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Optimization of Heat Dissipation Parameters for Pulsating Heat Pipes in
Power Switchgear Using Response Surface Methodology
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(School of Architectural Engineering, Anhui University of Technology, Maanshan 243032, China)

Abstract: To improve the heat dissipation capability of power switchgear busbars, a 2 mm-diameter circular
pulsating heat pipe was installed on the surface of phase B busbar, with the filling ratio of pulsating heat pipe, inlet
ventilation velocity and busbar load current selected as experimental variables. The central composite design method
was adopted to conduct heat dissipation optimization experiments. Based on experimental results, the functional
relationship between average busbar surface temperature and influencing factors was established through multiple
linear regression analysis. The response surface methodology was then applied to simulate and analyze the
interaction effects of various factors, followed by optimization of pulsating heat pipe cooling parameters. Finally, the
accuracy of response surface methodology predictions was verified by temperature rise experiments. The results
indicate that inlet ventilation velocity, busbar load current and their interaction significantly affect the average busbar
surface temperature. The optimal operating conditions are determined as 853 A load current, 1.7 m/s inlet ventilation

velocity and 50% filling ratio of pulsating heat pipe, achieving the minimum average busbar surface temperature and
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optimal heat dissipation performance. All temperature rise experimental data fall within the 95% confidence interval

of response surface, confirming the reliability of response surface methodology predictions.

Keywords: electric switchgear; busbar heat dissipation; pulsating heat pipe; temperature rise optimization; response

surface methodology; composite experimental design; thermal management; heat transfer enhancement
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Fig.1 Physical model of electric switchgear
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Fig.2 Physical model of pulsating heat pipes
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Fig.3 Curve of average surface temperature of three-

phase busbars varying with mesh count
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Fig. 4 Meshing of electric switchgear
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Fig. 5 Working fluid distribution of circular pulsating heat

pipes at different mesh densities
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Fig. 6 Meshing of circular pulsating heat pipes
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Tab.3 Test factors codes and levels
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Tab.4 Average surface temperature of B-phase busbar

under different experimental groups

=} 7qu‘ v
L Y% Y,/(ms) YA K
1 -2 -2 +2 337.88
2! 2 +2 -2 306.50
3 0 0 -1 311.28
4 -2 -2 -2 315.80
5" -1 0 0 313.97
6 0 0 0 313.03
7" 0 -1 0 315.67
8" +2 -2 -2 315.25
9" +1 0 0 314.40
10" -2 +2 -2 306.75
11" +2 -2 +2 336.22
12" -2 +2 +2 317.65
13" 0 +1 0 311.26
14" 2 2 +2 316.89
15" 0 0 +1 317.57
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Tab.5 Variance analysis
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Fig. 7 Response surface plot of load current, ventilation

inlet air velocity versus busbar surface temperature
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Fig. 8 Response surface plot of ventilation inlet air velo-

city, filling rate versus busbar surface temperature
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Fig.9 Contour line and response surface plot of load
current and liquid filling rate versus busbar surface

temperature
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Tab. 6 Optimal filling ratios before and after installing

pulsating heat pipes under different load currents
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1000 1.7 50.4 324.75 307.98 16.77
1100 1.7 50.6 332.92 31347 1945
1200 1.7 50.8 339.53 315.74 23.79
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Tab.7 Comparison between temperature rise

experimental results and response surface

methodology predictions

A /K 52 AH /K 95% 8 15 IX. ] fH /K
306.62
304.06 306.77 [300.29,307.83]
307.27

H& 7 AT & e FEUOR N 50%. 3l R XU
W17 /s, S HL U 853 A I, B I pH T v A T
{H°H 304.06 K, 525 F-34{EH 306.89 K, 4 il 22X
2.83 K; [l 3 YR T 52 56 45 5 1) F- 359 (8 2 78 ) i
T 95% B A7 X1, A A48 UE 1 e 7 it i £ k2 SR
(R R -

3 %Hig

S ¥ T ) JF A B2 O BB, #E 57 2 mm
RNk Sh G O T J1IF A B AR ZE K1)
15 EASERY SR FH 0 10 R 1875 X Bk sh 0V (I S 4
AL, MR 2L,

1) HL 7 FF G AR 8 XU O XU, B2 1 28 T L)
K W3 28 HAE FGE B AHBE 28 35 1w TR 9 5 i 45
3 OF 224508 P HY/NT 0.001),

2) Wk A FE R X B A BR3¢ i IR Y B
M 8 /0N, Ok B A () FE 3 50% I, 7E 853 A i
R 1.7 my/s 38 RUE T RGE 25, s Bk sh A
) FF O RELR 3R TP 350308 B e 1K

3) ) S T3 0 A A L T IR T S Y
S XA 5 e 1 T 9 Y TN (R A AH 22 2.83 K, HL
3 YRIRTF L0 2 SR 35 45 - 7 i T 95% EAE X B N,
AR E T 7 TG Ak 2 SR v 1



390 TR R =224 (A ZRBEAIR)

2025 4F

S 3k

[17] BAIJJ, LIY M, ZHAO Y C, et al. Experimental study of
an integrated aluminum flat plate heat pipe for lightweight
thermal management in electronic devices[J].
Thermal Engineering, 2024, 257:124332.

[2] BEDKOWSKI M, SMOLKA J, BANASIAK K, et al.

Coupled numerical modelling of power loss generation in

Applied

busbar system of low-voltage switchgear[J]. International
Journal of Thermal Sciences, 2014, 82:122—129.

[3] FRANK A, HEIDEMANN W, SPINDLER K. Electronic
component cooling inside switch cabinets: combined
radiation and natural convection heat transfer[J]. Heat and
Mass Transfer, 2019, 55(3):699—709.

[4] MAHMOUD K A A, BADR M M, ELMALHY N A, et al.
Transfer learning by fine-tuning pre-trained convolutional
neural network architectures for switchgear fault detection
using thermal imaging[J]. Alexandria Engineering Journal,
2024, 103:327-342.

[5] PLESCA A. Thermal analysis of busbars from a high
current power supply system[J]. Energies, 2019, 12(12):
2288.

[6] RITTIDECH S, TERDTOON P, MURAKAMI M, et al.
Correlation to predict heat transfer characteristics of a closed-
end oscillating heat pipe at normal operating condition[J].
Applied Thermal Engineering, 2003, 23(4):497-510.

[71 RYFA A, BULINSKI Z, SMOLKA ], et al. Determination
of busbar system heat losses in naturally ventilated and
hermetic switchgear[J]. IET Generation, Transmission &
Distribution, 2017, 11(7):1652—1660.

[8] SIDDIQA S, HOSSAIN M A, SAHA S C. The effect of
thermal radiation on the natural convection boundary layer
flow over a wavy horizontal surface[J]. International Journal
of Thermal Sciences, 2014, 84:143—150.

[91 SON M, KANG H, LEE S, et al. The study of temperature
rise in low voltage switchgear about cooling system[C]/
2017 4th International Conference on Electric Power
Equipment—Switching Technology. Xi’an, China: IEEE,
2017: 218-220.

[10] WANG B, JIA X Y, YANG J, et al. Numerical study on
temperature rise and structure optimization for a three-phase
gas insulated switchgear busbar chamber[J]. Energy, 2022,
254:124463.

[11] WANG L J, ZHENG W S, WANG L H, et al
Electromagnetic-thermal-flow field coupling simulation of
12 kV medium-voltage switchgear[J]. IEEE Transactions on
Components, Packaging and Manufacturing Technology,
2016, 6(8):1208—1220.

[12] WANG L J, LI X L, LIN J, et al. Studies of modeling and

simulation method of temperature rise in medium-voltage

switchgear and its optimum design[J]. IEEE Transactions on
Components, Packaging and Manufacturing Technology,
2018, 8(3):439-446.

[13] WANG X R, CAI S X, PENG Z W, et al. Research on
temperature rise of high current switchgear in distribution
system[J]. The Journal of Engineering, 2019, 2019(16):
2931-2934.

[14] XIAH T, GUAN Y G, YU Z Q, et al. Temperature rise test

and analysis of high current switchgear in distribution

system[J]. The Journal of Engineering, 2019, 2019(16):

754-757.

. TG H AR A IR 3 05 L R AR AR B [D]. K T

Tl k%, 2014,

CAO P.

Temperature Field for Distribution Cabinets[D]. Tianjin:

[15

—_

Simulation and Optimization Design of
Hebei University of Technology, 2014.

[16] MREERL, £, AL, 55, B ) F AR BOR R R 40 )
SRR [7]. f T BERTH AR, 2022, 41(3):72-80.
CHEN D M, WANG Z, TANG K, et al. Power switchgear
heat dissipation factor analysis and importance ranking[J].
Advanced Technology of Electrical Engineering and
Energy, 2022, 41(3):72—-80.

[17] BREESL, VPGS0, T, 45 W 2% Pk Re X B 4R oA Re

2 AHT [J]. B L ERE BT R, 2024, 43(2):12-19.
CHEN D M, XU H W, WANG Z, et al. Analysis of
influence of heat transfer performance of coating on busbar
heat dissipation capacity[J]. Advanced Technology of
Electrical Engineering and Energy, 2024, 43(2):12—19.

(18] BRI, AR, EHR, . & B AR R E S BUE 0 1

[7]. fB T HLBE B R, 2018, 37(1):38—44.
CHENJ Z, DU Z Y, WANG D, et al. Numerical analysis of
temperature field of high voltage switchgear[J]. Advanced
Technology of Electrical Engineering and Energy, 2018,
37(1):38—44.

[19] & nl A, JreA%, X SCRE, 45 Jk T P8 HOR i B8 v g

S LR ICH, (3], b R £ ., 2023(23):43-47.
GAO K J, FANG X R, LIU W Y, et al. Heat dissipation of
communication cabinet in data center based on heat pipe
technology[J]. China Science and Technology Information,
2023(23):43-47.

[20] 4zt WS, (ARG, 5. T & IR 40 X HEE ) 2% 11
o I3 (7 TR BARE D3R TR 0] MUK AR PR TR,
2024, 41(1):49-54.
JIN D, HAN C W, REN Z Y, et al. A method for improving
the heat dissipation capacity of GEO communication
satellites based on high-low temperature partition of heat-
pipe network[J]. Spacecraft Environment Engineering,
2024, 41(1):49-54.

[21] ¥ PHPF, EoE, Eik, . BT IER R R N ERRE R


https://doi.org/10.1016/j.applthermaleng.2024.124332
https://doi.org/10.1016/j.applthermaleng.2024.124332
https://doi.org/10.1016/j.ijthermalsci.2014.04.001
https://doi.org/10.1016/j.ijthermalsci.2014.04.001
https://doi.org/10.1007/s00231-018-2427-y
https://doi.org/10.1007/s00231-018-2427-y
https://doi.org/10.1016/j.aej.2024.05.102
https://doi.org/10.3390/en12122288
https://doi.org/10.1016/S1359-4311(02)00215-6
https://doi.org/10.1016/j.ijthermalsci.2014.05.006
https://doi.org/10.1016/j.ijthermalsci.2014.05.006
https://doi.org/10.1016/j.energy.2022.124463
https://doi.org/10.1109/TCPMT.2016.2586601
https://doi.org/10.1109/TCPMT.2016.2586601
https://doi.org/10.1109/TCPMT.2017.2767570
https://doi.org/10.1109/TCPMT.2017.2767570
https://doi.org/10.1049/joe.2018.8769
https://doi.org/10.1049/joe.2018.8371
https://doi.org/10.12067/ATEEE2107025
https://doi.org/10.12067/ATEEE2107025
https://doi.org/10.12067/ATEEE2107025
https://doi.org/10.12067/ATEEE2303037
https://doi.org/10.12067/ATEEE2303037
https://doi.org/10.12067/ATEEE2303037
https://doi.org/10.12067/ATEEE1611065
https://doi.org/10.12067/ATEEE1611065
https://doi.org/10.12067/ATEEE1611065
https://doi.org/10.12126/see.2023120
https://doi.org/10.12126/see.2023120

o 4 1]

W 2=, A LT I IR A T SR HE K S BV A S KA 5 391

(22]

(23]

[24]

[25]

[26]

[27]

(28]

M & PEBEF 5T [J/OL]. il ¥4 24 4] ,(2024—-03-18). https:/
link.cnki.net/urlid/11.2182.TB.20240229.1341.004.

HAN D D, WANG Q, WANG D, et al. Study on charging
performance of heat pipe heat exchange cold storage plate
based on orthogonal Journal of
Refrigeration,(2024—03—18).
2182.1TB.20240229.1341.004.
BN, JERE T AR TR, 453150 A PUEAR 1.1 65 R
B EERIIE R K IR T EAIE [7]. BB TR, 2022(2):52-56.
HUANG X J, PEI J, WANG J L, et al. 3 150 A center

cabinet 1.1 times natural air cooling structure research and

experiments[J/OL].
https://link.cnki.net/urlid/11.

development and
Electrotechnics Electric, 2022(2):52—56.

BN, TROBUR, MU, A5 LT R v B A L ik Bl
PE M BB Y ST AIFST [I]. Tk T 2442, 2024, 75(6):2222-
2232.

LI X Z, ZHANG S X, YANG H H, et al. Experimental
study on performance of new type of pulsating heat pipe for
battery cooling[J]. CIESC Journal, 2024, 75(6):2222-2232.
R H . ks R SIS E 21T B BUE RIS [D].
Kt KR, 2017.

LI Y Y. Numerical Simulation Study on the Startup and

temperature  rise  verification[J].

Stable Operation of Pulsating Heat Pipes[D]. Tianjin:
Tianjin University, 2017.

X LR, AR, VIR, A S T AR A BN A
POEZR R A PERE 5 a5 M ALAE 0], W R R 2019,
45(2):518-524.

LIU G T, SONG X M, JIANG X S, et al. Structure
optimization and performance of composite capillary heat
exchanger for high voltage switchgear[J]. High Voltage
Engineering, 2019, 45(2):518—-524.

thHE. = 4 ik Sh TE AL P 5 TR S AR PEDFSY (D). £ o
[l K5, 2021

QU J. Research on Heat Transfer and Flow Characteristics
of Three-dimensional Pulsating Heat Pipes [D]. Xuzhou:
China University of Mining and Technology, 2021.

TEAR, AT, SN, 45 TC HL T OC AR IR TH AR i 2 ) B
Yl HASEG [J]. R R R, 2016, 42(6):1775-1780.
WANG Q, QU J Y, WU G, et al. Multi-physical field
simulation  and  experiment of  temperature-rise
characteristics of switchgear compartment[J]. High Voltage
Engineering, 2016, 42(6):1775-1780.

FHFW. R TR A IR T P R AR O BE & (D).
Jemt: A e ke, 2023.

WANG H M. Development of an Oscillating Flow Heat

Pipe Heat Exchanger for Automotive Cooling [D]. Beijing:
North China Electric Power University, 2023.

[29] BEARMS, F 5. QM R IT SSAR T B S R iE 5 [9].

LTV R4 (FAARRR), 2017, 40(11):1474-1477,
1501.

XUE J P, TANG J C. Experimental study of thermal
dissipation of large current switchgear with heat pipe[J].
Journal of Hefei University of Technology (Natural
Science), 2017, 40(11):1474-1477,1501.

[30] BERR T, SCHRRL, M fh. 25T LHP B8 b0 I 55 a0

P IFAEOR [J/OL]. A rh B R 224 4l (A SR BHA R,
(2024-03—18). https://link.cnki.net/doi/10.13245/j.hust.240
339.

XUE Z H, Al B C, QU W. Chip-level cooling technology
for data center servers based on LHP [J/OL]. Journal of
Huazhong University of Science and Technology (Natural
Science Edition), (2024—03—18). https://link.cnki.net/doi/10.
13245/j.hust.240339.

(317 Wiz . o s I SC A ik A vl 0K G A e D vk F 5 5 )3

[D]. ]~ : e 3 TR 4%, 2018.

YAO Y. Research and Application on Overheating
Problems and Solutions of High-voltage Switchgear
Cabinets[D].
Technology, 2018.

Guangzhou: South China University of

[32] 5K, 25 M, Bk K, 45, B )R QI A G IR T

FRPE D7 B S8R 0BT [T]. HL TR, 2023, 52(4):64-66.

ZHANG C, PENG Z M, WEI Y F, et al. Analysis on
simulation and experiment of temperature characteristics at
key positions Electronic

Technology, 2023, 52(4):64—66.

of power switchgear[J].

[33] 5K AR, &% &, R IR5E, 45 AR ST JR 6 B 45 T k3l

PAT IBATRRE AT 0] A B R 4l (A AR B
W), 2022, 50(7):126—135.

ZHANG D, HOU H'Y, LI Q L, et al. Analysis of operation
characteristics of pulsating heat pipe under the condition of
non-uniform heat flux[J]. Journal of South China University
of Technology (Natural Science Edition), 2022, 50(7):
126-135.

[34] SKAH, 3% %, JRMRAS, 45 Wk sh A8 o Ak A2 B AR WF

UL [7]. Bl R 5 TR, 2019, 1921):1-7.

ZHANG D W, JIANG E H, ZHOU J J, et al. Research
progress on enhanced pulsating heat pipe heat transfer
technology/[J].
2019, 19(21):1-7.

Science Technology and Engineering,

RIEHE: AF


https://link.cnki.net/urlid/11.2182.TB.20240229.1341.004
https://link.cnki.net/urlid/11.2182.TB.20240229.1341.004
https://link.cnki.net/urlid/11.2182.TB.20240229.1341.004
https://link.cnki.net/urlid/11.2182.TB.20240229.1341.004
https://doi.org/10.3969/j.issn.1007-3175.2022.02.010
https://doi.org/10.3969/j.issn.1007-3175.2022.02.010
https://link.cnki.net/doi/10.13245/j.hust.240339
https://link.cnki.net/doi/10.13245/j.hust.240339
https://link.cnki.net/doi/10.13245/j.hust.240339
https://link.cnki.net/doi/10.13245/j.hust.240339
https://doi.org/10.3969/j.issn.1671-1815.2019.21.001
https://doi.org/10.3969/j.issn.1671-1815.2019.21.001

	1 电力开关柜脉动热管散热系统仿真模型的构建
	1.1 基本假设
	1.2 控制方程
	1.2.1 电力开关柜
	1.2.2 脉动热管

	1.3 边界条件
	1.4 网格划分
	1.4.1 电力开关柜
	1.4.2 脉动热管

	1.5 模型验证

	2 脉动热管散热参数的优化
	2.1 响应曲面优化结果的方差分析
	2.2 响应曲面优化结果的模拟分析
	2.3 响应曲面优化结果的验证

	3 结论
	参考文献

