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Abstract of Thesis

With the development of microelectronic devices and the miniaturization of energy systems, thermal
management at the nanoscale has become increasingly important. For instance, reducing the interfacial thermal
resistances (ITRs) can prevent devices from overheating, whereas increasing the ITRs enables microdevices
to maintain stable operation under extreme temperature conditions.

The solid-liquid (S-L) ITR is a critical factor influencing nanoscale heat transfer processes. The S-L
ITRs of flat surfaces primarily depend on factors such as wettability and liquid pressure in the experimental
and molecular dynamics (MD) studies. The S-L ITRs of flat surfaces can be measured using both experimental
and MD methods. However, it is important to explore the relationship between the S-L ITRs of flat surfaces
and those of nanostructure surfaces, which would facilitate the design of heat transfer in nanostructure
surfaces by enabling the evaluation and prediction of the S-L ITRs, thereby reducing the computational and
experimental costs of MD simulations and experiments for nanostructure surfaces

The objectives of the present study are to evaluate the ITRs of nanostructure surfaces using MD simulations,
to predict the ITRs of nanostructure surfaces through thermal circuit models (TCMs), and to assess the
feasibility of employing the coarse—grained (CG) water model as a replacement for the simple point
charge/extension (SPC/E) water model in the fields of ITR evaluation based on MD simulations and TCMs

To evaluate and predict the S-L ITRs of nanostructure surfaces, the relationship between the S-L ITR and
the density depletion length (DDL) on nanostructure surfaces was investigated using the CG and SPC/E models
in copper (Cu)-water and Cu-graphene-water systems, employing non—equilibrium MD simulations; Six TCMs were
proposed to predict the ITRs of nanostructure surfaces. The TCMs A and B were established under the assumption
that there was no energy transfer between water and the nanopillar sidewalls; the TCMs C and D assumed that
heat transfer between the water and the solid walls occurred under analogous temperatures of the nanopillar
sidewalls and groove bottom surfaces; the TCMs E and F were analogous to TCMs C and D, considering the temperature
difference of the nanopillar sidewalls from that of the groove bottom surfaces. TCMs A, C, and E utilized
the thermal conductivities of solids and liquids calculated from MD simulations, while other TCMs employed
experimental and empirical thermal conductivities

The findings obtained in this dissertation are summarized as follows. The ITRs between the groove bottom
surface and water near the top nanopillar surface could be correlated with the DDL. The DDL could effectively
be related to variations in S-L ITRs, even on nanostructure surfaces, including the Wenzel and Cassie-Baxter
states. Regardless of water models, the DDL depended on water pressure, surface wettability, and surface
roughness. The TCMs C to F could reasonably predict the ITRs in the Wenzel state on nanostructure surfaces
especially the TCMs E and F show good performance in predicting ITRs of nanostructure surfaces. Considering
the energy transfer between the nanopillar sidewalls and water, the TCMs C to F could also approximately predict
the ITRs of nanostructure surfaces in the Cassie-Baxter state. Regarding the influence of water molecular
models, the CG model could replace the SPC/E water model for the qualitative evaluation of S-L ITRs. The
composite surface slightly weakened the accuracy of TCM predictions in the Wenzel and Cassie—-Baxter states
because the graphene coating affected the distribution of the energy exchange ratio between the nanopillar
sidewalls and the liquid. The ITR of flat surfaces can be used to evaluate and predict the ITRs of nanostructure
surfaces through the proposed TCMs, providing thermal design and safety guidance for heat transfer and heat
dissipation at the interfaces between nano and micro—devices, thus saving experimental and computational costs

substantially.
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BT A ZAOEERERL T RNVFX =2 AT AO/PMRUBITHEWIEBE D A3 5 720, £ b ORS % 8 IERE
PAFICHERF L CERAT 2720 OBEMEEBIR N EE L oo TWD . ZORGRE LT, T80 AL b — b 7O
FREEH ORI 2 B & U 72 BMEADER (TIM, @k B AR5 ORI RCEER 2 nIE 2 E Rt s Tnd. — T,
TAA ZAOREE TIM HOFEEBRGTIC, 734 2 LG ABUAR OO REEEFIC OV TIE, TOKRE S 2 TR
LHLEETANINETHELTEL T, BBROFMITESW TR SN TN D, 7L 2ADH A Xp/hs< bz L
Tei3 > T, BENTHT 5 REBEFOF S LMK E K RD T EPMBNTWD. FRZ, T/ - =wA 7 A—FL
A= DT I8 ZAD BN I W TE IR BRI BT 72 D72, ZO PRI L HIENEE L 70D, 20X 5 0E &
o, EFEZIERFET DGR D B ARG T D T 7 LSO A BB 2 A 5 Tk o
RPBHEINTND.

KFwILTIE, b= A TREDET NA ZZBNT—HICHN LN TN DK EHRDORE R LK E T 7 =
va—T g T EELIEEEOREEEEL, MEMEEEZ BN E LTREICT S A— MV AT — VOB AY v ME
W (LLF, 7S LT D) 20540 REBEROZLIZ OV T FEINEY I 2 —Ya VEAVWTH L,
ICLTWS. SbI0, ZORMAEIIORE S ETRT 2T PETAEZRET LI L2 M E L TER LZFEHNEAIC
DN THRBRHLIZEHED LI TS, ERFEFRIILL FO®@EY Th 5.

1. F/#HEEETL2EmEKEOMOFIEMIUIZONT, (1) F/HEEHETL2EROE LIZEREZE LN
HEERT DA, (2) T/ ELREDORELEZ AT LI RNEXERT HHE, D2 O00FERITKH LT, HEMES 18
NFYIalb—varEAVTRESMENZ T EnE L, BEFO LR - T & W% A4 — 4 — & Rd 2 L & Hf
FBLTWD. EbIg, KE, REOBNWE T /8EYA X, KpTETAOERIIRHLT, (1) & (2) OERIZ
L DREBIE R ZNENED LSBT DN EHLNILTWD., T, FmBIRIUIRTT D KE, £EOFENL
P, MY A RORBNY, RO 2 DDEFRLAKS TET MR E ATRTFE T, EMENICEKTHD Z & EoR
LTW5.

2. BRI T ACB VTR NS TV D ERIKMELE A, )/ #ika A 25 R &K & oo Rt o 7§l
WA LT, AN RERRTUET VEREL TS, ZOTRET VBT, 22k &k E OB O R
BURBIA L OE A Z 5 2 7C, F / W& OIRE A & A& 2> & OB 2 S B9 HUE, 5072 BRI K
HET L Tho> THEEE CRIAAETZ TR THE 2 L2RLTWA, £, 7/ G2 AT 5 REOBIEHT
B, REERRFIVIREECTH > TH T/ & E 2 5 OBRE A ZET 52 EREETHDH Z &, 7/ Hik & R
F—RETHDLENIRENIVITELE UTHRINTHZ EE2md & e bz, /R RO/ o F




ET RO ORE SOFBINENT L ERLTNS.

3. FOMEERATAREEKE OB OBERERE S (Density Depletion Length: DDL) & FEEMEHTOBIREZFH~
T, BRIV OREN TSR EICE T 5 DL & REEWEHIOMGE 1 ORI L > GERT 52 &
MTEXRNWI EERLTWD., £, ZOBROFERO=DIZ, 7/ HiEEH T H2REDEEITENZRE L ELAAR
SERIDREED 2 DI/ T, ENENZHOHEEBEE CELT 2 2 L 2 REL TV 5.

4. VI 7xra—=7 4 7 ENEERREIZBWT, KeOMOFEBRETZ 5 L, AansCTRET 2 BRIEEIC
LD THMETNO—MMELHE L TWD. TORRICEY, VI T7xra—T 4 7SN T / BErIZEWNT,
FEEIRHTO PR LR T3 523, KIE, REOWHEIVE, T/ G A AOZIZ K D EMER BT T RITETH
HZEETFLTVD.

5. KFET D EBRREPEGTOFRERICRITTRBELZMNT, KE, REOHFE, #ET A ZORELEN
BT 258101, 7—ar ey TiEEae BB LEREE 7 Lo s UTHBME LRy FET V2
LIENFRTHDLZLE2RLTVD.

LLED X912, RwSUTEFT 3 A7 EDEGRE OBICE R & 7 2 B BRI OV T, 7K & St 2 AHE
L, BEVEEZHE LT A— VAT — LV OBREEZRE LR EORBII OV T FEI¥ I 2 b—
g EHAVTHLMI LTV D, E7, S 2 Bk S BEHT O KA 2 I 7o AR EHE IR & 2 ff
G REBESITHET NV ERE L TS, £, BEXAK S (0DL) &7/ #ikmE o R Bt oBERICE T 2584
fE G DO E & OFERCHBULK D 7E7 A ORI EA~DOBEHAIEIC OV THRL TS, SHIT, KL T
FANT= ZNEIERETEC & 5 MG T O S ZUEGT T 7 L OERFINERCFAM 7 1%, RIS FPE M B 57 5
GECOEMAMRETH L Z b, T/ fiikz A7 fU BURHUEI O 20 53R & T4 5 BRI AR S OWFFERCR 2 R
THIENWREEEBEZDLND. Lo TRmIIIE LR E LTESH 2 b D L8 5.






