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Fig. 1. Solidification process of nano-enhanced phase change materials.
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PR

£ 2 ANFEGCKBRLAF R Stefan 1

Table 2. Stefan numbers for different nanoparticle volume fractions

w Cu CuO Alg 03

0.0 0.0268 0.0268 0.0268

0.1 0.0324 0.0326 0.0302

0.15 0.0357 0.0359 0.0322

0.2 0.0394 0.0397 0.0345
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FEN 0.2 I, 58 4 el I 1R 2088 00 20%, e R A A= Ao ST B r sk HLR 35 amdlfE . kil sl (82)
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Fig. 2. Evolution of the solid-liquid interface position &; with time 7 under different internal heat

generation intensities Q. The parameters are set as 6y, = 1, 8 = 0.1, AT = 2K, h=200W/(m? K).
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Fig. 3. Evolution of the solid fraction ®g with time 7 under different internal heat generation intensities

Q. The parameters are set as O, = 1, = 0.1, AT = 2K, h=200W/(m? K).
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Fig. 4. Evolution of temperature ¢ with time 7 under different internal heat generation intensities Q).

The parameters are set as 0, = 1, 3 = 0.1, AT = 2K, h=200W/(m? K).
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Fig. 5. Time evolution of the solid-liquid interface position &; with time 7 for different nanoparticle

materials added. Parameters are Q = 0.2;¢ = 0.1, 0;,;; = 1, = 0.1, AT = 2K, h=200W/(m? K).
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Fig. 6. Time evolution of the solid fraction ®g with time 7 for different nanoparticle materials added.

Parameters are Q = 0.2, ¢ = 0.1, 6,5 = 1, 8 = 0.1, AT = 2K, h=200W/(m? K).
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Fig. 7. Time evolution of temperature 6 with time 7 for different nanoparticle materials added.

Parameters are Q = 0.2, ¢ = 0.1, 6,5, = 1, 8 = 0.1, AT = 2K, h=200W/(m? K).

19



4.3  ARFAATR T B EIERN

FE] E WA AR Q MAURBIRIFE (Cu) MIZFAT, BEEM DL ¢ X BRI R E 179
M. EH ) = 04 ¢ =014 ¢ = 0.15+ p = 0.2 WU TOLHEAT XS L Hr. dnEISFIOP R, - AL B ¢
SN ¢, BETLEAIN R 7 FEAERIL I 535 0 o M. B3 o K, St R 5 i A 2R
AR E TR, XN 2R RS EEE R, o = 0.2 IR AR HONRIE, HRIARI SR (¢, = 1); T4l
FAMEL (v = 0) Bt RO, S5 REKW, SIS RGORBR W] &2 sn ke 3 12l 78 10
£ 6 BE A 7 A R T RIS BERE o BRI, PR R BARRRIR R AR B e R,
RV IR SRR IR 6 )7 Bl R4k, HAF GIREA TR RN (22), EEMERSES R AR
BE DK BRLARAR 20 550 o BB SR SR T 3 ) S PR BRI 5 1 RGN B0 AL T A E AR S RE 7, (A
AR R OB TR TS FA B % B DR 3 Y, AT 00 ) 5 T B S ) P AR IR, 4 RO PR R 90 B I 55 £ A AV
BN 7, B E AT B 1R ) EE AN

g5 b, PORBRLARR 2 B o) & D B A AR A RHRE R VE RE A B ) S8 32 o B RS T

7], Ezﬂﬁ%ibﬂﬁﬁﬁ I#, E?ZXJ‘EL?{E%E‘/E%H#[‘HI FFEEARIR Tt /TR RE L AR P i ML R

10
0.9r
0.8
0.7r
0.6+
0.5
0.4r
0.3
0.2
0.1%

0

&

0 2‘0 4‘0 (;O 8‘0 160 120
T
K8 IS Cu GRBURI, [ - ORI E & BEmE « Ktk SHIBEN Q = 0.2,
Omis = 1, 8= 0.1, AT = 2K, h=200W/(m? K).
Fig. 8. Time evolution of the solid-liquid interface position &; with time 7 for different nanoparticle

volume fractions 1 (copper nanoparticles). Parameters are @) = 0.2, 0, = 1, § = 0.1, AT = 2K,

h=200W/(m? K).

20



11

0.9

08l ‘."// |

0.7 B/ e

0.6+ P |

04

05F 4 8
L ’d |

0.4 ;'

03r ¥ — =0 ||

02r 7 s — :
01ld 1 = 0.15

K9 WINARIELE] Cu GKRBRLIN, EAHAR >4 &5 BEIS (A = ML 2. SHEIEN Q = 0.2,
Oimic = 1, B = 0.1, AT = 2K, h=200W/(m? K).
Fig. 9. Time evolution of the solid fraction ®g with time 7 for different nanoparticle volume fractions

(copper nanoparticles). Parameters are Q = 0.2, 0;,; = 1, 8 = 0.1, AT = 1K, h=200W/(m? K).
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Fig. 10. Time evolution of temperature 6 with time 7 for different nanoparticle volume fractions 1

(copper nanoparticles). Parameters are Q = 0.2, ¢ = 0.1, 0;,;, = 1, 8 = 0.1, AT = 2K, h=200W/(m? K).
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Fig. 11. Effect of internal heat generation intensity @ and Cu nanoparticles volume fraction ) on the

solidification time 7.
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Fig. 12. Effect of internal heat generation intensity () and CuO nanoparticles volume fraction ¢ on the

solidification time 7.
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Fig. 13. Effect of internal heat generation intensity @@ and Al,O3 nanoparticles volume fraction v on the

solidification time 7.
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Fig. 14. Effect of the radius ratio 8 on the total solidification time .
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Fig. 15. Effect of the Biot number on the total solidification time 7.
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Competitive Effects of Internal Heat Generation and

Nanoparticle Enhancement during Solidification of

Annular PCM*

HUA Mingjie  FAN Hailong!

( College of Science, Inner Mongolia University of Technology, Hohhot, 010051,China )

Abstract

The solidification behavior of nanoparticle-enhanced composite phase change material (PCM) with
internal heat generation is of considerable importance for the design of advanced thermal energy stor-
age and thermal management systems. However, the combined effects of internal heat generation and
nanoparticle-induced thermal enhancement on the solidification dynamics in annular configurations have
not yet been systematically elucidated. In this study, a theoretical model is established to investigate
the Stefan problem associated with the solidification of nanoparticle-enhanced PCM containing uniform
internal heat generation in an annular enclosure subjected to convective cooling. Under the small Stefan
number assumption, a multi-scale asymptotic analysis is employed to derive analytical solutions for the
temperature field, interface evolution, and total solidification time. Four spatial scales and five temporal
scales are identified, and a unified mathematical framework is developed by incorporating the effective
thermophysical properties of nanoparticle-enhanced PCM based on effective medium theory. The effects
of internal heat generation intensity, nanoparticle type, nanoparticle volume fraction, annular geometry,
and convective boundary conditions on the solidification process are systematically investigated. The
results demonstrate that internal heat generation acts as a volumetric heat source that continuously com-

pensates for heat loss within the solid region, thereby elevating the local temperature, weakening the
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temperature gradient at the solid -liquid interface, reducing the interfacial heat flux, and delaying the
propagation of the solidification front. In contrast, high thermal conductivity nanoparticles significantly
enhance the effective thermal conductivity of the composite PCM, accelerate heat transfer, and shorten the
total solidification time. Among the three classes of nanoparticles considered, Cu exhibits the strongest
enhancement effect owing to its exceptionally high thermal conductivity, whereas Al,O3 provides the
weakest enhancement. A quantitative parametric analysis further reveals a pronounced competitive inter-
action between internal heat generation and nanoparticle-induced thermal enhancement. As shown in Fig.
11, the total solidification time increases monotonically with increasing internal heat generation intensity
but decreases markedly with increasing nanoparticle volume fraction. Even under strong internal heat
generation, increasing the volume fraction of copper nanoparticles effectively mitigates the solidification
delay, indicating that enhanced thermal conduction can partially offset the adverse influence of internal
heat generation. Furthermore, increasing the annular radius ratio and the Bi number significantly ac-
celerates solidification by shortening the heat-conduction path and enhancing convective heat transfer,
respectively. These findings clarify the dominant physical mechanism governing the competition between
internal heat generation and nanoparticle enhanced thermal conduction during annular solidification. The
proposed analytical model provides not only an efficient theoretical tool for predicting solidification behav-
ior but also a quantitative framework for optimizing nanoparticle type, internal heat generation, annular
geometry, and boundary heat transfer conditions in composite PCM-based thermal energy storage and

thermal management systems.
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Fig. 11. Effect of internal heat generation intensity ) and copper nanoparticle volume fraction i on the

solidification time 7.
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