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Abstract: To address the heat transfer limitation resulting from limited secondary flow in traditional
in-line tube bundle arrangements, the liquid metal cross-flow over tube bundles is combined with
pulsating flow to investigate heat transfer performance through numerical simulations. Firstly, a
model of liquid metal cross-flow over tube bundles is established, and the reliability of the
turbulence model and turbulent Prandtl number is validated based on this physical model.
Subsequently, a grooved model with characteristics of flow separation and adverse pressure
gradients is constructed to verify the applicability of the turbulence model for pulsating flows.
Next, the unsteady flow field induced by the application of pulsating flow is analyzed. Finally,
using the Box-Behnken experimental design method, numerical simulations of liquid metal
pulsating crossflow over tube bundles are conducted with streamwise pitch ratio, transverse pitch

ratio, Péclet number, pulsation amplitude, and pulsation frequency as design variables, and the

s B . 2025-07-18, TEZ T A W Q995—) . 5 A X S GEEEED B 8B LA 506, I 4
WH. ERESHLITREEE2022YFE0210200) ; F K A AR =4 E W H (52276019) ,
P 2% R TE] . 2025-11-18 W 4% HY R AE . hetps: // link. enki. net/urlid/61. 1069. T. 20251118. 1335. 002



o453

RV 55 RS 4R K S B U A AR S W 3l 5 2 2 801G O A ILRIAT 5T 133

Nusselt number as the objective function. The results show that the introduction of pulsating

flow leads to the evolution of vortex structures, which enhances turbulence in the recirculation

zones. Compared to steady-state flow, the turbulent kinetic energy increases by 3—4 times,

while heat transfer performance improves by 1. 05—1. 70 times. The Nusselt number exhibits a

positive correlation with the Peclet number and pulsation amplitude, but a negative correlation

with transverse and streamwise pitch ratios. Meanwhile, under different parameter conditions,

an optimal pulsation frequency within the range of 7. 5-—12. 5 Hz is identified. The proposed heat

transfer correlation achieves a prediction error of no more than 8%. It provides valuable insights

for advancing heat exchanger design, improving thermal efficiency, and supporting engineering

applications.

Keywords: liquid metal; in-line tube bundle; pulsating flow; turbulent; heat transfer correlation
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Fig. 1 Schematic diagram of in-line tube bundle structure
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Fig. 4 Time-independent verification
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Fig. 5 Schematic diagram of the computational domain
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Fig. 16 Effect of pulsating frequency on turbulent kinetic energy
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Table 1 Schemes of the experiments

F%E S, «D'S D' Pe A f/Hz Nu

1 1.8 1.8 150 0.5 5 10. 377
2 1.4 1.6 150 0.5 5 12. 811
3 1.8 1.6 100 0.3 10 6. 788
4 1.8 1.6 150 0.5 15 9.479
5 1.6 1.8 150 0.3 10 10. 146
6 1.4 1.4 150 0.5 15 13.697
7 1.8 1.6 100 0.7 10 9. 247
8 1.8 1.8 150 0.5 15 9. 332
9 1.6 1.4 150 0.7 10 12. 321
10 1.6 1.6 150 0.5 10 12.072
11 1.4 1.6 100 0.3 10 9. 286
12 1.6 1.4 150 0.3 10 13. 958
13 1.6 1.8 150 0.7 10 11. 847
14 1.4 1.6 150 0.5 15 11. 399
15 1.8 1.6 150 0.5 5 10. 277
16 1.8 1.4 150 0.5 5 10. 854
17 1.4 1.8 150 0.5 15 11.122
18 1.4 1.8 150 0.5 5 11. 273
19 1.4 1.4 150 0.5 5 12. 819
20 1.8 1.4 150 0.5 15 11. 085

\

1.6 e
1.5 ¢ °
4

14 3
2 e
< 13L °

17.5 14.5
185 135

B 17 Nu43Ai

Fig. 17 Distribution of dimensionless Nu number
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in response surface regression models
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Table 2 Variance analysis

FERE CFHEM ¥ F P

155 7Y 2.2900  0.2292 88.37  <C0.0001
Pey 0.0180  0.0180 6.94 0.0114
(SD ') 0.2342  0.2342 90.27  <C0.0001
(SSD™")y  0.0158  0.0158 6.07 0.017 4
Ar 0.0608  0.0608 23.46  <<0.0001
fr 0.0459  0.0459 17. 69 0.000 1
PerAr 0.0189  0.0189 7.29 0.009 6
Per fr 0.0282  0.0282 10. 86 0.0019
(SD "1 Ar 0.0589  0.0589 22.69  <€0.0001
(S\D D% 0.0229 0.0229 8. 84 0.004 6
fa 0.0473  0.0473 18.22  <C0.0001
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