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Abstract Following the continuous increase in power density of microelectronic devices, heat dissipation has become a critical
bottleneck limiting performance. Although rectangular microchannels offer a large heat transfer area, the flow under purely pressure-
driven conditions remains predominantly laminar, and the thermal boundary layer limits further enhancement. In this study, a three-
dimensional numerical model was employed to investigate the effects of different electrode configurations on flow field and temperature
distribution. A positive electrode arrangement with periodically increasing spacing was proposed , providing the essential insights into the
mechanism by which the electric field interacts with the fluid. The results reveal that this periodically increasing arrangement effectively
induces periodic vortex structures, referred to as "pseudo-roughness, " near channel bottom. These vortices strongly disturb the viscous
and thermal boundary layers, significantly increasing the local near-wall velocity gradient, thereby simultaneously enhancing the
convective heat transfer, increasing the overall flow velocity, and improving drag reduction. In terms of the boundary layer velocity,
relative to a conventional smooth channel, the periodically increasing arrangement (Structure 1) achieved the highest enhancement of
41. 6%, followed by the uniform arrangement (Structure 2) at 36. 8%, and the periodically decreasing arrangement (Structure 3) at
32%. This trend was also reflected in the overall performance: the periodically increasing and uniform arrangements improved the
performance evaluation criterion (PCE) by 90% and 70%, respectively. Notably, under the identical applied voltage and heat
dissipation performance condition, the periodically increasing arrangement reduced the pressure drop by 66.7%, demonstrating a
markedly superior overall performance compared with the other two configurations.
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Fig.2 Schematic of electrode configuration
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Tab.2 Positive electrode configuration dimensions mm
it H St S2 S3 S4 S5 S6 M
ZER 1 1 1.2 1.4 1.6 1.8 2 1
2544 2 1 1 1 1 1 1 1
4513 2 1.8 1.6 1.4 1.2 1.2 1
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Tab.3 Physical properties of deionized water
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Tab.4 Physical parameters of silicon
BLE 2 fH
% (kg/m?) 2330
SREBU[W/(m-K) ] 148
e[/ (kg K) ] 710
A HLUH 0 (F/m) 1.04x10710
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Fig.3 Differences in maximum temperature and flow velocity

under different grid numbers
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enlarged view

B T IRAAAR SR Ty SRS = A i ik
FRUIT (81422 3K By i 1432 3y, i 8 i Y2 0 sk A i 2
R oA o FEHL IR T, i B 7 & A a2 1l
R, MR T IR 10~12 v i sk i) Jis) B0 P 0 sl A
S5 i1 )2 R T A AT LA R R AR T =R
P 8 DXk A0 A A R ) 2 . FE AR AL E R, 4544 1
R 2 o R v T R 2 Ak A 3. Horp S5 R 1
e K FEIRE] 0.4 m/s, 4549 2 2 0. 35 m/s, 1l 45 14 3
AU 0.26 m/s, AEET AL, S5 H 1 00 B 1 iR
1K 100% , 4546 2 1 75% , 454 340K 30% .,

& 13 it 7 g B, S ML 500 V FHZE 2 000 Vi, AS ]
HLAR 4540 N R R A8 k. FR BT 13 AT, F e 3 e
A% #1373 77 5 1 Sl BE 3 38 T e ARG B, O i
Y 5 R 150 o A R

TELER 1 B F R T, FL ) SR Bl A i
YER 7 R oA, 5 30 S R (= AR e s, #
N A SR 5 o 254 B S AR A . HLA T
T A5 L 2% B R R B R e R R, A ZY
240 kPa (500 V)[4 % 245 80 kPa(2 000 V) , F& 1 25 N
66. 7% L4 1 Hb LA 1 J) 1A e it 1 A 7 X,
7 F S T g B R 3 AR 7 A ) Bl A B R A
N, A A5 Bl BH T B 2 R, TR ) 25 2RI o TR
BF, A A R A 4 T 5 U 1 R AR T AR S RE



AR, A e

%N

JIG S P A 8 O 015 e R A KB AT 5

JEE/(m/s)

0 0.050.09 0.14 0.18 0.23 0.27 0.32 0.36 041045 L
I — i/ (71/5)
[1T000vV_— e — - |

00 V.

//iijr’] 1

| 000 V

-

B9 x-y ¥EI’~]E’J LRk
Fig.9 Velocity distribution in the x—y plane

_ 451
04r = @ 500V
1000V
1500V
03F —2000V
E 0.2 1l
orll MUY U WA MW U
HUESR U] H R
- v ¥
JWOTUUUUUUI LA
0 5 100 15 20 25 30 35
X/mm
—500V —500
| 1y
—2000 Y | COIER300N. N
7% 2 B ‘ :\"
() [ £ (@) I
SN R
| M Y o "a
|
! ! ‘l\ 1 |V|. 1 J Or—iJ 1 1 \Ll—* I
4.0 45 50 55 6.0 6.5 45 50 55 60 65
X/mm X/mm
E10 M 1R ELRES
Fig.10 Velocity distribution at the boundary layer of
structure 1
035 Vo Ap)
—500 V
0.30 — 1000V
1500V
025 —2000V
£ 020
i
i 0.15
0.10 ‘
oosiIf MM MH HE HE HE T
W UM PUL U MU
0 5 10 15 20 25 30 35
X/mm
11 £ 20 RELTRED T

Fig.11 Velocity distribution at the boundary layer of

structure 2

030

4513 —500V
%0V
0231 —2000 V
020
5015
=
0.10
“u “V "\4 ! 1U \ ‘J “V, | \
0.05 K U U v\ \ O | Ul vV
WU
0 5 10 15 20 25 30 35

X/mm

B 12 £#3iaRELTRED

Fig.12 Velocity distribution at the boundary layer of

260
240
220
200
180
160
140
120
100

80

AP/KPa

60

structure 3

—u— ZEH1

Z5H42

—A— 453

1 1 ]
500 1000 1500 2000
HE/V

E 13 REIRRHER AR T 3T EH ER

Fig.13 Pressure drops under three operating conditions with

different electrode arrangements

T AR E A AR el )y 25 bk g7
TEGER 2 7p TR 5P T T P28 4 K
B, N 180 kPa(500 V) F+ZE £ 200 kPa(2 000 V) , 1

L0 11,

1% WUEP SR F-2%, Hitm e A 1B
JR— 7 J—



i 0 780 & R, 100 BH R A 359 A 245 R X 3 AR 3k 8l B
PISEMR /N o AR IS 7= A AR RE D, S e )
| & B BE 1 722 A AR ELHGI L A 7545 B e 25 TR/ iR
Tt ARG 3 e ) EAEAN R HL H KT T AR A
MFAE IR YEFRAE 190~200 kPa, 14544 th ) 3
SRt SR, B 6 S BH g 9 52 ma L f, 15E BH
M ARG, B3 O | R R S A R ) 2
[ BE T A2 WAl . PRI ) 22 LR &k B 3
Ak, 3 R B A5 48 3 1 R A AT 0T ek BHL 1) BT ik
BN,
3.3 REMEEST

14 T 7 R 3 it A L w—y - T8 PR PRS0 B 40 A
H L 14 RTHT, ZE 2540 1~3 Hpr 3 88 A 5 B0 ) S0 4 A
RO, HAE 500 VI H IR Gerk i IR AR ALV, 1%
BN 55 2R 55 P9 S S B P 2 A R A AR 3 R %
Jeil AP 25 0 el A A SR AR S R 2 R B At
P A I 5 SR — S R R RRE . AT
Ry (A AR AR S PR 7E T A e e X TG 44 A2 i e 3R
YERT, B TR 2 iz 2 iR Ak

0

XFFEEAE 1.2, $AB B 5L B I 25 - WAk, 2 3
e 0 T W AR A L (AR T AR, R
TEAR A T, A5 48 A 2R B AT 8 55 B A i
PR ) TR B R 92, X 28 L T A8 A AR e PV EE T 1
() SR

TE LA 500~1 000 VB, 35 EE 375 9 T4 H B
IR 2l (B 15) o A AN “ I 2] 7 10 e 742y
“JRFRARERT HARHIE R B B D (XA TR,
I TR 294 5~10 “Co 4 E T2 1 500~2 000 V
FF, 3 S A B i ), 296 TR Ay RS 3 I B 1) S 300 I
Bl TEAFZAET (Zms Bl F B otk | i
R Ak T B AR b B G S AR ) B A2 AR A5 1 1 5
(FEE T EWITIN) o LS5 AT I 55 5 T AR
AT I B B )M PR T A R B 25 B A,
FL R A DX 3k A A3 R B A, LA 0 15 R J2: Onsager-
Wien 840 7 A ()16 i o 0 e i 34 3 48 R ik 3R 30
B N 7 S 1)) 1k o T W IR 0 N o5
e T RV XTIt 7 A% A 6 T T 1) 1A = B, DT
SEEL T ARG B E T

2.85 10.85 18.85 26.8533.85 41.85 50.85 58.85 67.85 76.85 'C L
b | x
500 V|
I 1000 V
L 1500 V

- - 2000 V
ZEH1

500 V]

1000 V

1500V

2000V

500 V|

1000 V

1500V

i

2000 V

453

14 x-y FEHAMNEBRES

Fig.14 Temperature distribution in the x—y plane

SZEMRESH
XT3 i A B A, B SRR (N ) Yo Bl it
TR R ) T i S B e A IR R R
XoF 3 Fofr 45 R 1 5 A T 98 A A HLAT S 3 R ORI
3FhEERIFE 500~2 000 V HL R T (5% 28 R E A 1k
WE 16 Fim . B 16 m] A, S54 1 B fb SR i i
FOHIIRIA 58. 82% . VLHATELR B LI AR T 4540 1
) FEL AR HE A 7 2ORT B A8 b g g 7 M e A . 254 2
F AR AL YEREN T4540 1 5450 3 2 8], FEHLE
R 8 R

3.4

k1 500~2 000 VI, 454 2 B3 R4 5 50%

GEHE 3 1Y 85 FE IR AR S i B T IR AR T
G5 1RG5 2. IZ IR R IG5 3 AETE A R R
PR, AL 4% FEMES IARE T 8055 A IR B A S i 1B
ISR 22 (HAR B S AR SORN 2 4
4 3 (8% FE IR B IRATI A B 5 = ol 84, 62% ., %4 R
a7, B IR B 1 s ML XTS5 3 (1) 4 Bk Re H
R B R THER .

g5 b RTIA B ER AT H AR AR 1Y) il 1



IREVEK, 55 SO V0 P B A9 588 0L 3 5 1 AR P O BB 5

14
13 .
A
) 12
;HTH o———— & — o
w1
12
290t
ol
9 -'—_-\—\-
8 -
1 1 1 1
500 1 000 1500 2 000
GENEAY

15 3FEEH T 500~2 000 V B [E X B AR = 3 bk
Fig.15 Emperature difference comparison under
500-2 000 V for three cases

28
]
P S 1

—A— 243

12

1 1 1 ]
500 1000 1500 2000
HUE/V

B 16 3FhZEHI7E 500~2 000 V BB E TR RETAL
Fig.16 Nusselt numbers variation of three structures under
500-2 000 V

SEA AT R R IR IR B A R A
BRI, 4500 1 iy il A BB R B IR e )
PR A AR B RE o (H A — S B0 2 LITEA e
WERMLZEA TR, I LA 55 2Rk H PEC SR PEAR S
T B EARPERE . LAZEH 1B s B A CHE A 5 =
2 5, PECAH R F 1 Btk J5 i 4548 =X flom 1
BOASSH H ER R 25 G vkfe , H PECIEM S 276
PERER

B 17 fr s i 3 FP 5 48 1) PECAE 5 HL R I G 2R
iy [ 17 0] 401, 3 Rh 4544 9 PEC {8 22 B i, 15 T 25 i 44
K, FE1500~2 000 V DX [H] P3G R B T SE . 27
BHPER G INFENRE , 3 ML 1E 1 500 V HLE
TR AR AR

FEREAHLU RS N 4549 1 NS5 4 2 (9 PEC {H 1R
LT 1, R B A Ak H AR Al 1 i i 2 CHE AR O X
Ol A M EREE B T B E R . EAE RN A
1500 V HLE T, 2544 1 ) PEC {H 38 i 38 2 & KM
90% , 4544 2 (1) PEC B KIG TRk 70% , 4544 3 1) PEC
(S KGN 87. 5% (AT ERE AR, L Rl

1 1 1 ]
500 1 000 1500 2 000
HLE/V

B 17 37 &5#M PECEESBENX &R
Fig.17 Dependence of PEC values of the three structures on

the applied voltage

2000 VB, 3 45 0 PEC 8% 2R 50 IR 22 IR
e B S0 Ak B, Ak 2k T L R 4 S S0
AR TERE T RE

W SCA BT I 7%, 544 110 7 401 Ok e Rt . 3%
¢ (5 AT 3K 66. 7% , HAEWPH T RIS, 2 i T
RS MLE R EEFITERE . 25 LTk, 3 Fh A Al 4544 ¥ B
FEAR TR T 80T 2 T R0 o e SRR 10 25 B PR R
3 7 WA R T Tl T8 PS4 15 F A 45 2 — oA K
(T R

4 &ig

AR ARG A X A S D S R M R HE A 254,
PRGE T JE M B /N B 3850 43 A B F 3 vl K 3
ANIFPFGEY S AT EE AT  RGE T T AN
FEAAF R A W It A A0 TR A R R PE  55 JE B
TG R LR A ERE R AR LR . BB

1) JE 09 3o 344 AW ) 760 B 0 R T A PR R
AR T 34 ) g TR0 5 T B0 v ok i v A6 D ST 3ot 348 A
JRi PECH 735042 74 9. 56% .34% .

2) SR FH 130 2 2 it r A A PR T Ak 3 IR R )
PEHETF 20% , A3 250 0 ok Tk B A R . A F R A
1500 V i}, 3 Fh 5 i - B BTt ax J2
B3 B 1 LA 0 A Bl L ) B R TR R
- [ 1) 4 15 P T P PR RE T e B AL R AR,
o HLE T 7 A A

3) B A L TR R S S G TR 1) 5% SE IR 8K
FETF58. 82% , 5] EARAG BUHE T 50% , J&] 14 328 Y8
RIETE 84% . (H 24 HL FEikF] 2 000 V i, 8% € /R Kl
ot T RRE X BRI T AR i JiE 45 4
PR, i N & AE AR, 5 T A FARIUR

4) 7 L T JEC FB SR FH R 0 3o 3 A U B, 51 A
PR DA AEL RS 225 460 (o R [ [ K 66. 7% 5 35957 B W A i 25 4

R 9 _



VUL fofF A3 JI01 10 9% 5 J5 S0 1 el 4 784 %) S AR 38 8l 45y
T2,

5) PRI R 30 T O 28] S ) R A i Bl
s FEL ARG A 30 0 3R A A i . R P S G 5 44 1)
I RHER T 100% , 355) 4540 e K FE T 75% , 8
P 356 R TR ) B R T R A T 30%

T T T PSR | H AROBR BB A R0 TH ki 1 285
R 2R YRR IT B IR B 1 A Mk . (EAR T 2,
M R 1500 VR, 3 RS R B EOAEE 24 R
T I 3 DR R Y AT R R R e R B
JEDIE 5 19 25 R E 01 500 VT DX 7] Py 44 7 1 B
FERRE , [R] A R R AR R e 5 19 5 4 80 S AR X 1 )
P BE 43 A, 255 PR BRI T R I 1k 3B 14 45 4
PR, 11— 25 Dt Ak kPR 45 4 B 48 T+ HAe AR TR
HL K T R PERE

AU EAER N HER LR  EEML] T
COMSOL # AT EUE 4341 o FH e T 2% H 5 A e ]
2025 41 A 202548 12 A, JF i i pi o E N 4L
(H A AR A B R 25 B T 1 PR R () B S
BARACAH YRR 345 R o AL S R 45 5 AR
5% B4 AH DG Y T 5L A P9 28, 3R IBCT HL Al B A
(A SE R SCAR A AE T A OCSCA . (I T2/ R 55
Ja  AEFH O AEAAE S B A R B B bR T T
COMSOL KA (A A5 155 B B AH D& 220 1 A ot U, 5
SFFEH O E AR T MU B RO, I %
PSPV e et S

S 3k

[1] Zhang Xilong, Dong Wenlin, Liu Jiang, et al. The
influence of pin fin structure on the flow and heat transfer
characteristics of the manifold microchannel heat sink [J].
Applied Thermal Engineering, 2025, 261: 125119.

[2] Li

Comprehensive review and future prospects on chip-scale

Ziyong, Luo Hailiang, Jiang Yuguang, et al.

thermal management: Core of data center's thermal
management [J]. Applied Thermal Engineering, 2024,
251: 123612.

[3] Du Liang, Hu Wenbo. An overview of heat transfer
enhancement methods in microchannel heat sinks [J].
Chemical Engineering Science, 2023, 280: 119081.

[4] Shen Feng, Xiao Peng, Liu Zhaomiao. Microparticle
image velocimetry (WPIV) study of microcavity flow at low
Reynolds number [J]. Microfluidics and Nanofluidics,
2015, 19(2): 403-417.

[5] Ramadan K M, Kamil M, Tlili I, et al. Analysis of

thermal creep effects on fluid flow and heat transfer in a

[10]

[11]

[12]

[13]

[14]

[16]

microchannel gas heating [J]. Journal of Thermal Science
and Engineering Applications, 2021, 13(6): 061011.
Alam T, Kim M H. A comprehensive review on single
phase heat transfer enhancement techniques in heat
exchanger applications [J]. Renewable and Sustainable
Energy Reviews, 2018, 81: 813-839.

Darabi J, Rada M, Ohadi M, et al. Design, fabrication,
and testing of an electrohydrodynamic ion-drag micropump
[J]. Journal of Microelectromechanical Systems, 2002, 11
(6): 684-690.

Yu He, Li Hongru. A conditional factor VAE model for
pump degradation assessment under varying conditions[J ].
Applied Soft Computing, 2021, 100: 106992.

Oda T, Aoyama M, Ohkubo T, et al.
Electrohydrodynamic pumping effect in dielectric liquid
using a non-uniform traveling field [ C]//Proceedings of
Conference on Electrical Insulation and Dielectric Phenomena-
CEIDP '96. Millbrae, CA, USA. IEEE, 2002: 662-665.
EAI, BRI, AR, A ARSI SR A 0 ORI IS 3R 1Y
MIRFEPEL ] B R S TR, 2023, 23(15) : 6448~
6454. (Cao Shengxian, Yan Peicong, Wang Gong, et al.
Dirt inhibition characteristics of a variety of particles by
non-uniform electric field [J]. Science Technology and
Engineering, 2023, 23(15): 6448-6454.)

Jungmann F, Onyeagusi F C, Teiser J, et al. Charge
transfer of pre-charged dielectric grains impacting electrodes
in strong electric fields [J]. Journal of Electrostatics,
2022, 117: 103705.

Patel V K, Robinson F, Seyed-Yagoobi J, et al. Terrestrial
and microgravity experimental study of microscale heat-
transport device driven by electrohydrodynamic conduction
pumping[J]. IEEE Transactions on Industry Applications,
2013, 49(6): 2397-2401.

Patel V K, Seyed-Yagoobi J, Robinson F, et al. Effect of
gravity on electrohydrodynamic conduction driven liquid
film flow boiling [J]. Journal of Thermophysics and Heat
Transfer, 2016, 30(2): 429-437.

Vazquez P A, Seyed-Yagoobi J, Traoré P, et al. EHD
pumping in flexible conic mnozzle [C]//2019 IEEE 20th
International Conference on Dielectric Liquids (ICDL).
Roma, ltaly. IEEE, 2019: 1-4.

Gao Xuelin, Bao Xingdong, Pang Songjian, et al. The
electrohydrodynamic enhancement of heat transfer on
interdigitated electrodes by a charge injection pump [J].
Physics of Fluids, 2024, 36(3): 033612.

Vasquez M B, Polanco M A. On the continuity equation in
space-time algebra: multivector waves, energy-momentum
vectors, diffusion, and a derivation of Maxwell equations

[J]. Mathematics, 2024, 12(14): 2270.



IREVEK, 55 SO V0 P B A9 588 0L 3 5 1 AR P O BB 5

[17] Temam R. Navier-Stokes Equations [M]. Providence, R.
I.: AMS Chelsea Pub., American Mathematical Society,
2001.

[18] Park HM, LeeJS, Kim T W. Comparison of the Nernst-
Planck model and the Poisson-Boltzmann model for
electroosmotic flows in microchannels [J]. Journal of
Colloid and Interface Science, 2007, 315(2): 731-739.

[19] Peng X F, Peterson G P, Wang B X. Heat transfer
characteristics of water flowing through microchannels [J].
Experimental Heat Transfer, 1994, 7(4): 265-283.

(20] SkEzhp, ZR2rHe, Bamal, & b hkops A e e e g
Bl S AL RRE R BB I T LD ], H1v8 273l L 2025, 46
(4) : 52-60. (Zhang Qiankun, Li Hongyan, Lii Bichun,
et al. Numerical study of thermal-hydraulic characteristics
of vein biomimetic microchannel heat exchanger (1]
Journal of Refrigeration, 2025, 46(4): 52-60.)

[21] XU/NZE, AEM, A5 AR, 45 RS U ol A TR IR
A RE AL LY ] A5 iy, 2015, 35(2) : 229-235.
(Liu Xiaojun, Fu Debin, Niu Qinglin, et al. Numerical
simulation of heat transfer for exhausted gases jet
impinging [1]. Explosion and Shock Waves, 2015, 35
(2):229-235.)

[22] He Siyuan, Ben Mrad R. Design, modeling, and
demonstration of a MEMS repulsive-force out-of-plane
electrostatic micro actuator[J]. Journal of Microelectrome-
chanical Systems, 2008, 17(3): 532-547.

(23] BR#ifh, E&8E, FAW] . ZFLEEECAT RO 18 R 3 A

FEPERF ST (1. % 242, 2022, 43(3) : 62-70. (Chen
Chaowei, Wang Xinyu, Xin Gongming. Flow and heat
transfer characteristics in manifold microchannel with
porous fins [J]. Journal of Refrigeration, 2022, 43 (3):
62-70.)

[24] Deepak Selvakumar R, Kong D, Kyun Lee H, et al.
Enhanced heat transfer in a microchannel with pseudo-
roughness induced by Onsager-Wien effect [J]. Applied
Thermal Engineering, 2023, 233: 121122.

[25] Steinke M E, Kandlikar S G. Single-phase liquid friction
factors in microchannels [J]. International Journal of

Thermal Sciences, 2006, 45(11): 1073-1083.

BIEEEEN

KV, B H AR H B TR SRS TR B,
18681955545, E-mail : zhangxilong@qut.edu.cn B 57 J7 [] < ith |
LRI AT A A, BT RE IR N 1) RGEEA B BRI 41
TREASPHOR  GORTAAL AL BRRE

About the corresponding author

Zhang Xilong, Male, Professor School of Mechanical and
Automotive Engineering, Qingdao University of Technology
+8618681955545 Email : zhangxilong@qut. edu. cn.  Research
Interests: Cooling of chips and high-power electronic devices,
new energy power system technologies, heat pump air
conditioning technologies for new energy vehicles, heat and mass

transfer characteristics of nanof



