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Figure 1 (Color online) Experimental system (1, boiling setup; 2, heating rod; 3, piezoelectric ceramic; 4, thermocouple (water); 5, thermocouple
(wall); 6, direct current (DC) power supply; 7, high-speed cream; 8, data acquisition system; 9, condenser; 10, driving power supply).
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Figure 2 (Color online) Boiling setup. (a) Structure of the setup; (b) dimensions of the heater.
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Table 1 Uncertainty in measured and derived parameters

Parameter Uncertainty (%)
Power voltage U, 0.57
Resistor voltage U, 0.77
Liquid temperature T, 0.51
Wall temperature T, 0.20
Heat flux ¢ 6.12
Heat transfer coefficient 4 6.82

F2 EHEESH

Table 2 Parameters of piezoelectric ceramics

Parameter Value Unit

Frequency constant N, 1970 m Hz

Piezoelectric constant ds; 826 x 107" m/V

Elastic constant Es; 4.6 x 10" N/m

Density p 791 x 10° kg/m’

Size (I x d x h) 10 x 10 x 0.5 mm
Minimum output £ ;, 1800 N

KJEP, = 0.1013 MPa F#EAT, 1 F 2 5 1 /K B N TR,
PR 99, 7°C. 8 et i Y H Y A H RO SR s b
P E (PR E, SRR,

S (M)

R, = W x(.244. 2)
BT R A R R AL

AT=1t,-1, 3)

e @
R, 1 R, BALETRLS. KR
_pd

Rt =5 (5)

e e R L A PR U A i L U R e A P REL Y

Ui B R Uy), 20°C B R AN AN # 88 i B BH R, =

0.3998 QA 422 find e, oL (ST 6 o AR 42 fot rELBHL AN
2 BEIRE A L):

U-U
R.= %_Rzo- (6)

ARSI TT T IRBNIH N0~200 Hz 15 IR2h
RIEIBTERE, FAAIRS) SRR,

3 LRmEEREITIE
3. FPkdREh R 0 R

SIS E T 0~400 HZARSIAIR T, LLEE /KN
TP Rl o )39 I o 2, 3 s e R s SR P13 B
7N, TAREH. 100 Hz. 200 Hz. 300 HzA1400 Hz | )
T R B K bR HE 2 43 73 M 0.60°C, 0.83°C, 0.78°C,
0.83°CH10.54°C. MKt LUFEH, IRIWHEN
100 Hz )3 1 1 22 AR 4T To IR 20 I 1R 3 Jis il 2 70 7%,
PRBNINA 200 Hz )3k th B AH BT TR I 1 ik
2 e B g B R R, B AT L, BT SRR S N
T A% A R AR T R IR B A Fr e A, Hoh
200 HzIRBNHEN b It Re R IURAF. 50k
S HIEL, JRBNAT R 200 HzI, b1 2 10 i s R ah
F(ONB) R % 1 15.46%, IG5 #ImZEiR S 125.99%.

#£3 RISH

Table 3 Vibration parameters

Frequency (Hz) Voltage (V) Average amplitude (um)

0 121.1 0
100 121.1 8.56
200 121.1 45.67
1400
—%—400Hz
1200 —O—300Hz
—4—200Hz
1000 L —0— 100Hz o
—0O— No vibration -0
— goo L 42007790 A7 K 4e=965.1kW/m®
NE qc f 86.63% /4 H A gei00=1 109.6kW/m>
= 600 C . A geaop=1215.9kW/m*
=~ v/ A gesoo=1107.0kW/m?
ATy ATy 7 A Gea00=1116.9kW/m?
400 AT ‘ o G 3 A Tg=0.70°C
1070 g -~ 100 ONB A T10=8.42°C
20r A T200:8.200C
| A T300:8.41 °C'
Ul 80 8.5 9.0 9.5 10.0A Ta0i=8.35°C
1 | L i A
0 10 20 30 40 50
AT (°C)

B3 (RIZRROR D) AN [FIIR B AR T (13 1 24
Figure 3 (Color online) Boiling curves at various vibration frequen-
cies.
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Figure 4 (Color online) Bubble departure frequency and diameter at
vibration from 0 to 200 Hz. (a) Bubble departure frequency; (b) bubble
departure diameter.
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Boiling heat transfer enhancement by “bubble train”

MA XiaoJing'”, WANG SongHe' & XU JinLiang'”

: Beijing Key Laboratory of Multiphase Flow and Heat Transfer for Low Grade Energy Utilization, North China Electric Power University, Beijing
102206, China

2 Key Laboratory of Power Station Energy Transfer Conversion and System of Ministry of Education, North China Electric Power University, Beijing
102206, China

With the great demand of computing power, data centers are experiencing a substantial expansion in scale, and the associated high
energy consumption has emerged as a critical concern. Two-phase immersion cooling holds great promise in solving the energy
consumption issues of data centers owing to its remarkable heat transfer capabilities. Improving the boiling performance is of utmost
importance for immersion cooling technique. In this study, a novel heat transfer enhancement approach is proposed, which utilizes
piezoelectric ceramics to induce the vibration of a flexible heater. Experimental results demonstrate that the surface boiling heat
transfer coefficient of the flexible heater exhibits a 55.67% increase compared to that of a fixed surface, and the critical heat flux is
enhanced by 25.99%. A unique “bubble train” phenomenon is observed at a vibration frequency of 200 Hz, and the bubble departure
frequency is increased by a maximum of 362.10%. The conditions of velocity and heater displacement for bubble coalescence are
determined. Through the coupling of the vibration characteristics of the heater and those of bubble growth, the optimal frequency
range for bubble train is derived, along with its corresponding formula. This research provides a theoretical foundation for the
development of boiling-enhanced surfaces based on flexible materials and benefits the bubble manipulation.

boiling heat transfer, bubble dynamics, surface vibration, flexible material
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