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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Thermal diode with switchable cloaking effect enabled by
asymmetric temperature-dependent thermal conductivity

Mengzhen Xue(f#45 v1), Jun Wang(E %), and Guodong Xia(E [E )
Beijing Key Laboratory of Heat Transfer and Energy Conversion, Beijing University of Technology, Beijing 100124, China

(Received 13 June 2025; revised manuscript received 16 September 2025; accepted manuscript online 10 October 2025)

Thermal rectification refers to the asymmetry in heat transfer capability when subjected to forward and reverse tem-
perature gradients. A thermal cloak can render objects invisible in thermal fields by redirecting heat flux pathways. In this
paper, we present a thermal diode model based on a bi-layer thermal cloak system that incorporates a composite heat-flux-
attracting layer with asymmetric, temperature-dependent thermal conductivity. In the forward case, the heat flux bypasses
the cloaking region while maintaining undistorted background isotherm contours, whereas in the reverse case, the thermal
cloak fails to function and the device effectively insulates heat. Consequently, thermal rectification occurs in the bi-layer
thermal cloak system. A significant increase in the thermal rectification ratio is observed as the temperature gradient in-
creases. By optimizing the system dimensions, a peak rectification ratio of 11.06 is achieved. This study provides physical
insight and a design framework for developing novel thermal diodes with dual-functional thermal management capabilities.

Keywords: thermal rectification, thermal cloak, temperature-dependent thermal conductivity, bulk material
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1. Introduction

The thermal rectification effect refers to the phenomenon
of asymmetric heat transfer under forward versus reverse tem-
perature gradients; namely, the magnitude of the heat flux
depends on the direction of the applied thermal bias.!'=! In
a thermal diode, the heat flux is significantly larger in one
direction than in the opposite direction. This phenomenon
has potential applications in many fields, including waste heat
recovery,!®7] thermal management of electronic devices,!®]
quantum information systems,!!%!! room-temperature mag-

U2] and flexible wearable thermal

netocaloric applications,
management,!'?! and has therefore attracted broad attention.
Thermal diodes serve as essential devices for regulating
and directing the flow of heat. Terraneo et al.’ proposed the
concept of a thermal diode in a three-segment nonlinear lattice
model, wherein the underlying physical mechanism relies on
a temperature-dependent power spectrum. In 2004, Li ef al.[4]
proposed a two-segment thermal diode model with Frenkel—
Kontorova chains, in which the rectification ratio can be in-
creased by two orders of magnitude owing to phonon spectrum
mismatch at the interface. Later, in their subsequent study,
an additional order of magnitude improvement in the rectifi-
cation effect was achieved.’] Chang er al.['*! experimentally
demonstrated the thermal rectification effect in mass-loaded
nanotubes, with asymmetrically deposited boron nitride nan-
otubes (BNNTSs) exhibiting the most pronounced thermal

diode behavior. For nanostructures, the phonon scattering
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and the efficiency of thermal rectification can be influenced

15.16] interface structure,'0-1°1 and

by temperature, geometry, !
quantum coherence.!?’! On the other hand, for bulk materi-
als, the temperature dependence of thermal conductivity has
been identified as another key mechanism behind thermal rec-
tification. For example, thermal rectification can be achieved
by selecting materials at both ends with opposite tempera-
ture dependencies of thermal conductivity.>!! This design,
which relies on the temperature-dependent thermal conduc-
tivity of materials to regulate the direction of heat flow, has
also been discussed from a theoretical perspective,?? and ex-
tended to macroscopic applications through numerical simu-
lations and material performance estimations.'?*! Subsequent
studies further achieved quantitative modeling and experimen-
tal verification.>¥! Tt was revealed that the essential condition
for achieving thermal rectification in bulk materials lies in
the thermal conductivity being a function of both space and
temperature, which can be realized through either compos-

ite structures or properly engineered monolithic materials. >!

In addition, introducing zigzag interfaces (%!

or multi-segment
geometric gradients>”] can regulate the temperature sensitiv-
ity and spatial distribution of thermal conductivity, further en-
hancing the rectification effect. Li ef al.[*] also discussed the
effectiveness of several typical mechanisms for realizing dif-
fusion nonreciprocity and fabricating thermal diodes, demon-
strating the equivalence between breaking steady-state global

reciprocity and achieving a thermal diode. This provided an
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important theoretical basis for the realization of macroscopic
thermal diodes.

The temperature-dependent nature of thermal conduc-
tivity provides a fundamental theoretical framework for
understanding thermal rectification and for constructing
temperature-dependent thermal cloaking devices.[>*=3!] The
concept of a thermal cloak was introduced by Fan et al.!3]
based on a first-principles approach that established a theory of
steady-state transformation thermotics. To avoid the complex
calculations involved in transformation thermotics, Han et
al.®3) proposed a two-layer thermal cloak structure. Based on
this bi-layer cloak, a thermal camouflage device was designed
to transform the thermal scattering signature of an object into
that of multiple expected targets, achieving both cloaking and
camouflage effects in heat conduction.**! The methods based
on transformation thermotics'*>—3°! and bulk materials40-44]
represent two key strategies for achieving the thermal cloak-
ing effect. However, since the thermal conductivity of most
materials in nature varies with temperature, it is necessary
to consider temperature dependence when studying thermal

cloaks. Li et al.[?-3]

combined temperature-dependent ther-
mal conductivity with transformation thermotics to design tun-
able thermal invisibility materials, enabling dynamic switch-
ing of heat flux paths, and further extended this approach to
To address the

complexity of transformation thermotics and the challenges of

the design of macroscopic thermal diodes.

material fabrication, Xue et al.®! proposed a switchable ther-
mal cloaking effect using a bi-layer thermal cloak based on
temperature-dependent thermal conductivity, which exhibits
rapid switching of invisibility performance near the critical
temperature.

It has been demonstrated that non-uniform media can ex-
hibit quasi-uniform heat conduction through effective medium
theory with periodicity. This property enables the design of
novel periodic composites for thermal camouflage and rec-
tification. In particular, the concepts of “Janus thermal il-
lusion” and “illusion thermal diodes” demonstrate the abil-
ity to achieve invisibility and visibility illusions simultane-
ously through periodic structures.*! However, most existing
research still focuses on either thermal rectification or thermal
cloaking, with limited exploration of their combination. The
concept of temperature-dependent transformation thermotics
proposed in Ref. [29] enables switchable thermal cloaks and
macroscopic thermal diodes. In this method, anisotropic and
spatially varying thermal conductivity tensors are obtained
from a coordinate transformation dependent on temperature.
Practical realization requires either anisotropic effective me-
dia or structural deformation, which presents significant fabri-
cation challenges. Considering the need for macroscopic heat
flux regulation in practical devices, exploring thermal rectifi-
cation mechanisms in bulk materials remains a core challenge

of current research.

In this paper, we propose a bi-layer structure composed
of isotropic bulk materials, featuring a composite heat-flux-
attracting layer to achieve synergistic regulation of thermal
rectification and cloaking effects. The composite heat-flux-
attracting layer is constructed from materials A and B, which
possess asymmetric temperature-dependent thermal conduc-
tivities. Numerical simulations are conducted to analyze how
thermal conductivity and system size affect the thermal recti-
fication ratio. This approach greatly simplifies the design and
enables straightforward parameter optimization. The findings
offer a novel strategy for designing thermal diodes that achieve
both efficient rectification and cloaking effects. The proposed
method is applicable to fields such as aerospace and micro-
electronics that require precise heat flow control and thermal
protection,[#®! and provides innovative approaches for active
control of heat flow direction and pathways.

2. System design

2.1. Thermal rectifier model with composite heat-flux-
attracting layer

In a bi-layer thermal cloak model, an inner insulation
layer is used to repel the heat flux, while an outer layer with
higher thermal conductivity (the heat-flux-attracting layer) is
used to attract the heat flux repelled by the inner layer. As
shown in Fig. 1(a), the red region represents the cloaking area
(r < re), with a thermal conductivity of kg = 10 W-m~1.K~!,
The gray region corresponds to the inner layer (r, < r <
ri), which has a very low thermal conductivity of k; =
0.03 W-m—1.K~!, acting as an adiabatic layer. The green re-
gion represents the outer layer (r; < r < ry) with higher ther-
mal conductivity kp, serving as the heat-flux-attracting layer
that also eliminates the distortion of the temperature distribu-
tion caused by the presence of internal objects. The blue re-
gion denotes the surrounding area with thermal conductivity
k3 =23 W-m K1

For a two-dimensional thermal cloak, when the inner
layer is a perfect adiabatic material (k; = 0 W-m~!-K~1), the

thermal conductivity of the outer layer is given by[*3]
2.2
rotr
ky = H k3. €))
rg— 1

In this study, the model dimensions are consistent with
those used in Ref. [33], specifically r. = 6 mm, r; = 9.5 mm,
and r, = 12 mm. The surrounding region size is set to
30 mm x w, where w represents the width of the system, with
w =ry = 12 mm in this case. For k3 = 2.3 W-m .K 1,
the thermal conductivity of the outermost layer (heat-flux-
attracting layer) material should be k, ~ 10 W-m~!.K~! to
guarantee a perfect cloaking effect. Following the theoretical
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framework in Ref. [33], the central region (r < r) in this de-
sign serves as the cloaked object, and its material properties
do not affect the external temperature distribution.

(a)

Fig. 1. (a) Cross-sectional view of the bi-layer thermal cloak; (b) and (c)
schematic diagrams of a thermal rectification system with a composite
heat-flux-attracting layer: (b) forward-bias mode; (c) reverse-bias mode.
Figure 2 illustrates the variation of the temperature gra-
dient at »r = p for different thermal conductivities of the in-
ner layer. When the temperature difference is 120 K, the
temperature gradient along the selected dashed line r = p in
Fig. 1(a) reaches approximately 4000 K-m~!. It can be seen
that the temperature gradient approaches the ideal criterion
for a perfect cloak when k; = 0.003 W-m~!-K~! (approach-
ing a perfectly adiabatic condition), and the cloaking perfor-
mance of the bi-layer thermal cloak is correspondingly en-
hanced. As k; increases (0.05 W-m~!.K~!, 0.1 Wem L.K~!,
0.3 W-m~!1.K~1), the temperature gradient gradually deviates
from 4000 K-m~! at r = p, indicating a weakened cloaking
effect.
Nevertheless, for k; = 0.03 W-m~!.K~!, the tempera-
ture gradient profile differs very little from that for k; =
0.003 W-m~!.K~!. Therefore, it can be assumed that the inner

material with this thermal conductivity exhibits excellent ther-
mal insulation performance and can act as an adiabatic layer,
thereby satisfying the condition under which Eq. (1) is valid.

H’I" 5000 b —a—ky, =0.003 W-m~ LK~
5 —e—k; =0.03 W-m LK™!
é 4300} —+—k; =0.05 Wm LK™!
45 4600+ —+—k;=0.01 Wm LK™!
9 k=03 Wm LK !
'g 4400

&

g 4200 F

4(5 4000

2 3800f

g

& 36001

0 w/4 w/2  3m/4 T
0

Fig. 2. Temperature gradient at r = p in a bi-layer thermal cloak for
varying inner-layer thermal conductivity k.

Various models have been proposed to describe
temperature-dependent thermal conductivity, such as the lin-
ear models k(T) = mT +¢,*"V k(T) = ko(1 +aT),M*¥ and the
power-law model k(T') = ko(T /Ty)*.1>*1 For certain materials,
particularly phase-change materials, the variation of thermal
conductivity with temperature generally follows a sigmoidal
curve. ! The thermal conductivity of such materials shows a
rapid transition near a specific temperature and eventually sat-
urates as the temperature further changes. This feature enables
them to automatically adjust their thermal conductivity in re-
sponse to the actual temperature environment, thereby better
satisfying the complex requirements of thermal design. Mo-
tivated by this property, the Sigmoidal function is adopted in
this work to characterize the material’s temperature-dependent
thermal conductivity.

Since the inner layer of the system is designed to possess
extremely low thermal conductivity, it effectively protects the
cloaking region from external heat flux. Therefore, the tem-
perature dependence of the inner-layer thermal conductivity
ki is negligible in the present model.

We propose a thermal rectification model with a com-
posite outer layer composed of two different materials, as il-
lustrated in Figs. 1(b) and 1(c). The temperature-dependent
thermal conductivity of material A (ky o) on the left side of
the composite heat-flux-attracting layer increases with tem-
perature, while that of material B (k» g) on the right side de-
creases. Their temperature-dependent thermal conductivities
are assumed to be

kL —kn
1+exp(B(T — Trer))’

ki —ky
 14exp(B(T — Trep))]

koa(T) = kn+ 2

kon(T) = ke 3)

114403-3



Chin. Phys. B 34, 114403 (2025)

Here, (1 +exp(—x))~! is a typical sigmoidal function that
produces a rapid transition from k. to ky around the refer-
ence temperature Tper. The parameter 8 controls the sharpness
of this transition. These mirrored thermal conductivity func-
tions describe asymmetric thermal responses, enabling ther-
mal rectification.3°) Although the functional form is some-
what idealized, the underlying physical mechanism is achiev-

49-51] For example, certain phase-change ma-

able in practice.|
terials such as VO, exhibit a sharp increase in thermal con-
ductivity near their phase transition temperature,*°! while
polyethylene nanofibers display a gradual decrease with in-
creasing temperature, !l forming an opposite “on/off” behav-
ior. Moreover, the critical transition temperature or switch-
ing range can be tuned via doping, thickness modulation, or
nanoscale structural design. 3011

Under the forward thermal bias (Fig. 1(a)), the system
has a hot side Ty on the left and a cold side 71, on the right,
and the total heat current density jr flows from material A
to B. In the reverse case (Fig. 1(b)), the hot and cold sides
are swapped, and the heat current density jgr reverses direc-
tion. According to Egs. (2) and (3), in the forward case, both
materials exhibit higher thermal conductivity, whereas in the
reverse case, they show lower values. Thus, asymmetric heat
transfer occurs (jr > jr), demonstrating thermal rectification.

The thermal rectification ratio Y is defined as

y= %1 )
JR

When jr and jgr are equal, there is no thermal rectification
(Y = 0), while larger y indicates stronger rectification.

3. Analysis of thermal rectification and cloaking
characteristics

Numerical simulations are conducted using COMSOL
Multiphysics, and a computational model, as shown in
Fig. 1(a), is established. According to Eq. (1), the required
thermal conductivity of the outer layer for the thermal cloak
to operate is approximately 10 W-m~!-K~!. Thus, the upper
limit of the thermal conductivity of the composite heat-flux-
attracting layer is therefore selected as ky = 9.8 W-m~.K~!.
The lower limit is the same as that of the adiabatic layer, i.e.,
kp = 0.03 W-m~".K~!. The reference temperature is set to
Tt = 343 K, and the scaling factor is f = 0.2 KL

Material A on the left approaches ky when the tempera-
ture exceeds Ti.s, whereas material B on the right reaches ky
when the temperature is much lower than Ti.s.

The heat current density j is obtained by integrating the x-
component of the heat flux along the line x = 0. The heat flux
represents the rate of heat transfer per unit area, indicating the
local intensity of heat flow at a given position. Specifically,

the heat current density j denotes the net heat transferred per
unit width across this region, calculated by integrating the lo-
cal heat flux.

The dimensionless temperature difference A is defined as

_ITn—1o

A ;
7;'ef
and the reference temperature

Tu+T
2

is chosen as the switching point for the temperature-dependent

Tret =

thermal conductivity functions, ensuring opposite thermal
states on the two sides of the system.

4801 5
400F 4 P

320} 3
240} 2 /
1

Heat current density, j (W-m™1)

1601 5955030705 0607
80} 4
(0] SRR L
|
—80f — " !
—0.8 —0.4 0 0.4 0.8
A

Fig. 3. Heat current density and thermal rectification ratio versus the di-
mensionless temperature difference. The total heat current density j is
calculated by integrating the x-component of the heat flux along x = 0.

A 423
420
400
380
360
340

320

300

280

V¥ 263

Fig. 4. Thermal rectifier obtained from two-dimensional finite-element
simulations. The black lines represent isotherms, and the white arrows
indicate the direction of heat flux. The arrow lengths correspond to the
magnitude of the heat flux: (a) forward case with cloaking effect; (b) re-
verse case without cloaking effect.
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Figure 3 presents the total heat current density (j) and
thermal rectification ratio of the thermal rectifier under various
dimensionless temperature differences A in both the forward
and reverse cases. As expected, j in the forward case is sig-
nificantly higher than that in the reverse case. Moreover, this
discrepancy increases with A, leading to a gradual increase in
the thermal rectification ratio. Figure 4 illustrates the thermal
rectification and cloaking effects of the rectifier in both cases
for Ty =423 Kand 7, =263 K. As shown in Fig. 4(a), the heat
flux can easily bypass the intermediate region and restore the
isothermal distribution distorted by the internal object, indicat-
ing that the thermal cloak works quite well in the forward case.
However, in the reverse direction, the cloak fails to function ef-
fectively, and the device acts as a thermal insulator. Therefore,
owing to the asymmetry of the composite heat-flux-attracting
layer, thermal rectification is achieved in this bi-layer thermal
cloak model.

4. Analysis of thermal rectification effect

4.1. Impact of thermal conductivity bounds on rectifica-
tion efficiency

In Fig. 3, with kg = 9.8 W-m '.K™! and k =
0.03 W-m~!.K~!, the rectification ratio increases from y =
1.09 to 4.74 as the dimensionless temperature difference in-
creases. However, the temperature-dependent thermal conduc-
tivity of the outermost layer spans a wide range (nearly three
orders of magnitude). Considering that the thermal conductiv-
ity of common materials usually does not vary so dramatically,
six specific cases of the thermal conductivity bounds are con-
sidered in this paper and defined as Case-I to Case-VI, with
detailed parameters provided in Table 1. This categorization
enables a more detailed analysis of the specific influence of
thermal conductivity on rectification performance.

Table 1. Thermal conductivity bounds.

Case I II I v v VI

kk Wm 'K 003 01 015 003 01 0.15
kg W-m— 1K™ 1) 9.8 9.8 9.8 6 6 6

Figure 5(a) shows the variation of the total heat cur-
rent density with temperature. It can be seen that in Case-
IV, V, and VI (with an upper thermal conductivity bound of
6 W-m~!.K™1), the heat current densities under forward ther-
mal bias are generally lower than those in Case-I, I, and III
(with an upper limit of 9.8 W-m~!.K~!). This is because,
in the forward case, both materials A and B reach their up-
per thermal conductivity bounds. According to Fourier’s law
(j = —ko(T) - (dT/dx)), the heat current density in Case-1, II,
and 1T (kg = 9.8 W-m—!.K~!) is higher than that in Case-IV,
V, and VI (kg = 6 W-m~1.K~1). As shown in Fig. 5(b), the
difference in heat current density between the forward and re-
verse modes increases with the temperature difference, leading

to a higher rectification ratio. When A = 0.7, the thermal rec-
tification ratio decreases from y = 4.74 to 3.29, which is still a
considerable improvement. Even though the thermal conduc-
tivity range is narrowed, the rectification ratio remains at an

acceptable level.

=7 500

g (a) —=—cCasel

g 400 —e— Case-11

— —*— Case-III
< 300F —— Case-IV
é’ Case-V

2 200+ Case-VI

5]

o

~ loor

=]

5]

b 0 p—

: e
§ —100+

o —-0.8 —0.4 0 0.4 0.8

A

| (b) —— Case-1I
—eo— Case-II
—4— Case-III
4+ —o— Case-IV
Case-V
Case-VI

1 1

0.1 0.2 0.3

04 0.5 06 0.7
A

Fig. 5. (a) Variation of heat current density with dimensionless temper-
ature difference. (b) Variation of thermal rectification ratio with dimen-
sionless temperature difference for various cases.

4.2. Influence of system sizes on rectification efficiency

In the aforementioned simulations, the rectification ratio
can reach 4.74, which is moderate. Even though the bi-layer
thermal cloak is switched off in the reverse case, the lower
limit of the composite heat-flux-attracting layer’s thermal con-
ductivity is higher than the ideal value, resulting in insufficient
system adiabaticity. Consequently, the relatively high reverse
heat current density limits the rectification effect. By reducing
the width of the model (w), the system approaches an adia-
batic condition, so that the reverse heat current density jr can
be suppressed, thereby enhancing the thermal rectification ef-
fect.

As shown in Fig. 6, the composite heat-flux-attracting
layer of the thermal rectifier in Fig. 1 is truncated to explore
the effect of system width on the thermal rectification ratio by
varying w. To ensure the thermal cloaking performance of the
system, w should not be less than the diameter of the adiabatic
layer (19 mm). Good contact between the materials and the
heat sources is assumed. In this two-dimensional conduction
thermal model, the total heat current density through the ther-
mal rectifier is obtained by integrating Fourier’s law.
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lTruncatc
Top

J[Imlui”ﬂ

Botto

Fig. 6. Variation of the thermal rectifier size w. The red and black
lines denote the top and bottom boundaries of the composite heat-flux-
attracting layer, respectively.
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Fig. 7. Heat current density versus the system size w under different tem-
perature differences for (a) Case-I, (b) Case-II, (c) Case-III, (d) Case-IV,
(e) Case-V, and (f) Case-VI.

Figure 7 illustrates the relationship between the heat cur-
rent density and system size. The dimensionless temperature
differences are set at A = 0.350, 0.466, 0.583, and 0.700. For
w = 19 mm, the thermal cloak is in the off state, and the heat
current densities for the forward and reverse cases are close to
each other. When w is slightly larger than 19 mm, the ther-

mal cloak rapidly transitions from the off to the on state. This

results in a rapid increase of the forward heat current density,
giving rise to the rectification effect. The heat current den-
sity through the rectifier increases with system size for both
forward and reverse cases.

The magnitude of the rectification ratio depends on the
ratio of the forward to reverse heat current densities. Figure 8
shows the relationship between the thermal rectification ratio
Y and the system size w. For all six cases, 7 rises rapidly to
a maximum and then decreases slowly as w increases from
19 mm to 24 mm. Case-I and Case-VI exhibit the largest
and smallest variations in rectification ratio, respectively. For
Case-1, the rectification ratio 7y rises from 1.95 to 11.06 due
to the sharp increase of the forward heat current density at
A = 0.700; subsequently, y gradually decreases to 4.74 as
the reverse heat current density increases. In contrast, Case-
VI demonstrates a more moderate trend. At A = 0.350, y
rises sharply from 0.73 to 3.83 and then gradually decreases to
2.74. Therefore, the rectification ratio exhibits significant de-
pendence on system size at different temperature differences.
Even for smaller temperature differences and narrower ther-
mal conductivity bounds, the rectification ratio can be signifi-

cantly enhanced by adjusting the system size.

(a) Case-1 (b) Case-II

10

(c) Case-III|[ (d) Case- IV

(e) Case-V (f) Case-VI

19 20 21 22 23 24 19 20 21 22 23 24

w (mm)

w (mm)

—=— A=0.350 —— A=0.466 —— A=0.538 —+— A=0.700

Fig. 8. Thermal rectification ratio versus the system size w under different
temperature differences for (a) Case-I, (b) Case-II, (c) Case-III, (d) Case-
1V, (e) Case-V, and (f) Case-VI.

Figures 9 and 10 respectively present the temperature
distribution and local heat flux distribution of the thermal rec-
tifier for w = 19 mm, 19.2 mm, 19.4 mm, 20 mm, 22 mm,
and 24 mm. For w = 19 mm, the external composite heat-
flux-attracting layer is completely truncated in the vertical
direction. In the forward case, the heat flux cannot effectively
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Forward-bias mode Reverse-bias mode

}

w=19 mm

w=19.2 mm

w=19.4 mm

w =20 mm

w =22 mm

w =24 mm

Fig. 9. Temperature distribution for different system sizes: (a)—(f) for
the rectifier under forward thermal bias and (g)—(1) under reverse ther-
mal bias. Black lines represent isotherms. Parameters are set as Case-I,
A =0.466.
bypass the outer layer, resulting in nearly zero heat flux for
both directions and, consequently, a negligible rectification ef-
fect. Asw increases, the forward heat current density (jf) rises
rapidly because heat fluxes can bypass the insulating layer
along the outer layer. In the reverse case, the low thermal con-
ductivity of the outer layer causes the thermal cloak to lose
its cloaking effect. The heat flux converges at the interface
between the peripheral region and the outer layer and crosses
into the left material A, following the path of least thermal re-
sistance. This asymmetry in heat flux magnitude leads to a
substantial increase in the rectification ratio.

Since the thermal conductivity of the inner layer is very
low, the heat flux mainly flows through the composite heat-
flux-attracting layer of the outer layer. Figure 11 shows the
local thermal resistance distribution of the composite heat-
flux-attracting layer for different system sizes. In the two-
dimensional finite element model, to define thermal resistance
meaningfully, we assume that § is the thickness perpendicular
to the paper surface. The local thermal resistance Ry, is then
defined as Ry (x) = AT (x)/(j(x) - 8), where AT (x) is the lo-
cal temperature difference between the high-temperature heat

source and the edge of the composite heat-flux-attracting layer

Forward-bias mode Reverse-bias mode

3.0
2.5
20 _
o
|
g
15 2
<
o
Z
1.0
0.5
0

Fig. 10. Heat flux distribution for different system sizes: (a)—(f) for the
rectifier under forward thermal bias and (g)—(l) under reverse thermal
bias. Black arrows indicate the direction of heat flux. Parameters are
set as Case-I, A = 0.466.

70 (a) Forward Reverse w (mm)
60
50
40
30
20+
101

Thermal resistance (K-W~1)

0.

70+ (b) Forward Reverse w (mm)

—— —e— 19
60r —0— —— 19.2
50+ —_—  —a— 19.4

—— —v— 20

40 22

30F
20
10F

Thermal resistance (K-W~1)

z (mm)

Fig. 11. Thermal resistance versus position for forward and reverse
modes: (a) top boundary of the composite heat-flux-attracting layer,
(b) bottom boundary of the composite heat-flux-attracting layer. The
layer thickness is 6 = 30 mm.
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at position x, and j(x) (W-m~!) is the heat current density per
unit thickness along the x direction. The product j(x) - § gives
the actual heat flow (W) at that position. At the top and bottom
of the outer layer (see Fig. 6 for reference), the thermal resis-
tance in the forward case is always lower than in the reverse
case. This indicates that the forward heat current density (jg)
is higher than the reverse counterpart (jr), yielding a high rec-
tification ratio. However, as w increases, the heat flux channel
broadens, resulting in a rapid decrease in reverse thermal re-
sistance at the top and bottom. This allows reverse heat flux
to enter more easily from the interface between the peripheral
region and the outer layer, enhancing the reverse heat current
density. Therefore, increasing the system size can significantly
reduce the thermal resistance in the reverse case while mini-
mally affecting the forward resistance, which causes the ther-

mal rectification effect to decrease at larger w.

5. Conclusion

In summary, the synergistic design of thermal rectifi-
cation and thermal cloaking is successfully realized through
a composite heat-flux-attracting layer with temperature-
dependent thermal conductivities. Numerical results indicate
that, in the forward case, the high thermal conductivity en-
ables efficient heat transfer and preserves the thermal cloaking
effect without distorting the surrounding isotherms. In the re-
verse case, the reduced thermal conductivity hinders heat flux
and leads to cloaking failure. Even when the thermal conduc-
tivity variation is limited to a finite interval (e.g., Case-IV to
VI), a significant rectification ratio (y > 3.29) is maintained.
By varying the system size, the rectification ratio ¥ can in-
crease from 1.95 to 11.06 due to the sharp rise in the forward
heat current density. The thermal rectification ratio exhibits
a non-monotonic trend, first increasing and then decreasing
with system size, indicating an optimal size range for achiev-
ing maximum rectification.

This novel thermal diode design, integrating thermal rec-
tification and cloaking effects, enables dual-functional thermal
management and thermal camouflage in specific scenarios. It
is suitable for applications such as aerospace and microelec-
tronics, which require precise heat flux control and thermal
protection, and provides a new strategy for actively control-
ling the direction and path of heat flow. The non-monotonic
dependence of the rectification ratio on system width is ex-
plained based on the thermal resistance distribution and heat
flow paths, offering physical insights that align with simula-
tion results. Since the present study emphasizes functional in-
tegration and tunability within a structural framework, a phe-
nomenological understanding is provided to highlight key be-

haviors. Future work will aim to establish a more general the-

oretical framework to further elucidate the coupling between
geometric factors and nonlinear thermal transport.
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