm
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g R
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44 |- g 12
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B 710 FARAERE TAVRESE. REMFHEE. BARENHER
Figure7.10 The comparison of maximum temperature, minimum temperature, maximum
temperature difference and average temperature of heat sink top surface for the different

width of heat source

Yotk BB R <A 40 mm X 72 mm, SRS ERA EF/KA AT T HUE
e 7.11 Pior. ALEH, LREKT 2.2 Limin i, BEEBEM Tna KT Ko
BEEREREN, WAEERE T B TEREKE Tnatle WF (AT mx: HHRE
K F 3L/min i, WELE (AT) mx 5K (AT) mx ZE/NTF 1°C, Bk, #H#H
VEERE/NA 40 mm*72 mm, WL BANKBERETUEERIK, BESE
BAHERSRENT KA.
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Figure7.11 The comparison between the water cooling and liquid metal cooling with heat

source dimension of 40 mm* 72 mm

73 XWEEFEEE
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ESEIRHF AL, SRABEDREREEOEE /o XREAEMAIEK AT
Bl o TRBREMNE. 5w, —HBERIARENERERT S ATRE,
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7.12 () iR, (1) B2 RA kTR e FLER, WA A ITUZE L. (2)
NTHAEER/NEE, FETTHRAPERFE. 3) ARG, KAV
BRERNEIE. HO@EREESL. thih, RTRmESUEL. (4 ®)5,
AN AN, ERELPBARBGE. B 7.12 (b Frav#fird
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Temperature hole
Heat sink

Fixing bolt

Inlet

& 7.12 MEAITKHIEHETE
(a) WAL BHRTHMAENSIEDTFE; (b) BEESBRVTARIRHALRER: (o HRIiM
RIERHEEE

Figure7.12 The manufacture and assembly of vasculized liquid metal heat sink

(a) The manufacture process of liquid metal heat sink and heat source; (b) The assembly process

of liquid metal heat sink and heat source; (c) The object of heat sink and heat source

732 MRES

& 7.13 ARA LB MR AR T 6 . SE50E K H AR AT, BER.
BT fEER . EAEREARET AR, EERSREY, BEERE ShBEl
RIRF, RIEREHUT, TIKTREAENRE. BE, AEP TG, 7
BB A BT b, (BRI SEE T IEA R AERR R EY . B
YA —ANMRBREIRL, FASSTEINRE . PURMER Y AESaE. RAE MG

SSRGS O E S, WERERNL0.25 kPa, MENERABMKET,
WM ERE N +0.25%. EBERAABEBNE, MERKENNL02°C, WE 7RI
BEH DR, BARERUANBES T s M Ty, AT 5 T3 T XK.
FiE{E5 %A Agilent34970 H3E %4E .
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K713 SEREBRSIER

Figure7.13 The schematic diagram of experimental loop
N T RS e RINTIHERIERE, LT HURAM Roony FIAEIAL Reap
mr:

T ,-l-(T +T )
max 2 n out (78)

1
55 out Tin 1
R =2 _ (7.9

KA, T FRUINE BRI R EIRE, T ARTANOBRSERIEE, To AR
HAOWSEREE, Q WRAIIE, m ARERE.

733 AHEESH

BENESRDRMAFHRENR (7.10-7.11). FM, Re KB KAMHITIEZERN
0.25%. HVREN 1.39 L/min. 2.09 L/min. 2.7 L/min. 3.14 L/min. 3.51 L/min.
3.92 L/min. 4.27 L/min A 4.59 L/min B, RINFEKMITIREDHA 12.6%-
71%. 4.9% 3.8%. 3.2% 2.7%. 2.4%Ff2.1%., K 72 B4 T FEEBENSH
I EJE -

SRe 1 pD
=—t—sv
Re Re 4 (7.10)
5P 1 \/( oP, ; oP, 5Gy
- = éAP'.I____ d
P P\ oAP oG (71D

P
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%172 FERBRNSHENAIHEE

Table7.2 The uncertainty of main devices and parameters

BH T P G 0 Re P,

THIERE  £020°C  £0.25% +025% +100% £025% *12.6%

74 SEBER

7.14 BoR T HUTREERIIR AL, {EBBE BN 300 A B, HiE
SRR N 3.92 Limin, RUUEMER 22.5kPa, N 1702, EHWSEBL
FEFIRSE. EREH, Y TLERFE 27.5°C, Tn LPRIFE 30£0.5°C K, T1.
To A Tou BERIDE MU R LN E T, BoAh, EBMER IR, MATITN 200 W~
2000 W B, PUATREREIRE Tn (1) HBRET 54°C, BETHOGEFHIS
YRR, FEih, mMERSESBEAESZILT 2000 W BOGE S BBRER.

55 L ¢ I
] T2
50 A Tin
v Tout
—~ 45 . T,
o
o
5 40
©
aé_ a5 L Ip:300A G =3.92 Vmin
2 I Re=1702 AP=225kPa
30 - M
25 |-
2 I3 L 1 2 1 2 1
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B 7.14 W ABRERRASNRNEN

Figure7.14 The relationship between temperature and heat power

Tomax 1 Tonin PR REE EIGAR. H T A1 T RN HE Tmaxs Tin
1 Tavge Tmax N T1s Twin A Tos Taveg 7 TV FI T SFISME. 3R 7.3 B8R T BIR L A
WE G Z AR KR, B 715 BT T F Tmin BERAINE O FIFERI L
WS . GEERFH, Tmax M Tmin B O WINELMEM. 24 ;=300 A B, Tomax A
30.9 °C £ 38 NE) 53.4 °C, O M 192 W HHnE] 2007 W, Bt4h, fEMERE Q T,
Toax B35 I, FIBEINTTZEHTR N . B30, 24 Q = 2000 W B, Tumax A 76.9 °C (2
53.4°C, I, h 50 A 3910 300 A, BbAh, HUTTE KEES S EE SRR E
(AD)max VAL (Tmax — Tmin)o M 7.15 F T LUE H (AD)max BE Q LRI, HFRIE
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T 300 A BF, O M 192 W 2] 2007 W, (ADmax M\ 0.4 ‘CHEHNZE] 6.7°C.

®13 BIHHEASRESRRAEZAKIRER
Table 7.3 The corresponding relationship between I, and G

WBpEH (A) 50 100 150 200 250 300 350 400
& (I/min) 1.39 209 270 314 351 395 427 459
80
Toae 1.39 Vmin
70 L Too 2.09Vmin
7. 3.14Vmin
- T 3.95/min
£ 60 . )
e T, 3.95Vmin
3
% 50 le7ec
é‘ 6.0"&1
g 1 4.4°C §-- .
40 | j A,gzc.l--"'
204"
o+ W
0 500 ‘ 1000 1500 2000

Heat power (W)
715 Tonax M1 Tonin BERTH R RIS R AL RO ZEAL
Figure7.15 The variation of Tmax and Trmin With heat power and pumping current
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Figure7.16 The variation of Tiax and AP with G under the heat power of 2000 W
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WA, Hik, %G ODRREHAN, M G HTRERAE S E R IR IAERE,
3 BB EMmB MM ER. Wb, EE—RIE, BWSSBAVIAME 2000
W BT BB Tmax SRIFFE 77 °C LT, R FVHFE 4.3 kPa /P EFE.

717 7R T Tmax BEFIETNR P, A, HIEFRE (7.12) FREN. AL
EH, FEE P BN, Tme BB/ R0, 24 I S0 A E) 250 AR, Timax %
&7 22.6 °C (] 76.9 °C FPEF] 54.3 °C), P,HiNT 098 W (A 0.1 W 3&/m%|
1.08 W), ¥ TFM 250 A ) 400 A 1 Ip) Tmax BEAKT 1.8°C (M 54.3°C FEARE] 525
°C), PpHNT 1.19W (A 1.08 W 0% 2.27 W). Bk, 7ELRIZTIRBUNT,
K Py AT LME T BEVEKHIRIE, TERIZTHERRE, K Py Tna T
RraArts, BIIERZETHERN M P, BEALT .

P =APG (7.12)
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Figure7.17 The variation of maximum temperature with the pumping power

75 HBARBERSESBERRGERTER
751 BIMFELD SLWEE

B 7.18 AL SR SRR B, %S 6X6 4 808 nm BT
POA R, 2 SR SR A R K TR 55 W, B ARS8 4.7 mm X 4.7 mm.
AN PR — AT B, TERER— AR 11.6mmX 41 mm, 6 NERMERE
FIE R —ANERES, 336 M, BRI 70mmX 41 mm. HTHEOES T E
WA EME, SRR RIAKERER.
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Figure7.18 High power semiconductor laser array

752 BARSHESESBHAREENRZS

719 AEFREEBRAHIESEECHRAER. AT EHTHRMNE
FRR SR NSOGB R IEE TR &, ZEotRR AT, E8D
PITRELR IR EE 6 D FHEOLRE ), REH 6 M ITREVE SN, Hik
— AN RGTEEAR . OB F RSOOSR S AR R ERE, B FEFAIT
RIGEMTRESE BTN SRR, BRENRTEE. L2EEOLH
K5 7E 808 nm AbFISF % H TR 58 TAE (CW) BB B KRR hThE
11-(OPHIR, 6K-W-BB-200X200)/l &, ¥ IEIEE AN 24.5 °C,

__RESsEY0
BB
st :
RS S ps
Ty =

B 719 BEERRALEFEREREE

Figure7.19 Schematic diagram of liquid metal cooled semiconductor laser
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BRI AL TR AR A A BB AR . ORI B4E LD 2RF, HiRH
B, BASBEARSAERDT, B, S, BRESE BERBEE W
EWAAIETIE, G, AEE, EEEE A, EHMEREB, BUKE
i, BER, HEERE. S43HTT LD 2REE5RSERHAEERDL. Pl
B HRER S PR, LA SEIAERSYES

721 (a) LD BMEMRGTHE, KRR RANES TIEBRZ MR
AZF. HTRSSBIRERA, B ERT, FHit, ®REHREBRIRIE
BN 400 A, STRFIBEASEBIIREA 4.8 L/min, HAIHWKEIHK)Y 25.8
kPa. MNEIFRETLIE M, FEEBOGMR TIERRER, HRBIIEMERIIRHEZ
SR, HMOBEREITA 45 AR, RIGTHERN 1300 W, KT N 2052 W,
MERA 38.8%. FEE TIEHFIGK, BOLRKNRIRECEEEM, ER-IEE
RERIABEI30A S5, RABEETHE.

721 (b) A LD SRS T/ERRZ MK RE. HETEE
Fisgn, WiERAER, MO KB, LEoERE RN 15 A EIME 45
A, HrO KRN 1.46 nm. BT HEOGRS S A KRR U ERNE, FHikw
LGB IT P O R A O B R IE R, SRR S RERR R
H0CHN 0.06 nm/°C, FIFEBEE A AIEREED 24.3°C. HTFEREHSMERT
LSBT 58 BE SR I B R R, BEE TAE SRR, ik e BE g in, RS iR
FE AR ST R

720 ETREEBEANEIPEBORLBRIMARS

Figure7.20 Experimental test system of semiconductor laser based on liquid metal

heat dissipation
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Figure7.21 The luminous power, heating power and optical characteristics of LD stack

array under different working current

2 BB BB B - R B B R (PEC) 58 T/EBRMX R A 7.22
Fi7R, BOGRUEEREE BRI A KGR . WSS B A ¥ S REL SR &
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Figure7.22 Efficiency comparsion of liquid metal and water cooled 808 nm semiconductor

laser arrays

Bl 7.23 RIS EBIKA R FEEOLEEFINE K S ERXRE,
WE&E BIMAEM, RERRIEN, FSREEOLREIINGERT S, FEtRk
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Figure7.23 Relationship between wavelength and current of liquid metal and water cooled

semiconductor laser arrays

Eit LD & 5HALSBHEAE BN, Pl BRERSHILIAK, KT
EEREMA S BIAA T T RARCEAEE. ZERREERIN 0.076 m*,
BEIRF T ESEBOCB AR Dtk HERTENIMF, £5 7 R5E
ITHRE, FHRAHIRNRY; ATTRERERD, WLASEIB/MIROEH O
BARER; BREORKRE, HRRERR.

7.6 EKENG |

BRI T ETRASBEREEN TR EERBCRBENA. 555
BelORMAER, Bt T SRS ERRTT, THHREIIE LD 2T
RERSEBEAEE, FRTHSLSBEAS TR, Pl B, REK
sy, MEREH, ZESEBOLRKACTHERTIEE 1.3 kW, FRFAE 2.05
KW HIHE; SKAMLL, S TR/AEOE R L KER: BR0ULRIKRE,
SRR R, ZER RGN 0076 m®, BERT THFHBOLERAEN
ZEREEN; MR TEEEE, 1158 T RABITIRE N, HFROCHIER N R

119



FORAER B = R RS G B R B AR R B B A

120



8.1 &R

e B it B T B AR B S HE S 3 o T 1 O B B P S AL AR B A,
FIRE, hE] &R B B RO A B KRS T AR
BEZ T, SnGA A EERSLE, T EBE . ERSRIEEHERE
A MBS, REBRIAEA BRI EE. RENSEROA B
R IE RTEXRET 8 UL AR, oA AR o A 2 B B I B3t T3
E A

ST, ZIRT Rtk B RIREh A, KT AR B A & B BB A
AT AR B . A S B 2% L AR S A 4 R (K TR A Rl B L AR
ERAERIE BB 5WH 2 M2 5 AIEET . WSS RaE R
HERTT. MR RN 4R B M A RBEA (2RERR
BRI, B RETE) MRKNA CGEREERITSERITI. kW AL
S BEMARGTIR) EANREFRET —RAMRITIE. LAE RFREEMLEY
MRS S GalnSn AFF AR R, BT FRAREUTIAFE:

1) BRT ZENSS RIS AN E Hh RS

N T RS A S S BEAE AR ERNEN A E, §ARERNTRESE
B B B B AN 2 [ 2 5 DD RV A SCRESL T SR R 45 A O A
A, S F B REIEED 7 RIEAT T I ST AR AL

RS SR SRS, BRI, MIERT RIS R, I
RENHE, NDRE ISR N R, Ha S8k, BERTHME, @
TR LR AITE B, ZE SR 10 AR A B K BP9 , FEAE TR TR B4

SRS &R E SR TEIE A TS, BRI, RIS N T
BRI, EH OAGEBRIRIR, BRMA, MR, B
IR T A AR AL AU B AR S K

o LR s PR AR 0V e T o IO P TR R P SRR P LR HEAT T
AL . BT, BRI B BAEE AT LA RO N B Rk, 3wk O ik
ATV, B N R IS s R AR RSO, BT 4mm
R AR, HRAEE R dmm; AN, BT B
Bt TIAKIEIR R R ARk, R R R Sk L B AR KR T 40%.
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2) WA TISERENERRE AR

SRR, AR FRRRA AR, MRESEBRIHRSEX
T, KEHEREKRTREERE, TEEEHERFRA A T ERMERE. 3
KRB SHEMMEESRITE, S FPMEREREAT T HLE.

MR T A4 B GalnSn MASRRAELAE, FBTARAERMNUMEEEE
A LA AR, FT T B FERRR E G , 2SR SRR E RN

BYPHESHTREAR, BERAEERASRER, KARSEBERMIZE A
BRRNX; BB TREN, ERARERRER, KRS LR BGalnSn K&
HiERE, RIEEBEKALE/N, BEEBERNBBRIE.

BRI T ILA BN TS S RBARIE W, KILAFAER /N T 5 mm /Y,
ERIGEN, BRENSOFESTREESRBARETERES REEA K.

3) HE T A EInR T SO RS 4 )8 B VR R A R

# 88| GalnSn KIS 58 10.7°C, TEZS[EIAEE KM TH W I TR, 7
FEREMER . F, BYEENSBBEUEREARFITHR . ACELHE IR
WrABERIL T B, #F9C TARI#T A &R RIS 30 H B A RS IE
AW,

FEAL T AR WREMA FSmASFmor K mEss, #
LHSH TS REREERN EAEERE, SENHEERVIGER.

K- 2 AUBER, BT T =MomA o ROVRE . EE . AR RIAE L
ROVABERT ] . RIL, B BEAEERNELET, SAREMHAG X%
PMERERRIL; THRAGEREMET, HEmMAT R ERERRMN. it 53
T =FE A R T E N (R R B ¢ = 0.992%7,

4) R FHFFH T mEREIRES N ERE

BHERBSEBHARGNZ S, SYMEML, BERITENEM;, 4
fafaiea, . HLEW, BREMENHE—RDT 10kPa, XIRF) THE
SRR AR EAREE, KWEFTRKE.

AR T —FFSEN, EEERNBRERER S =85, KW
& QU RBH R B ERERBRBELSG R, P OLBIRMEAT BE
BRAK, IRE T BRI SINE . ZE RS AR IR 120kPa@300 A 1Y
e, REMCHENEEHRE. Wb, ELRKHSREVEARRERERT
6%, B EBMREYCENA 3%, iTm T RZEEHERNNE, HizmBRErERR
H2L.

5) $RHIERFE] T — PR IR

HFHRR LS BEFEE S N, BERA R ERREEMEXB T
AR BIR A AT HARF KR, BHE TSR FEEN, ARSI,
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HeE MEERE

BG4 TR TR A S AT B AT RRERENEEL N ERER, UL
PR o ' |

HT BR BRI, ASCR N T —FE K R RR R4, BRI
SR BTN, TR BB BEEET N, X EERENEEURRE
FE BB, SRR, RN 30 mm - 30 mm « 4 mm fJRECR, B
T4 17kPa@30 A WEFHE, RATREL N 75 mU/min, HE LW LR E 30 W
HHABAESR, ERAELABRSEE EEZNIE.

6) LW AT AL REKRBERPIRE ERH

ST R AR BT, KIS B BRI AR, (BTRFER, TEK
BEEAB/NER, EREREHZ., XEBERHTAHKKSHRREBIR,
WA UE FRYOB I 7 B R B R X R B R 3 EGalnSn A SR L KA 4018,
N5 EEEKRE TSI mAREERN, BERREIRKR.

ATHEET kW ERSLBEEREREERITNREREREE, 5%
FER AN 1.67mm B/NRE, IR THRE. B3, BOASI LR RS
BERIE . MIRGSEEFH: 1) RSN 300 Wem>@1500 W HIRUAE:;
2) PN FIDA 8 kPa; 3) HAERFHAESMEF HEHRRILE; 4) BF
VB, WHAREARE, HAEKRILZBEIR/N. B, RABSSEENNR
T, ALEZRMER T Tl s AR EEeHN, BERERZMES.

7) LT ETRASSRAEHEN T RS s ERBOCRBIRNM A

ST A B E AR BRI EAT R, B2 TRESEREARS, I
B THASBEN S HEEOLRNE. Ml B, PEREEE.

GiB NS 5A7, %t T IS &R AT, B A SE 3R
STZRITHE RE BT VAR . I R R, YEEELESEN, IERESER
A E KA HLEAE BRI e ASRER T LEMRSERANE—TE
FHIHGE, WX FIELKAE, RERBRDN. b, T ERERKREME
KiBZ, SEOCMEFINFRT THL, % 40mmX72mm EARELEFETA.
SEIRIA R, MBS SR AT SEHL 2000 W HOLRRFEFIECA, AYTTHHE
BN 54 °Co |

TR, %% BB BRI R IR AAS) 1.3kW, R4 2.05kW H
HE; SAAML, ST BB OEKIER: BBOLERKREE, JHHRR
BB, ZEMARGERMN 0076 m, BERTTRSEBOLRAANEHE
Bk, BEELZEEEM, BE T RRETRREE, FRHIR RS .

X RGE RN FRZIINRZRBSE RS YEGREER R 2R,
RS EBIERENBAR NS, MELRKDRERARBSEBANARARA
HEMEILFEAR LREZE LR ANME.
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8.2 BlFi=

632 B 22 HL R U 2 B A 4 TR BN s P S T X — S5, BT T St
WO ARSI R A, IR R BB AR U SE bR A AT 5

D) R THSERZSMRAMNER BRI ENAE. B3 7 Bl ER
FREESBERRY, KON THREER S TFEM=4ERRaNEN, UFAFES
RO%, S/KkMLt, TEKEE/N, SNHRESEREREREEH, |

2) B T EREEXERENEEENE. Kb, BRESBH
AT 120 kPa@300 A ## &k, JEEN 4 mm B BEE AT IR AL 17
kPa@30 A #E k. |

3) LU THSEBRERMERAMBERN. BET kW ZBSEFRRE)
RS RS, SLWEH, R 1.7 mm HPTATSEHL 300 Wem? Bk, Rt
WEIBE AN 8 kPa, @/NF/KAMIBERIT; HEEHENLENIT, HIRE
LT TR E AR R RS &R A A,

8.3 FKRERIIERE

1D AR R . WRARBSEREEENER . TR, K5
MR BEYEEMABREITRGEIN IR, fln, BEER-2ELm
I AR W] LB I B3 d ) A sh g T SE AR Ry, AT CABE S A AL, AT R E T
RS R WS EE-TER/ARE 2 50 A AT LU e in #vi s Ik 50
BEERRS. HEER-REWRIRAT LI RECARENBRSERBER, B
FBRSERAERNR, BIAERES, SRR HZRE.

2) MAERERAALSRMERREVR . BEBSERBIESRILL N
8°C, MRERIEN SEAGS, HIBR, & BB ENAIBIA, mink
ISR Bh A B BTBONE ARG 7k B2, BRI S T ARS &R E
AR RIS & #, RTUBHLRANH ARG, MXEHRESeRER
FAR B SR LA ] R

3) WALRES R EZAMEEENRIMERRZR. F2UMARENAC
ZAFSL TR M2 B2 BUR K I aME R, X TS &8 5 A I 8] K
WA TSR ME R R TR . THERBSEEBSE —EENIE, &0
REKADARENE, X5ERAEAE, EIMESEHR.

4) BEERBWMHFEIERER. B, LRECHTRENBEMIAR, K
RITAREHRR. B, HANK—KRNT—E, HZREHSHE, BFE R
JEh oA T HEERAS SRR RS ANE, DRETRKIREEF T,
BIERE. BF. SHERMERMLE.

5) MESEBADMERE. BEBSEBNE SHWKER, EREFE TS
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E8E BEERE

PR &R, F i, i R ERSERNA RS —A%%WEMﬂ%@
WAL E =2 PEY, BEEBHREARSHEEAEBRARNET, Tﬂ
TR, B, WTREEASENLAREE - EENTRRA.

6) 14N B PI RS & B IR Eh 15 B » 24858 R~ 9 JUBCKR BRI R R
mﬁFmﬁ%mﬁﬁéﬁmﬁlﬁ%ﬁz&ﬁfﬁuﬁ* JR T E P AR
PR

) AN RS SRR AMERETREER. ﬁ*ﬁ%ﬁﬁﬁﬁ%%%r
RENMEMSZ RSN NR, Fit, @i sBiymifeia

NE B HRE. | '

8) MEANMNEASEBRNMEANEH. MTEERE, BSERETH
HAS Al BB RN RSB ER RS R, B THRAMENEEIINHEE
KRB, LIRS ESBMRFBAMAEERKMBELE. AT HERE
6], RIS MER S 7 B AN BB R 5 T X S & B AL F R R BT AL . FEHER
EHEATRRAT RIS LI . BhAN, I ET AR S A T RS IR R, RIEWES
SBMNAKTERE. A, TEEETREFTRESEBRZEER, LURNER
WAL BRI AR 125 . S S B A MR E AR AR — MW LT
6, A BMERESS E R AR RS, TR LR AR RS R
HARKIH T

0) AT, WA R FEER BT REBASARBRES,
T VR AS SR VA AR SR UL AT SR A B M AE B BTV BB AR T B A &
sk, FBEBEUERBASBRA R MA RIS, & ELIENRA BRI
Wik, BEERE. BERE. FHEEEMS. RIS SRAEER. Fit, &
B RRSESBRA BRI R, SHTREMET PSP, £t
Wi%d%, EHTHTER. FIERE.

10) KEFRBEEFF K. BELEUEMLBRER, ¥ TERESEURLEERN
Spob A R, HERAKIEEA 0-500 A, KF 600 mm-500 mm-50mm; Xf T8
HEUMERENFASEE, ERRTHEEN 030 A, & 500 mm-400
mm-50mm. B ATX R B YR H R SR 7 IR AR, ARARRR, sEDAM TE
Rik&. Fit, TBEFEICHEREBEES, FBRERKERMIIRE.
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