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Fig. 1. (a) Pool boiling experiment setup. 1: GagzIngg 5Sn;s 5;

2: coiled-tube; 3: high-speed camera; 4: power meter; 5:
voltage transformer; 6: Agilent 34970A; 7: constant temper-
ature water bath; 8: filling port; 9: K thermocouple; 10:
pressure gauge; 11: air-cooled condenser; 12: auxiliary heat-
er; 13: teflon; 14: copper block. (b) Copper block size (all

dimensions are in mm).
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Fig. 2. Contact angle measurement and scanning electron

(a) ' 25 ]

microscope image of the sample: (a) Polished copper sur-

face; (b) Soft liquid metal surface.

1 LEMYITESEL (20 C, 101.325 kPa)
Table 1.  Physical parameters of ethanol (20 C, 101.325 kPa).
T,/C p/kgm?®) hy/(kJkg!) cy/(kJkg K N/(WmtK?Y) v/(10%m?s?') p/(10°Pas) o/(10°N-m™?) Pr
LS 789.42 — 2.40 0.16 1.507 1.19 22.3 17.39
IR 2 1.65 849.63 1.72 0.02 6.061 0.010 — 0.861
# 2 WALJE Galinstan (Gagrlng sSnye 5) S/KPIESET I (20 C, 101.325 kPa)
Table 2.  Physical properties of liquid metal Galinstan (Gag;Ing sSns 5) and water at 20 C and 101.325 kPa.

itk p/(kem® T,/C T/C hy/(kJkg') c/(JkgtK?Y)  A/(Wm'K')  u/(10°Pas) o/(10°N-m?)  Pr

7K 998 0 100 2256.47 4184 0.6 1.002 72.8 7.008
Galinstan 6440 10.5  >1300 24.00 366 16.5 2.400 533.0 0.053

134703-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 70, No. 13 (2021)

134703

R 11.2°) WS B F M Al 0, R 5.8°. il
X AT 0 A RS BESE AR, GagrIngg 5505 5
PRI AR F T B LI, ST/,

2.2.3 HIEAE

SCR R, 7R S PO R — AR A AL
ARSI TE R, DA B B ) PR R R
AT ELT 1 BT, R AT A R 5

dT
q= _kCudi‘r? (1)
Horb, q WU BHGR R B, B0 W/m?; ke, N5
R R IEE, BN W/ (oK) TR dT/da
FIFH = s w5 28 PRG35 B0
dr _ 3Ty — 4T + T3
dr 2Ax ’ (2)

Ho Ty, Ty, Ty 4350 R4 A e (5 FL TS | o
T Xt 17 R T
1 (1) SRS 2 1 R -
T =T — q(z1/kcu) (3)
Hor T, R B R TENREE ; 2y S 22 18 3 R
T, R, W T IrA KR 2 = 14 mm.
X7 ) s s A AR B B TT AR R

q
= 4
=TT )

Hop, T, AN TR IR, BAz 2k °C.
Ry L 8 0 e AR L T 2 [ ) B g
R T A0

0= |3 (L) )

i=1

L U, WS p TIRIATE B, ws WIS
ai AN 2E S

PO BE g I I AL IR A h YN RE R AT
TN

Us [ (U, (8Unsha\", (4Unke )’
q B k ACL’Xq Aqu
1
UTgkau 2 UAac 2 2
() (=) ) (6)
%— % 2+ UTw 2+ UTb 2 (7
h B q waTb TW?Tb ’

% 1] 3t AR R A 1) A K Y AN E
0.3 °C, HHMG S ¢l CHF I, A&/

~—

T 4.80%. FEHAFEL h BFIAHRE /N T 4.82%.

3 LBEHEREHITH

3.1 SEBAREFE

&3 25 HY T PR T A A TRV TR (78, 60 Al
40 °C) T ry b s it S ffe I R Bt 2. AL 3(a)
AT LLVE 5561 R A H, GagrIngg 5Sn;9 5 K
26 10 b RS B s (ONB) Y BE T 3 0B AT i
R, B 78, 60 I 40 °C B}, S 2 1 ONB
Ak B BETE A AT 53518 18.9, 18.0 1 19.5 C,
GagrIngg sSnyo 5 M ONB ARy BE T E AT
4 6.8, 8.3 F1 6.9 C. FEAFIRER] (T3, = 78 C),
GagrIng sy 5 FAFEM ONB ALAYBESHYE AT =
6.8 C, MG RMAYTIME AT = 18.9 «C, 5
FEMAH LR T3 12 °C. & 3(b) I PifhE m7E
AFR TR SRR B XR, WEE)E
MR B B & TR, T
VRS 4 AR R H AR H G I 2R AL PR B SRR
R SCBRAL T € = (Mot — Phard)/ hhara X 100% , Firt
hote WS A SRR TIEINREL, hoy FOGIEE
i e AL AR B, lE 3(c) P, WA 78, 60
140 °C B, WSS B PR IR BBO LR R T
R R B RIS T 149%, 88% 1 44%. MR LR
W T AR EE T RERE, A SRR
11 B AR TR R 1m0 YRR R TR 2 5
X5 B PR TR 7 VAR 2R 10 93000 A% B —
B P A A B A GR L I o E 2R TR
A R B A0 PRI 4, S B A Y
5 T BN AE N TG . VIR TR A SR
AR AT VI0 IO B A3 I . R R S 4 R kR
TH e 2 A, A RSCR AL, X T LL B
A HLIR AR 3.3 F1 3.4 T TR A 49,

3.2 REMNFEITAH
3.2.1 MKHAFEE TN FITA
SIS St A AR RE S IR A RN YRR
BRI R, SCR A m AR LIE S T 2R
W BLG, FABEFE R 4000 fps, & 4 A 40 FHE s
I o 25 T 174 b 3 5 T RAR TS, WT LA H, A TR
PR BE (¢ = 3.0 W/em?) F, A48 Kk
BRI IEAIA S (AT = 6.8 °C) I, SLHERmE I
B, IR el Fm S g (AT =
16.9 C) #5.

134703-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 13 (2021) 134703
200 (a) O S A R 0 (b) LA RS G AT 1o (c) hsoti—h
a z RS 4 SRR c _ Nsoft— Nhard
e ST 401 A 2T wo [N T L, <100%
Lol o = 120 \\Tb: 78 °C
o oy L 30t S ,
L 120p T > 100E 713, =60C
S 100} B 't ogol e
= C 20 F =
< sof E 2 6ol
S ol §15- e Ty, = 40 C
20l 5 20 |

0 1 1 1 1
0 5 10 15 20 25 30 35 40 45
AT/C

Bl 3 &I 78, 60 F140 C 440, G4 2= i AR A 4

0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
q/(W-cm~2)

S AR 2% THT )

0 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
q/(W-cm—2)
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Fig. 3. (a) Boiling curve, (b) heat transfer coefficient curve and(c) Heat transfer enhancement factor of smooth copper surface and

soft liquid metal surface at 78, 60 and 40 C.

2 mm (a) 2 mm

4 IR R BE T b A R AL 1A 1R

(a) 3 4 K Th
(AT=16.9C, ¢=3.46 W/cm?); (b) MALIRHKH (AT =
6.8 C, ¢ = 3.47 W/cm?)

Fig. 4. Visualization images of pool boiling at low heat flux:
(a) Smooth copper surface (AT = 16.9 °C, ¢ = 3.46 W/cm?);
(b) Soft liquid metal surface (AT = 6.8 °C, ¢ = 3.47 W/cm?)..
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qg="T7.15 W/cm?

P05 HR SO 2 T i T AL A TR AR

g =20.86 W/cm?

q=32.08 W/cm?

(c) JEWHH R (d)—(f) WAL R K

Fig. 5. Visualization images of pool boiling at medium heat flux: (a)—(c) Smooth copper surface and (d)—(f) Soft liquid metal sur-

face.
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(a) JEIHIRTE; (b) WA BRI

Fig. 6. Visualized images of pool boiling at high heat flux: (a) Smooth copper surface; (b) Soft liquid metal surface.
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500 pm

500 pm

500 pm

BT WA 4 e 3 T P T 2 PV S R N (AT = 7.49 C, ¢ = 4.74 W/cm?)
Fig. 7. Elastocapillary wave and bubble jet phenomena on soft liquid metal surface (AT = 7.49 °C, ¢ = 4.74 W/cm?).
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Fig. 8. Mechanism of soft surface elastocapillary wave and bubble jet phenomenon on soft liquid metal surface.
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Fig. 9. Mechanism of easier detachment of bubbles on soft liquid metal surface.
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Fig. 10. Mechanism of boiling heat transfer enhancement on
soft liquid metal surface.
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Abstract

Pool boiling is a high-efficient energy transfer method through the gas-liquid phase transition. It has the
characteristics of small heat transfer temperature difference and high heat flux density. The current
enhancement of boiling heat transfer is realized mainly through modifying the solid heating surface. So far,
there has been no report on the study of pool boiling heat transfer on soft surfaces. Therefore, in this work the
pool boiling heat transfer performances of ethanol on the copper surface and soft liquid metal surface are
investigated experimentally. The experimental results indicate that soft surface can effectively reduce the wall
superheat corresponding to the onset of boiling (ONB). In saturation boiling, the superheat of the wall surface
at ONB is reduced by nearly 12 °C, while the heat transfer coefficient is improved by 149%. It is found that soft
surface enhances pool boiling heat transfer performance significantly by increasing nucleate site density,
reducing the bubble departure diameter, and increasing bubble departure frequency. Unlike the copper surface,
the soft surface deforms elastically under the action of the vertical component of surface tension ¥,sinf at the
three-phase contact line of the vapor bubble. From the perspective of surface energy analysis, the difference in
surface energy AFE;,\; between before and after bubble departure on soft liquid metal surface is smaller than in
smooth surface AFEqg. The potential barrier of the soft surface is smaller than of the copper surface, and the
buoyancy required for bubble separation is small, and the bubble is easy to separate. Elastocapillary wave and
bubble jet phenomenon on the soft surface are observed particularly, which are generated on liquid metal under
the action of elastic restoring force. The fluctuation of elastocapillary wave contributes to the enhancement of
heat and mass transfer in thermal boundary layer and the generation of residual nucleation site. The residual
bubble grows up rapidly and coalesces with the rising large bubble, forming bubble jet phenomenon.
Elastocapillary wave and bubble jet contribute to the enhancement of pool boiling heat transfer on soft liquid

metal surface.

Keywords: liquid metal, soft surface, pool boiling, elastocapillary wave
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