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Fig. 1. Temperature distribution of an ion crystal com-
posed of 100 ions under different p in stable state, where
temperature distribution 77 measured by the mean
thermal phonon number. The 1st and the 100th ions are in
contact with the thermal bath, indicated by the red line in
the figure, while other ions are indicated by the blue line.
The figure is taken from Ref. [25].
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Fig. 2. Temperature distribution of an ion crystal com-
posed of 101 ions under different p in stable state, where
temperature distribution 77 measured by the mean
thermal phonon number. The first ion and the 51st ion are
in contact with the thermal bath. Ions in contact with the
thermal bath are indicated by the red line in the figure,
while other ions are indicated by the blue line. The figure is
taken from Ref. [25].
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Fig. 3. Temperature distribution of ion crystals vs. the distance z in different configurations, where « represents the order para-

meter of structural phase transition, and the two regions with different colors represent ions interacting with the laser. The insets

show the configurations of ion crystals. The figure is taken from Ref. [26].
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Fig. 5. Phase diagram of ion crystal structural phase transitions under different values of ny and n. . L (linear), Z (zigzag), and H
(helical) represent the linear, zigzag, and helical configurations of ion crystal. ZL line, HL line and ZHZ line represent the zigzag-lin-
ear transition, helical-linear transition and zigzag-helical-zigzag transition. The gray region in the figure represents the linear config-
uration. Outside of the gray region, the region above the HL line represents the zigzag configuration lying in the z-y plane, while
the region below the HL line represents the zigzag configuration lying in the z-z plane. The region on the HL line represents the

helical configuration. The figure is taken from Ref. [28].
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Fig. 6. Temperature distribution of ion crystals with 30 ions with different configurations in stable state, where L represents linear
configuration, Z represents zigzag configuration, and H represents helical configuration. The labels indicate the values of (ny,n:):
(a) Temperature distribution of three different configurations of ion crystals in stable state, where two different colors represent ions
interacting with the laser; (b) distribution of temperature gradients in the parts of ion crystals with three different configurations
that are not in contact with the laser in stable state, where Ar represents the distance from the center of the system. The figure is
taken from Ref. [28].
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constant. The figure is taken from Ref. [28].
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B (DO —4E), SRR A, 2 5 B A
IR TUERAL & 3 s s, EAT T Il DX 1
TZ IR 3 iz sh BRI A MR ey
HA PN YE I ) E SRR AR SE Y. I, 2714
TR AP N TIREAe 7.

TEGIATCR BT, ToF 2 80 1 AR
LR, Hoh Z P RS2 B R R R K. 25
TR R B TR B (25 AL, HEA
T2 BN MR fe /) 1 25 B RO Z T (120 4D
1), SRR SZ B AR R /N ANORE R T AR R
fih 113z B AP R —FPICR?, IR AX tLRERS
PR TR A 2 R B S AR R AT

SE eI I T TR Z R
B, PO E LAY | 2 Ry B 10 Y 1
A Z R R B2 S S TR T A AR
TEAN RG22 18] ) 45 A6 A A 191, iy ELULE 21 L2
Xt A T AR R i Dol (B B H AT Ak, 38
BAT B0 IR PSR RS T B T S AR A
P e T EARIAE, T EEINAE T HATTE R 1B
A, TS TR ATk (e O
LA B B B A R AR ) A E T TR TR
BT AR R. L, RIS T PO LN R I ik
i, i 20— AN W CAE AR IO R BT B
T, Y TR T AR S — BN ZE AR A
HLBOR TS, M E T iiis L n ik A
SRR, B2 KRB ERR I iz 3 g AR T
20 A TR B TR AR, AR, RS R B TR
REDLAIUANFE TR Hilimof i B0 Rt
FrJCIR I i B R fd ] CCD 4Rk 717
FOR R FRYRE . EE T RGP A A
W B AR P T I7 AT TAHSCRYSEHG, HEAnyE ST
Bk [47,48] H, I o6 e 1 b A g — 4
BT, AR T PR TR B T AR R A B (7
L S B

FIRIXA AR R SEAE TR BLE AR S0

FHA TR, CANTE B 1 BF R A B RIS AR,
XFHRBEAE 72 H B AR i — B i TS
HIRYTEOLT , B b A i A g 5 0 1L 119901,
XF T A, AETEPIRN R AR A5, o)
JlJ& EIT (electromagnetically-induced-transpare-
ncy) Y& 00U MR IR B2V 2 B2 XS SRR L
SRR BT 00 4 R A i J LR 2007
Ve AN AR DL T RE IR B A AR PRV 2R RS . 7R 1
m R LM 4E R gerh, S 1 IR, AT
KB T ZRCm AR, Sk [53) & R —Fn
THR, BEEHE ] F/INVT 100 nm §930 37 = 2E4%
g, 85 XA EOR, i3 T A AR R AR
SR, TR TR G R. SUR [54) KB T
— R B, X AR S ] TR JC L 4 fi
FOZAKAE PR FA.

TEEMARG T, RIS IS, Be
ITE 2 BT A H B8 425 il £ 8 U 3l 7 1) 1) R A
BB, B AR R, fEfRYE RS L RE
g i 3 S AT RE A OUL AR A48 SR [55) 752
90 v LSBT P AR A R HE T TR SO Y B A
B, BWSELHR 7%. MSCHR [56] 72388 TR
T 15 B TR Y B A A R I R
A TR SR ARAL T E Ll Y, FFR R 1~ 2 1 i
TER B, (B RIAAR UGB . K 4b T RS
AR T A A ) A A T i S AR A, BTSSR
7R, Y7 R ZE IR T 2 AR N A
5576 0 B IR TR AR T A 2 R I 8 PR A7 T B
WA2E R, BE b, XFR R R R R SRR
Alik 80%.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Research progress of heat transport in trapped-ion crystals”

Li JiYV  Chen Liang?t Feng Mang V??

1) (Guangzhou Institute of Industrial Technology, Guangzhou 511458, China)
2) (Innovation Academy for Precision Measurement Science and Technology, CAS, Wuhan 430071, China)

( Received 28 October 2023; revised manuscript received 23 November 2023 )

Abstract

Heat transport is one of the most important research topics in physics. Especially in recent years, with the
in depth study on single-molecule devices, heat transport in low-dimensional (i.e. one- and two-dimensional)
microsystems has received more and more attention. In the research of Fermi-Pasta-Ulam crystals and harmonic
crystals, it is widely accepted that heat conduction in low-dimensional system does not follow Fourier’s law.
Due to the lack of the equipment that can directly measure heat current, it has been proven to be a challenging
task to carry out relevant experiments. Ion crystal in ion trap is located in vacuum and does not exchange
energy with the external environment. The crystal structure and temperature can be accurately controlled by
electric field and optical field, providing an ideal experimental platform for studying thermal conduction in low-
dimensional crystals in classical state or quantum state. Herein we summarize the recent theoretical research on
thermal conduction in ion crystals, including the methods of calculating temperature distribution and steady-
state heat current in one-dimensional, two-dimensional, and three-dimensional models, as well as the
characteristics of heat current and temperature distribution under different ion crystal configurations. Because
the nonlinear effect caused by the imbalance among three dimensions hinders the heat transport, the heat
current in ion crystal is largest in the linear configuration while smallest in the zig-zag configuration. In
addition, we also introduce the influence of disorder on the thermal conductivity of ion crystal, including the
influence on the heat current across various ion crystal configurations such as the linear, the zig-zag and the
helical configuration. Notably, the susceptibility of ion crystal to disorder increases with crystal size increasing.
Specifically, the zig-zag ion crystal configuration exhibits the largest susceptibility to disorder, whereas the
linear configuration is least affected. Finally, we provide a concise overview of experimental studies of the heat
conduction in low-dimensional systems. Examination of the heat conduction in ion crystal offers a valuable
insight into various cooling techniques employed in ion trap systems, including sympathetic cooling,
electromagnetically induced transparency cooling, and polarization gradient cooling. Just like macroscopic
thermal diodes made by thermal metamaterials, it is possible that the microscopic thermal diodes can also be

made in low-dimensional systems.
Keywords: ion trap, ion crystals, heat transport, structural phase transition
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Fig. 1. (a) Microscopic physical process of electron thermal transport and electrical transport, including three-phonon scattering and

electron-phonon interaction; (b) the main research objects for thermal transport in metals, including the thermal transport in ele-

mental metals, metallic compounds, metallic nanostructure, and two-dimensional metals; as well as the effect of external environ-

ments, such as temperature and pressure on thermal conductivity.
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Fig. 2. (a) Percentage of electron and phonon thermal conductivity contributing to total thermal conductivity for several metals!.

(b) The phonon, electron, and total thermal conductivity of tungsten compared with experiments from 200 to 500 K (upper panel);

the Lorenz number of tungsten considering total thermal conductivity versus considering electronic thermal conductivity (lower

panel) 4 the dashed line is the standard Lorenz number L.
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Fig. 3. Variation of phonon thermal conductivity, electron thermal conductivity, and total thermal conductivity with temperature

for (a) NiAl®l (b) MgZn, and Mg,Zn,*2.
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Fig. 4. (a) Phonon thermal conductivity for NbC and TiC limited by phonon-phonon and phonon-isotope scattering (dashed curve),

phonon-phonon, phonon-isotope, and phonon-electron scattering (solid curve) from 200 to 1000 K3 Inset: The Fermi surfaces of

NbC and TiC. (b) The phonon thermal conductivity, electron thermal conductivity, and total thermal conductivity of TiN from
200 to 1000 K*l. (c) The Lorenz number of TiN from 200 to 1000 K.
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AT HRGEZR/NT 5 W/(mK). XEK B Nb
N R A 55 2 5, 7507 NbN F i
IR AL T NbC, AR T NbC, 7577 NbN
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BEAN, FAF 5 & BN SR RS 7 R RO e e —
PR, WSl IR - Tl MR

T T FIRRTE 4R B s A TR
SR AL E 21 2.2 AT WL, K F AR
VAR LU B BR AR 1 i R 3 o H A P - A
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R AN SR BAL FE A AR AT ) Ao it A2 3k A
SRR, =R O R F RO (R A 2 B, A
PEF TR SRR X A I S 5 L

#1 SEPHETSETHRER

Table 1.  Electron and phonon thermal conductivity in

metals.
300 KTF#FR /(Wm LK !

Au 278127 27612 2123 0.7
Ag 374127 37012 4029) 1.1
Al 252127 246127 60291 2.4
Cu 378.7849  361.3B4  17.4B4 4.6
Mn 834 54 34 37.5
Ti 30.684 25304 5.304 17.3
w 18612 14014 464 24.7
Mo 162036 12506 37136 22.8
hep-Au (eaxis) 201.3P7 19967 2.367 1.1
hep-Ag (a-axis) 276.687 27457 2.6157 0.9
hep-Cu (a-axis)  279.4B7 27087 9.457 3.4
NiAl 7169 5903 1289 16.9
NizAl 283 2203 63 21.4
MgZn, 53.9142] 52042 1.9 3.5
Mg Zn; 21,94 21,41 0.5142 2.3
WC (g-axis) 17714 461 13104 74.0
NbC 74144 43144 31144 41.9
TiN 69145] 49049) 201] 29.0
HfN 93149) 691491 241491 25.8
6-TaN (g-axis) 1031047 3617 995147 96.5
hep-NbN 4.414 1.508] 2.9148 65.9

2.3 ERMKRLEHHSRE

T AR OR 4 SR AR S5 K (KRR 5 40K 4k )
FEW R, T AR 20 )2 . S R RO
RO S e AT = Y T - S s s e g L
KEERI ) TR E . BAR S BRI RR
YKLAT 2 AR A T AR FH, (0 35 1) S R [ B
Zim Pt AR I AR AR, A LAY B B
A, DI AR SO A DA A T A 1 A T R
4 GORRIET, &R SR TR S HIR
SHRN, B4 R TR A SR B R TR BRI T
K. BRIE b — A i 2 2R 1 A S TR
7 T ECE P05, 1970 4F Mayadas 1 ShatzkesP?
T T AR AT SR RG50S (MS
AR ) | 3 — AR i 2 o A ] T P 4 N K 454
FhI ARG RST RN . Nath 45 P31 Fil Kelemen ™ 43
BIF 1974 F1 1976 AF I T 4R 40K M A FoR
RIT HGRA R FR. 1994 4FE Kumar 45 159 5
IR RBR 252 R P, ST T HAEAE i U
SO B, A TR R B AR T L -3 [ AR 15 5
I RST RO S AETE S SR, X — I ARG
AN TP R 50 475, 21 {284, Feng 45156
WG T AR R B R O
T2, T T 300 K T 4 40 K i a3 R [ 52 8 1)
KR, 45315 Nath 55 53] Kelemen ™ (1) & 45
PLS Kumar 55 55 i35 5 7 7L, anf&l 5(a)
FIE7R TSRS A R — 3 HL WA R el 20
SR TR LR 128 T 2000
2006 4F-, Zhang 45 7 R H EL U HL N ARGE D & T
21—37 nm JE I & 9K BRI T %R LI 300 K
TRAGE R 160—180 W/ (m-K). X— T AR
FHH L SR I GRS MS LAY, K3 A
U R B GERE A 0.25, Tii7E S L e A )
4 0.7. 2013 4F Lin 55 PS5 T 6.4 nm JE 1) 47
PERT R RGN 61.9 W/ (m-K), FHEK
HEEM T 80.5%. 2019 4E Sawtelle #1 Reed
S5A T AAGER A o R I SR Y
SRAGE T HAR N 24, 40, 53 nm &KL A
TR R 200 K TR 6—18 W/(m-K)
FEl 4. 2020 4 Mason 5§ 0 il & T 19—372 nm J&
W A TR EERAFELREYN
70—95 W/ (m-K). i bR #-F 3 RF 8500 i 58
Gh, WA R Z KT 4 8GR EE I 018 18 25500
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Fig. 5. (a) Calculated and experimental thermal conductivity with respect to thickness of copper nanofilmP%; (b) the calculated and

experimental normalized Lorenz number for gold/¢7.
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VSR e T ATk & He 2ok 30%, Hak 1
2R TAMEIZ) 40%. IT4EK 4B 9K S5k %
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H ) SRR EE T B AR R L. 2013 4F Lin
el s e i I e b ST LS AR R
[ 60%. 2021 4F Dong 55 58 J SUAE AR [F] JL IS 1 )5
JE 551K 40.5, 66.3, 115.8 nm FY 4 44 K MR 2 (1]
LSRR 28 A — NI L, TR TR R 1 25 55
FEXFEIN, S0 4008 87, 90, 1056 W/ (m-K), R
SERUN AT £E AT, 4L 4 BRaKREs

PRI RSTRON A5 3] T R SC MBS I,
H AT BRI AT R A i i B T 38 Bl RO ST 1 A2 4.
M1 4 J A K S5 K4 3 A8 26 50 S i e 25 R L T
HMRES. HISTHA RIS R YUK G IR e 245K
it S BTk & H AR O oG, Ho
B YR K T RGE 1) 45 S 3R B LIS AR 25 B X B M 1
TS RITE 40% VAW, BEAb, JER T it— R 48
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o A 4 T AR IR A AR R AP B B 2019 48
Huang % 09 %F — 4k 42 J& 1 Nb,C #47 T i+ 5 IF
I L ] (R IS N BRI DR o R
W HC RSV FH AT LA R B 75 B R 4 ()
. 2022 4F Wang %5 [0 % 3 Fh 4 J@ P MXene, B
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TR AR AR P R AEEZE, b
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Fig. 6. Calculated (a) electron thermal conductivity and (b) electrical conductivity of copper considering MRTA and ERTAPY, com-

pared with the results from the Allen model; (¢) the calculated Lorenz number by MRTA, ERTA, constant relaxation time approx-

imation (Constant), Allen model, and the BG model for Cul®; (d) the electron scattering in an electric field and under a temperat-

ure gradient?. Note that the filled small spheres are occupied electron states and the open small spheres are unoccupied electron

states.
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Fig. 7. (a) Variation of thermal conductivity with pressure for aluminum, diamond, cubic boron nitride, and boron arsenidel™; nor-

malized electron thermal conductivity, averaged velocity, relaxation time, and total electron specific heat of (b) Al and (c) W as a
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas
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Abstract

Metal is one of the most widely used engineering materials. In contrast to the extensive research dedicated
to their mechanical properties, studies on the thermal conductivity of metals remain relatively rare. The
understanding of thermal transport mechanisms in metals is mainly through the Wiedemann-Franz Law
established more than a century ago. The thermal conductivity of metal is related to both the electron transport
and the lattice vibration. An in-depth understanding of the thermal transport mechanism in metal is imperative
for optimizing their practical applications. This review first discusses the history of the thermal transport theory
in metals, including the Wiedemann-Franz law and models for calculating phonon thermal conductivity in
metal. The recently developed first-principles based mode-level electron-phonon interaction method for
determining the thermal transport properties of metals is briefly introduced. Then we summarize recent
theoretical studies on the thermal conductivities of elemental metals, intermetallics, and metallic ceramics. The
value of thermal conductivity, phonon contribution to total thermal conductivity, the influence of electron-
phonon interaction on thermal transport, and the deviation of the Lorenz number are comprehensively
discussed. Moreover, the thermal transport properties of metallic nanostructures are summarized. The size effect
of thermal transport and the Lorenz number obtained from experiments and calculations are compared.
Thermal transport properties including the phonon contribution to total thermal conductivity and the Lorenz
number in two-dimensional metals are also mentioned. Finally, the influence of temperature, pressure, and
magnetic field on thermal transport in metal are also discussed. The deviation of the Lorenz number at low
temperatures is due to the different electron-phonon scattering mechanisms for thermal and electrical transport.
The mechanism for the increase of thermal conductivity in metals induced by pressure varies in different kinds
of metals and is related to the electron state at the Fermi level. The effect of magnetic field on thermal
transport is related to the coupling between the electron and the magnetic field, therefore the electron
distribution in the Brillouin zone is an important factor. In addition, this review also looks forward to the future

research directions of metal thermal transport theory.

Keywords: thermal conductivity, electron thermal conductivity, phonon thermal conductivity, Lorenz

number
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Fig. 1. Schematic of thermal cloak and computational model: (a) Heat flux of hypersonic vehicle surface; (b) simplified geometry of

nose cone; (¢) point transformation thermal cloak; (d) region transformation thermal cloak.
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Fig. 2. Thermal protection characteristics of point trans-
formation thermal cloak: (a) Temperature variation at
point O against time; (b) temperature variation at point E

against time; (c) temperature profile on the curve R =
0.9R,.
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Fig. 3. Thermal protection characteristics of multilayers

cloak: (a) Temperature variation at point O against time;

(b) temperature variation at point E against time; (c) tem-

perature profile on the curve R = 0.9R,.
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Fig. 4. Thermal protection characteristics of region transformation thermal cloak: (a) Temperature variation at point O against

time; (b) temperature variation at point F against time; (c¢) temperature profile on the curve R = 0.96Rs; (d) heat flux at point M

against time.
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Abstract

The aerodynamic heat of hypersonic vehicle nose cone can reach tens of MW /m? during flight, which could
be transferred to the interior of hypersonic vehicle in the form of conduction and radiation. High efficient
thermal insulation technology is of significance in keeping internal electronic components working safely.
Thermal metamaterials can regulate the macroscopic heat flow path, and they are developing rapidly and have
a wide application prospect in the field of thermal protection. In this work, a non-enclosed point transformation
thermal cloak is designed to guide heat flow around hypersonic vehicle nose cone by using the transformation
multithermotics, which can control thermal conduction and radiation simultaneously. A multi-layer structure is
designed as cloak’s simplified approximation due to the anisotropic parameters. Based on the software
COMSOL, the thermal protection characteristics and heat transfer mechanism of the point transformation cloak
and multi-layer structure are studied numerically. The results show that heat can flow around the object in the
form of conduction and radiation in both point transformation thermal cloak and multi-layer structure, so the
heat transferred to the inner area decreases. Comparing with the thermal insulation material, the heating rate
of the protected area slows down, and the temperature in the front of the hypersonic vehicle nose cone is
significantly reduced. However, the improvement of the thermal protection performance of point transformation
cloak and multi-layer structures requires that the solid thermal conductivity and radiative thermal conductivity
of the material are lower than those of the original thermal insulation material. To solve this problem, a non-
enclosed region transformation thermal cloak is further proposed. The solid thermal conductivity and radiative
thermal conductivity of region transformation thermal cloak are non-singular, which could be higher than those
of the original thermal insulation material. Numerical simulation results show that the region transformation
thermal cloak can guide heat flow around object, so the thermal protection capability is improved significantly.
Comparing with the thermal insulation materials, the temperature of the front of the hypersonic vehicle nose
cone is reduced by 100 K, and the temperature of the inner central zone of the hypersonic vehicle nose cone is
reduced by 10 K. The non-enclosed region transformation thermal cloak provides a new approach to realizing
thermal protection and is suitable for complex target areas, showing great application potential in thermal

protection.
Keywords: thermal metamaterial, coordinate transformation, COMSOL, thermal protection

PACS: 44.10.41, 44.40.4a, 81.05.Xj DOI: 10.7498 /aps.73.20231262

* Project supported by the National Natural Science Foundation of China (Grant Nos. 52130604, 51825604).

1 Corresponding author. E-mail: ghtang@mail.xjtu.edu.cn

034401-7


http://doi.org/10.7498/aps.73.20231262
mailto:ghtang@mail.xjtu.edu.cn
mailto:ghtang@mail.xjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174702

Tl BAESRERRIZ XTUEHR

BEHE—SEEFRALESRESHRNHE

7K 4] 1

1) (BeMrb TR A e,

o <y 21

AN

BIRATSEH, BTN 310018)

2) (HEh B R SR G HEBE, B 5 R RIS AT sEbe, BRI 430074)
(2025 4E 5 H 28 HUZ; 2025 4£ 6 A 9 HikZIENH)

3T Boltzmann i iz 75 F2 9 AL C R BF 58 22 RUOBERE 14 iz [ B A) — A 207 ik, (R %05 TR 1Y
FRLeth . 2N | R SRR BB T A BB E M L AR | T RCR NG | W PR AR T BBk
M. T BEAR R TR T 208 TAE R S S AR 2 ROE Sh B2 07 vk, B — R s e i U R b 2 —
AT T G B R A (B A% X, B e — A ol B At X e 8 i~ D R A i) 007 5 2 i) 1% R i fie
ey [ A 5T AR 14 53 A1 bR KR, BT AE — S BN )20 ROBE B . SRR B30k 1 Ha o RV J88 200 6 T

Yy B 75 R AL B R B RO 7 v R R v A AR

TR TT I I AR RS A 8] 25 AP 52 R TR 77 3

FI Py R Rt T ST TR, BE A8 1 7 4t 25U A 3 )7 RO BR F) 22 R i TRt 3207 3k 1A BRAR AR
EMELL, C 2 I R T O RO SRS A% 84 vl P AT A% L R ADRE G 2R vl | RS 25 1 AR i 3L 45
U ARSI B XL T IR AR 2 N IS S U e SR AT £k SRR

KR ZRJER iz, Boltzmann iz /72, /v

PACS: 47.11.St, 05.20.Dd, 44.10.+i, 63.20.e
CSTR: 32037.14.aps.74.20250694

1 3 =

2 RUEERL T i iz (D) AEE AR 2 il 3 . A KA
RER S 11 | B 2235 S iz A AE 7)) e A
ARG A h U K AR ) b ) L T | L R
B P Tz DL R IRV G T ) SO 2SR A
25, RSEA 10 nm #) 100 mm f:4%, 85 7 E0R
g3 i RAFHAKRI)ZD B 4 Al +
it SR RS TS, WP S iR AR A AR
FL S e ol A R AR i I 2 4R A 1412161 S ) i
Ko R 5 P AR B AR () RUBE, 25 P A A 5 5 A
PR TR R A2 7 T, BT RS T
i B 1 2 WA A8 ¢ 22, 4911 40 Euler /Navier-Stokes
sl T M Fourier S HGE A, THARUR i {HMELL

ek, B EGE—URsh s, e

DOI: 10.7498/aps.74.20250694

YA ) 220 T A 2 R sl A SR - i o e 141422
Sy—J5 I, SRR B o 3 ) AR A
Wi (23250 B e AE R BRCR A, MELLHE R T
TR TR DRI Gn oy S0 e 0 v G e 1 R A
PR T 185 22 S — A BT Y (1 3.9.18.2021],

— Rl I TR R RS 25 R
HIZHE, BIANFE A B S8, ANSYS, TCAD

A COMSOL 25 @\l AR R FHAE3% Fourier 3k
T [1.9.26],

q = —ket VT, (1)
Hrh S AT R ko A AL, SAPRRIZE IR
JERRSHEEAR G, i 1 S0 e 8 2 — 1 S B 55
SEDTEATR. AR T R 2250 AR B
PERT L H] R 8. AR LG T 22 8 Fourier 3 #VE 1,

*ARTPRME RS IR SRR (S 2023JCYJ002) BEBIHERAL

t BIEMEE . E-mail: zlguo@hust.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

174702-1


http://doi.org/10.7498/aps.74.20250694
https://cstr.cn/32037.14.aps.74.20250694
mailto:zlguo@hust.edu.cn
mailto:zlguo@hust.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174702

25 BN keqr 51 A BE S G MR RORE 500 Pt
K IR IR 5 127, JF BB A LA
S AR 2 22 A 2 BRIA AT 5 T B A B A et G
R, BMPME S RBE ML R, LRI
R, ARG Py 2829,

F— I &L Boltzmann iz /72 (Boltz-
mann transport equation, BTE) {8314 W 5l
H2EMS, W TR T O T AT S
B R R A AR (2192290 320 AE A W By 3
SFHe T SRR Kn 2 RS, E SUNRLT
FEHME N 5RGEFHERKE L W HE, S5
TR E] 7 5 RGREE BT (H] ¢ B9 LUAEL, A
LB VR U AR By 280 0P K 1 A AR,
JIv 28 5 W T2 B ) 2 sth P (). BTE 38 2 f $2 47
TR B f = f(t,x, P) TERTIE] ¢, (7 & o A
P s [ A AL AL, S5 G a4 B % i 4y
i, 200 1T AHT M, SR RGURHIE K B K TR F
TR, HEAOE AT

% + g% . % 387{3 . % = 2eollisons (2)
b, AT e i o AR 431 R ALY s [ i £k
T R IAN S ST, A7 S i Rl . BTE &
PO R 5 5 M S BN B Z RS T —
JEAT B2, RERB AP 22 OB FHis i #: —J7 1,
M B HEEGET 08, 3T Chapman-Enskog 4
P #ie B3, BTE BE#% K & Euler /Navier-
Stokes %, Fourier 5% it 2l f& #4 7 #2; 57 — Jy 1,

BTE ffi A S8, 1 G0k 7l 15 AT 5 75 1] |

EHOCREIRAE, AT DGR o0 A5 21 23201,
BTE (WRlEEEE 52 4%, 85 R Rk %
B 7 AL B 48] SR A TR B, T
Sk PR 3 Ty 1k R A AR 0 il 55 T 1 SR e 18539,
ISR AMRIHE K. 76 TR 2 RS
Hh i R T T 1k B 2l B 2 AR [22:30.85.39-42] ] 4y
Bhatnagar, Gross 1 Krook*3! $# 1 % 25 it 515 74
] BGK A7,

X T4 K 2R 8, BTE A7 78 AT
T BTE B9 BEBE M C SO W52 2 R 5
iz (A B — A RO, R B R AR E
22 RUBE | v 4 B A R A0 6 00 T vk R 1k L M
Bk THRRCR R B e R R E LR R T EOR
ki [15.17-20.44,45]

— MR BTE #7522 WU 7 RE s 43

Jy2E Ty AR e2s 647 H L AR T BTE 19—
S e A =Y I O € A BN DANE |5 1 SN [
- A SE IR B S S RN, R Euler /Navier-
Stokes Uit sl 2ol Fourier S 72 28464849 {5l
1936 4, Burnett JLF 437 pREUY — B Ll A5 )
L5 W Tk R ERIA S, #2117 Burnett
1948 4F | Cattaneol!l 7F Fourier S #A AY (1 FL Al
S ARG I T I ] A — B 30, MR
i R AR AU AL T 5 72, 9kkb 1 TC55 KL
PEEEBIIE; 1949 4, Gradb? KL 434 RS Hermite
ZUARIF IR A BIPURY, 153 79 B BB A
AETE, LASXIARIE 1ok B9 13 A~ BTEAE 7 2, B
Grad-13 i /7#E; 1966 4F, Guyer Fll Krumhans] 723
KRR S 10 5 3K M 75 F BTE H i I #HE
B IEHES T 20 Guyer-Krumhansl 5 #2, J 1l
H O A AN R s E LR 1974 4F
Hardy Fl AlbersP® SR FURFAEAE 53 J5 125K fifk o
U7 BTE UM%, #ES 72 WS 05 125 2003
4, Struchtrup #1 Torrilhont¥ 45 & Chapman-

Enskog J& JF #Hi2 A1 Hermite &+ & & T R13 )5
W T R G W R AR — e R
AT DA R AR A 25O, B TH Jmy BR T/ 50 %5 2%
B, O HBERE 7 W07 FEB RS &, A e s
SR BA5A64755] - BB 28 (TR FE I T i 4h, e
BXZhI) AT 22 RS EEAS 7 12 3 BB AR 1,48 32 56 1 PO,
Bilfn Han %5 67 £E 220 Euler 5 R IERE |, {5
Sk BTE MBS, R HEE SR S i pLas = >
IHENZAE Euler #7319 7% Ui 5, 1727 > H—
AR A 22 RUBE AR TR B 0 7 I 25 o) 245 A5 78
Zhao 55 P59 BT AP A S ENS AISFE AR ROE
X, BT ML SRR REAR AR 200
PAL TR, CRAUE SRR R 3G U], SR 5 1 Bl
Fi BTE MBS, 1253 010 REOR bR
B, M — RIS R 2 R 7 S0 2 W
. AL Z RSB E BRI TR BN B, A1F
ifF— 5.

Ji—FeRiE BTE M5 202 R A WEE 1%,
HEGIABUETRZE o At?) +o(Axb)+o( APC) 192044
Hd (At, Az, AP)Hl (a, b, ¢) 23 SR FmE]
57 B R B 23 T A /D B 3ORST FIORG 2. — J T
(AL, Az, AP) B, HHEBRBE; (o, b, ¢)
RS, (B BB . A W IRl 22 RO R -4
1B Y RE ] FER T A/ N S BT 2R H A%

174702-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174702

TR 7S B0 R S B o T N = e
At/ > THI Az/\ > VPO T HERR 82 2 0P
B SE RBE (E R B 4.

MRSy FE A AR, H— R D5
FrR% (Monte Carlo, MC) J71k ARIRLTIET7
B 1. MC 7 ok AR R AR FL Sk F, R
P53 3405 Bof ki 5 B A R i R A —
AEER TR A N A, Horb A T A 320k AL
¥ B H e, TR Rl o R R I GE it
JriEvHE. MC J5 ik Yy s E G b, AL PR R B
% TR 2 JUMANE . WAL = SO 250G
SRR, I HATRAHLN AR RAK, eI ) s
A oS- AR, Bird SR MC U7k i AR
0T e P R AR SRR AR A Bl g 2l
THZARM TAEROL Bijs MC Fikdugi i H Tk
fif 5 BTE 6-0L {HJZ T MC Jy gl 17w+
R SRR, PR A ] 20 R A R ] 75 2
ANT AT ) FIT35 B AR, MELL Ui il N o 8%
B ARG SIINS:. S Mk 25 07 v 5 ARk
(G T P A R b BIR ) 1 AR | B 3l L /il
JE 25 55 /N B ) A b R BB BE . 8 MC 7
INTE SR BT EROR, K T R MC 69
R BAE MC M i Ry MC 671 G5 — R Zh B
SRV O NG — BB 0 S5 9. i
%511 M 7 Baker fll Hadjiconstantinou™ % & T
IRME RS MC J7i%, A% 85 P S 22 45 2R R
WZ T R AT R/ NI D 22, FEBIR 2% 2 Al i
BU MC PFAs g 48 KE BT IR, JF Bt &
JAS 5y 22 R/ INTE . 205V A T T/ N A
RO Bl R O, RS A TN IR R 2 Y
TN R - AR 7Y, J AN s sl g (7279,
152 Bt 5 50 85 2 RO W i/ s T 0, A1 g
MC FiETHERR S TR

Ti—FA I B LLBHARAR T (discrete ordi-
nate method, DOM) A3 A a2 P4 7 2 2074771,
BIAnAE FBR24E 77 (lattice Boltzmann method,
LBM)[™50 Z50-BTE JRA L B8 B —=Uk
B2 k%30 (discrete unified gas kinetic scheme,
DUGKS)™ | 45— hshHA% L UGKS (188980 4
AT (synthetic iterative scheme, SIS)P087 8]
& BT ASL B LBM SR AR
& FA BIR B Bl B 2 8] 125 BRI B 0 A1 ok B0y T
PERUAHE 780 207 I B EURTE W, B, B

BN 457450l B9l i vk HOR T )
R E) A () B, DRI X S S5 AR K,
ARG Z1 ) 52 2= R0 A pR L. A% 20 DOM 4t
B2 (B B HURIF £ 725 1), BEMSHERRITHE & 2%
AV A pR AR, RS R T HRL A7 ok 7408,
MEHCT 25 R B AS R, 25 R AR R
2 P AREUE ST e P B S BUR RN 09, %5 ik
TEEMEALER KR [ ph A% R0 34500 ff A,
PARSHR] A B R /N TR Foth B et ], - HL AR AR e %%
FRBT A BRI EUEFERL. 2 M-BTE IRA Ik
PR ERTIA— DRI SE, UL SR %L I
FEANI) 1 By it 2 (] (8182) B A7 2 ] 13384 [ SR AN
Ok 7/BL g N = R NI 871 = aed 1)1 o VA
[E]30] 3 LA DX, S+ B ks 4220
H H 47 0 S K, ] BTE #4824 7 X
S RO AR TR oS iU s e Ve R (1N 2 B
TR, %5 AT BTE M2 W5 #E A4S H
REETFRPLss, $&m TiHaER8eRIt Bz i T 1
T2 ROBAGIAGL BN [n) 8, (F A 3 X k) 424
MERE, I HBUE eSS AR — e R B o5
J&. UGKS/DUGKS J& W Fl 5 25 ¥ i {4 sl 48—
PRFEME T 1% 3 B 2 73k 19 LR O R A — N B
B )2 PR T H R SRS R A, S5
BHREGET 0 B, BRASIK & B HCIRAS N W 2007
&, I HBUE R )20 A% RS AT L KR+
g A FISE-24 H . UGKS fEid 25 15 4 E
BN T 22 RBERT—F- 43 [n) i 1891, 32 07 12k [ s
FIAZE WA H 77 72 F BTE, J17E4 BR AR HE 48
AT IR S, e 2 UL e Ao XA T Ak 1) 43 A
PRECRIESH]. UGKS 5IA T BTE A FU ik
Sk TG S 5347 PRI, DI AR B B ) 25 P 23
bR SRS, %IRRT BB
ikt FTEER, 78 DUGKS 5% —Fh i faj 2
051 AR T TR ik vl | RAT AR R S AL LR (| K2 ]
] >R BTE, J12R FH rb £ R0 00) Ak 38 55 1 38 2t 1) Ao
[ FL43 196, 5 UGKS # Lk, DUGKS #2: ik s
fa] L. %R C AR T N TS b TR ROEER T
iz ) el 4 1 R,

R T 32 B 1) AR IA) A, B[R] U
AR, #xRaA I, ks sk Ak Bk
%*%‘j& BTE -H—%:g&%z%%% [2(),27,87 89,1()8,109]. _.*;F
2 MR RARAS BTE 1y 142k DOM sk
AR R09LI0] 37 F g Xk T R A T A B U b

174702-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174702

DUGKS

% RPER4inz

K1 DUGKS fE 2 RUEE R i iz sl i & i 06, 3 5 SR 43 0097 F8 - 981 Hg = 19905l D00 R A g AR 00U 2 (a) i 4
R Bl 102108 e s ORI B s () 4R T AR S5 0 AR B AL (b) L IR A S AR 0001000 AR BE 5 BV A3 5 (o) AR AN S
ARl 43 A7 BRACTE AL B AN Bl it 23 [ 437 5 (d) SRS IE 100 (e) ANTT F AR V2 it 100): YR 4371 5 S B A (F) P 44 syl 97k 1107
[7) —sf 220, i3t BOASE /b A R 1 T AR O 2 B S (R TR

Fig. 1. Development of DUGKS in the field of multiscale particle transport/™ covers gas moleculesl”, phonons®, electrons!?’),
photons!'% and plasmal'®l etc: (a) Rarefied hypersonic flow(19%1%3] where both position and momentum space are discretized using
unstructured meshes; (b) thermal conduction in electronic devices!'"*1%: transient temperature and heat flux distribution;
(c) plasma transport: distribution of nonequilibrium distribution functions in position and momentum space; (d) radiative trans-

port!1%%; (e) incompressible low-speed seepage flow!!%%: temperature distribution and velocity streamlines; (f) compressible decaying

turbulencel%7): isosurfaces of the vorticity modu-lus/vorticity root mean square equals 2 at the same time.
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Fig. 2. Different mesoscopic methods demonstrate their re-

spective advantages in different scopes of application or
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spatiotemporal scales due to differences in their numerical 99 +v-Vg= M + 5, (3)
modeling processes!218:20:80.66.76,115.121.124] ot 7(T)
ALY TRAAAERY
ol Fetk el [k Bl [k
1.0 1.0
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Fig. 3. Commonly used phonon BTE models or approximations!

29,41,47,123,126

|, the difference between non-gray and gray models lies in

whether the phonon dispersion relation or frequency dependence is considered. Momentum space: anisotropic or isotropic; equilibri-

um distribution: using nonlinear Bose-Einstein equilibrium distribution or introducing specific heat for linear approximation.
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Fig. 4. The proportion of phonon modes with different
mean free paths in silicon materials at room temperature,
where the phonon physical properties are obtained by first-

principles calculations!'?3],
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K5 A RAFHEZL R DUGKS 7535 457 AE 26 5 1) 55 44 0 4%
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Fig. 5. DUGKS reconstructs the distribution function along
the characteristic line direction at the cell interface in the

finite volume framework[2!:78,98,100.131]
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Fig. 6. Multiscale particle transport simulation pro-

cessl102118,130-133].  Pre_processing-DUGKS  solver-post-pro-
cessing. Pre-processing: Both momentum space and posi-
tion space can use struc-tured/unstructured/adaptive
meshes, etc. Input parameters such as relaxation time and
dispersion rela-tions can be obtained through first-prin-
ciples calculations, experiments, or empirical formulas;
DUGKS solver: The evolution of the distribution function
in time and position space; Post-processing: Macro-scopic
quantities are obtained by taking the moments of the distri-
bution function and calculating related effective parameters,

not limited to classical macroscopic constitutive relations.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Discrete unified gas kinetic scheme and its application
in multi-scale heat conduction”

ZHANG Chuang?  GUO Zhaoli ?f

1) (Institute of Energy, School of Sciences, Hangzhou Dianzi University, Hangzhou 310018, China)
2) (Institute of Interdisciplinary Research for Mathematics and Applied Science, School of Mathematics and Statistics,
Huazhong University of Science and Technology, Wuhan 430074, China)

( Received 28 May 2025; revised manuscript received 9 June 2025 )

Abstract

Multiscale particle transport problems are universally existent in the fields of precision manufacturing,
nanomaterials, energy and power, national defense and military. Such issues involve large-scale length and time
scales, posing great challenges to physical modeling and numerical simulation. In order to study multiscale
particle transport problems, cross-scale numerical simulation based on the Boltzmann transport equation has
become an effective method. However the nonlinear, multi-scale, and high-dimensional characteristics of the
equation pose significant challenges to the stability, compatibility, computational efficiency/accuracy, and
asymptotic preserving property of numerical methods. In recent years, many multiscale kinetic methods
applicable to any Knudsen numbers have been developed, and one of them is the discrete unified gas kinetic
scheme. Unlike the traditional direct numerical interpolation scheme, the discrete unified gas kinetic scheme
reconstructs the distribution function at the cell interface through the characteristic solution of the kinetic
equation in both time and position space, thereby coupling, accumulating, and calculating particle transport
and collision effects on a numerical time step scale. Based on the idea of incorporating the evolution of physical
equations into the construction process of numerical methods, the cell size and time step of this method are no
longer limited by the mean free path and relaxation time of particles, therefore, the multiscale particle transport
problems from the ballistic to diffusive limit can be adaptively and efficiently simulated. A large number of
numerical results show that the present scheme has good numerical stability and low numerical dissipation, and
it is not limited by the Knudsen number or Mach number. Based on the framework of the finite volume
method, this method has been successfully applied to micro/nano scale fluid flow and heat transfer, hypersonic
aircraft flows, solid-material thermal conduction, radiation, plasma, and turbulence. This paper mainly reviews
the method and discusses its future prospects in the field of multi-scale heat conduction in solid materials,
including applications in phonon transport, electron-phonon coupling, phonon hydrodynamic heat conduction,

and thermal management of electronic equipment.

Keywords: multiscale particle transport, Boltzmann transport equation, mesoscopic numerical methods,

discrete unified gas kinetic scheme, heat conduction
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Fig. 1. (a) Carbon nanotube (CNT) paper and (b) CNT aerogel electrodes with schematic illustration of ion transport; insets show

corresponding SEM images P!l (c) polarization curve of the CNT aerogel electrode, with inset showing the relationship between limi-

ting current and ferricyanide concentration!; (d) SEM top view of pristine CNTsP?; (e) SEM top view of CNT-graphene hybrid*?;

(f) SEM cross-sectional view of the CNT-graphene hybrid.
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Fig. 2. (a) Schematic of thermocell®; (b) short-circuit current and open-circuit voltage of the thermocell under different temperat-

ure gradients®); SEM image of (c) the electrode of the thermocell and (d) electrode coated with an oxidized multi-walled carbon

nanotube layer (3,
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Fig. 3. (a) Schematic of thermocell operation®”; (b) effect of [Fe(CN)g]* /** concentration on ionic conductivity and thermal conduct-

ivity of the thermocell®; (c) effect of [Fe(CN)g|*/* concentration on P,

and P,./(AT)? (inset)?; (d) photos of 0.4 mol/L

max

[Fe(CN)g]> 7+ before and after adding Gdm*P4; (e) photo of a single-plane TC-LTC thermocell®; (f) thermal conductivity of LTC

and TC-LTC at different temperatures®); (g) schematic of thermocouple enhancement mechanism induced by Gdm*; (h) relative

redox species concentrations in soaking solutions with different CHgCIN;3 concentrations®; (i) thermal conductivity of thermocells
with 0-4.0 mol/L CH¢CIN; and 0.3 mol/L [Fe(CN)g]*/* as soaking solutions.
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Fig. 4. (a) Photo of gel made from 5.5% agar (mass percent) and 0.1 mol/L [Fe(CN)g?/*¥; cyclic voltammograms of (b) liquid
thermocell and (c) gel thermocell at various scan rates, normalized at 0.1 mol/L [Fe(CN)g]* /4 (d) relative cooling power required

when CR2032 cells experience shorting, with a cold aluminum block applied and maintained at 15 °CEBl; (e) j, of electrodes with dif-
ferent treatments in 0.1 mol/L [Fe(CN)g]* /*, with hot and cold sides at 35 °C and 15 °C, respectively!®l.
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Fig. 5. (a) Components of the thermocell and photo of the assembled planar thermocell (inset: working principle diagram)b!;

(b) photo of thermocell assembled with cylindrical CNT electrodes®!; (¢) power density vs. current density of thermocells with dif-

ferent electrode treatments®; (d) schematic of thermocouple structure, SEM image of MWNT foam carbon electrode, and optical

image of sponge cellulose thermal separator®; (e) power density of the thermocouple under different temperature gradients com-

pared with other planar typesP’; (f) performance comparison of planar, finned, and needle electrode thermocells®.
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Fig. 6. (a) Schematic of cellulose aerogel-based TEC for thermoelectric conversion®; (b) infrared images of LE-TEC (top) and AE-
TEC (bottom) side views under sunlight®™; (c) temperature-dependent effective k4 of LE-TEC and AE-TECP; (d) photos of AE-
TEC thermocells with different heights: AE-H 2.0, AE-H 2.5, and AE-H 3.00%; (e) photos of AE-H 2.5 and AE-H 2.5-foam TECs,
with EPS foam covering the aerogel topl¥; (f) current-voltage and power—voltage curves of AE-H 2.5 and AE-H 2.5-foam at 23 C
after one sunlight exposureP®; (g) components and schematic of tubular TEC devicel®; (h) SEM image of ASE 2-2 electrodel®;

(i) power density vs. load resistance of ASE 2-2 TEC under different temperature gradients.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Research progress and perspects of thermal conductivity
regulation in ionic thermocells®
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Abstract

With the increasing demand for sustainable energy technologies, ionic thermocells are receiving more and
more attention due to their potential to correct low-grade heat by directly converting thermal energy into
electrical energy. Among the key performance indicators, the effective thermal conductivity (k.g) plays a crucial
role in maintaining internal temperature gradients and enhancing overall energy conversion efficiency of

thermocells. However, compared with the extensively studied thermopower (S;,) and electrical conductivity (o),

Kegr has received less systematic attention. This review

summarizes recent advances in the regulation of

thermal conductivity in ionic thermocells, focusing on &&?& Oebj

its crucial role in thermoelectric performance. We égOQ e O%Q
discuss the influences of electrode materials, electrolyte f o : %eé
compositions, and device architectures on heat 7§’ 2 W (%,
transport, and highlight representative strategies § ;‘é y - I u";é
involving materials engineering and structural design = 2 5| ®eroi® in E

to optimize the synergy between thermal conduction Ry g

and ionic conduction. Finally, we outline future Thermal conductivity
directions such as material optimization, interface Rt

engineering, and improved thermal characterization S

Llocy g
techniques to promote the development of next- cirolyiel

generation high-performance thermocells.
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