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ABSTRACT

Thermal diode can achieve a unidirectional and irreversible thermal transport, which can be used for direction-selective thermal management. Here
we demonstrate a macroscopic thermal diode by asymmetrically embedding staggered structure of copper and expanded polystyrene sheets in
stainless steel background, which can achieve a stable high thermal rectification ratio at room temperature. For the fabricated samples measured
here, we observe a nearly constant thermal rectification ratio ~1.6 at room temperature, when the temperature bias applied on both sides changes
from 25 K to 50 K or the input heat power changes from 10 W to 15 W. In contrast to the conventional methods, this approach provides a new way to
design macroscopic thermal diode with a stable thermal rectification effect at room temperature, which opens up new possibilities for macroscopic
heat preservation, energy-saving buildings, and direction-selective thermal camouflages.

1. Introduction

From dealing with global warming to efficient heat dissipation in integrated circuits, many challenges facing the world today in
terms of highly efficient thermal management. In many cases, it is desired that the heat flow can be directed away from the heat
sensitive regions (e.g., polar or chips that need to be cooled) and then guided into the heat harvesting regions (e.g., heat recovery
system and thermal batteries), where the whole process are expected as unidirectional and irreversible process, which can be referred
as to direction-selective thermal management. By analogy with electric diodes, thermal diodes/rectifiers that can achieve unidirec-
tional heat conduction and asymmetric thermal transport (i.e., thermal rectification) have important applications in direction-selective
thermal transport [1-5]. For example, thermal diodes can allow components such as electronic chips to dissipate heat to the outside
environment, and prevent them from being thermally damaged by high external heat sources. In addition, thermal diodes can also be
used for thermal memory [6,7], stand-alone thermally driven computing systems [8], and thermal logic gates [9]. There are two
operating states of the thermal diodes, forward state (conduction state) and reverse state (cut-off state), which correspond to “thermal
flow can mostly pass through the thermal diode when the heat flow is fed forward” and “almost no heat flow can pass through the diode
when the heat flow is fed reverse”, respectively.

So far, various types of thermal diodes based on different mechanisms have been reported, including asymmetric thermal structures
created by asymmetry of geometric shape or/and material with temperature-dependent thermal conductivity (e.g., asymmetric
nanostructures or mass loading) [10-13], phase change materials [14-19], transformation thermotics and memory metals [20-23],
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directional heat flow created by special nanostructures [24-27], and etc. [28-30]. However, the current thermal diodes that have been
implemented still have some limitations. First, many thermal diodes cannot work at room temperature, i.e., high or cold temperature
environment is often required due to the material/structure can only work at a specific temperature range to achieve a good thermal
rectification effect [10,11,13,15,16,25,28]. Second, the thermal rectification ratios of almost all current thermal diodes are related
input heat flow or temperature bias [10-20,22-25,27-30], as they involve the use of thermal materials with a temperature-dependent
thermal conductivity. Third, most current thermal diodes are designed to generate thermal rectification effects at the micro/nano scale
[13,16,24-26,31], and very few researches on macroscopic thermal rectification effect [17,20-23]. The reason why thermal rectifi-
cation at the micro/nano level cannot be translated to the macro scale is partly due to the fact that some micro/nano-scale structures
are difficult to process to macroscopic dimensions [15,31], and partly due to the fact that the environment that maintains the normal
operation of the micro/nano structures (e.g., a specific temperature environment other than room temperature) cannot be satisfied at
macroscopic dimensions [14-16]. Therefore, the design of macroscopic thermal diodes requires some other methods different from
microscopic thermal diodes [17,20-23]. If macroscopic thermal diodes can be realized, many novel macroscopic thermal
direction-selective structures can be designed for various applications, such as energy-saving walls that can allow the heat entering the
building and prevent the heat leaving the building [32,33], energy-efficient air conditioning [34], and thermal management of high
heat flux devices [35]. However here is still a lack of research on macroscopic diodes with stable rectification ratio, which can provide
a considerable thermal rectification ratio at room temperature.

Thermal null medium (TNM) is a highly anisotropic thermally conductive medium [36] designed by transformation thermody-
namics [37], which can be realized by staggered cooper and expanded polystyrene (EPS) [36,38], and achieve the directional guidance
of the heat flow along the direction of the interface between copper and EPS [36,38]. Using advantage of the directional thermal
conductivity of TNM, many thermal devices can be design through the “surface projection” thermal surface transformation method
[36], such as thermal cloaks [36], thermal camouflages [38,39], thermal concentrators [40,41], thermal buffing [42], thermal rotator
[43], etc. In this study, a passive macroscopic thermal diode with stable rectification ratio is designed by asymmetrically placing
strip-shaped TNM units (staggered structure of copper and EPS) in background medium with homogenous thermal conductivity (see
Fig. 1). Compared with most existing thermal diodes, the diode can achieve a good thermal rectification effect at room temperature, i.
e., it can work without any additional energy supply to maintain its operating temperature. After optimization of the structural pa-
rameters, its rectification ratio can reach 1.96, which is basically at the same level as the existing partial thermal diodes. In addition,
the rectification ratio of the designed thermal diode will remain unchanged when the power of input heat flow or temperature bias is
changed, which exhibits a stable thermal rectification effect.

2. Method and results

2.1. Simplified TNM unit

The thermal diode in Fig. 1a is designed by asymmetrically embedding six strip-shaped 2D TNM units in the background medium.
Each strip-shaped 2D TNM unit has the same structure, i.e., staggered structure of copper-EPS sheets (see Fig. 1c), which can

Temperature
a Background heat detecting point 1 b
conducting medium

Temperature
detecting point 2

303.15K

293.15K

Fig. 1. The schematic diagram of the designed thermal diode based on TNM units. (a) is perspective view of 3D structure of the designed diode. (b) is top view of the
designed diode in (a). The gray area is the background medium and the white region outside the diode is air. (¢) The schematic diagram of copper-EPS array in the
background medium, which performs as a simplified 2D TNM unit. (d) The 2D simulated temperature distribution when a high temperature source with temperature
303.15 K is set on the center of the lower surface of the staggered copper-EPS sheets. The rectangular boundary of the calculation domain is set as constant low
temperature 293.15 K. The high temperature source is chosen as a line heat source whose length is a./10.
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directionally guide thermal flux along the direction of the interface between copper and EPS [36,38]. The TNM units are covered by air
on the top and bottom surfaces in Fig. 1a, which almost does not conduct heat (x,i; = 0.024 W/(meK)) [44] and can be modeled as the
thermally insulated boundary. Therefore, the strip-shaped TNM units can be modeled as 2D TNM units, i.e., we only need to consider
its effective thermal conductivity within its surface.

Taking one of the six identical 2D TNM units in Fig. 1a as an example, the local coordinate system x-y is set in Fig. 1c. Each 2D TNM
unit consists of two copper sheets and two EPS sheets of equal length L. = Lg. The widths of copper sheets and EPS sheets are a. and ag,
respectively. The effective thermal conductivity of 2D staggered structure of copper-EPS sheets can be derived based on effective
medium theory [45], which can be expressed as:

L_fo fe

— =24

Kx Ke Kg 5 (1)
Ky = Kfe + Kefe

where f. = a./(a.+ ag) and fg = ag/(a.+ ag) are filling factors of copper sheets and EPS sheets, respectively. The anisotropic thermal
conductivity of the 2D staggered structure of copper-EPS sheets can also be expressed in matrix as:
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k= | Ko +Kefe ) . 2)
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In our design a. = ag, which means f, = fg = 0.5 in Eq. (2). The effective thermal conductivity of the 2D staggered structure of
copper-EPS sheets in Eq. (2) can be further reduced to:

2K K 0 2\/KKE 0
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The thermal conductivities of copper and EPS are k. = 401 W/(meK) and xg = 0.03 W/(meK)), respectively [46,47]. If background
medium is chosen as 40% nickel steel, whose thermal conductivity is ko = 10 W/(meK) [48], the effective thermal conductivity of the
2D staggered structure of copper-EPS sheets in Eq. (3) can be expressed as: xk = kodiag(0.006,20.0515).

Considering the simplified thermal conductivity of TNM, i.e., much greater than the thermal conductivity of the background
medium along main axis and close to zero in other orthogonal directions [36,38], the 2D staggered structure of copper-EPS sheets
whose effective thermal conductivity is k = kodiag(0.006, 20.0515) can perform as simplified 2D TNM unit whose main axis is along the
direction of copper-EPS’s interface.

From the Fourier’s law for anisotropic media § = —xV T (q is the flow of heat energy per unit area, « is anisotropic thermal con-
ductivity, and T is the temperature), we can analyze the direction of heat flow in each simplified 2D TNM unit. For the simplified 2D
TNM unit in Fig. 1c whose thermal conductivity can be expressed as k = kodiag(0.006, 20.0515), the heat flow can be calculated as q ~
— k0(0.0060xTXo + 200, Ty,) ~ — ko200, Ty, which shows the heat flow is basically restricted to propagate along the direction of the
TNM’s main axis.

Numerical simulations verify the designed 2D staggered structure of copper-EPS sheets can perform as a simplified 2D TNM unit,
which can directionally guide the heat flux along the direction of copper-EPS’s interface in Fig. 1d. As shown in Fig. 1d, if a high
temperature source is located on one surface of the staggered structure of copper-EPS sheets, the heat flux produced by the thermal
source will be guided along the direction of copper-EPS’s interface, and a thermal image is created on the other surface of the copper-
EPS sheets.

2.2. The design of initial structure for thermal rectification

As shown in Fig. 1, the thermal diode is designed by asymmetrically embedding six strip-shaped 2D TNM units in background
medium with homogeneous thermal conductivity xg. The 2D TNM unit is composed by staggered structure of copper-EPS sheets, which
can directionally guide thermal flux along the direction of the interface between copper and EPS [36,38]. If the filling factors of copper
sheets and EPS sheets are the same, the effective thermal conductivity of staggered structure of copper-EPS sheets can be expressed by
Eq. (3):

In order to make the copper-EPS sheets embedded in the background medium as close as possible to the theoretical TNM [36], the
conductivity of the background material is expected to be the geometric mean of the thermal conductivity of copper and EPS,

K§ =K. " Kg, (€]

where k is the thermal conductivity of the background medium material. In this case, the effective thermal conductivity of staggered
structure of copper-EPS sheets embedded in the homogeneous thermally conductive background medium in Eq. (3) can be further
written as:
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Eq. (5) shows the two principal values of this anisotropic thermal conductivity are the reciprocal of each other, which exactly
matches the requirement of TNM’s parameters [36]. In addition, 2xo/(k.+xg)»1 and (x.+xg)/(2k9)<1, which is consistent with the
material parameters required for the simplified 2D TNM and indicates the main axis of the 2D TNM unit is the direction of the interface
between copper and EPS.

The working principle of the thermal diode based on the structure in Fig. 1 can be explained as follow: If Port 1 is set as a high
temperature source that input a constant thermal power to the thermal diode, and Port 2 is set as a low temperature source with
constant temperature, most of the heat flow will be guided by TNM units to gather around the x-axis, and then propagate from port 1 to
port 2. In this case, there is little convective heat loss with the air at the boundary of the structure during the transmission process, and
most of the heat flow is guided to Port 2, which corresponds to the forward state of the thermal diode (see Fig. 2a and Supplementary
Movie 1). Conversely, if the heat flow is input from Port 2, i.e., Port 2 is set as a high temperature source with a constant output power,
and Port 1 is set as a low temperature source with constant temperature, most of the heat flow is guided by the TNM units to the edge of
the thermal diode that is away from the x-axis, and then propagate from port 2 to port 1. In this case, most of the heat power is lost due
to the convection with air at the edge of the thermal diode, and almost no heat power transfer from Port 2 to Port 1, which corresponds
to the reverse state of the thermal diode (see Fig. 2b and Supplementary Movie 1). Fig. 2¢ and d shows the distribution of heat flows
when the thermal diode work in the forward state and the reverse state, respectively, which further verifies the directional thermal
conduction achieved by each 2D TNM unit in the entire thermal diode. It can be seen that the well-designed thermal diode with
asymmetrically placed TNM units can conduct the heat flows to the other side by converging them to the center of the structure in
forward state, and prevent the heat flows from reaching the other side by spreading them to the air convection loss boundaries in the
reverse state. In the above process, no other form of energy supply is required, and there are no requirements on the temperature of the
environment. Therefore, the initial structure designed in Fig. 1 can perform as a passive thermal diode at room temperature.

The thermal rectification ratio R is usually used to quantitatively measure the performance of thermal diodes, which is defined as
follow [11,14]:

_ el

R= )
k|

6

where Jy and Jg represent heat flux density received at the output port of the diode when it works in forward state and reverse state,
respectively. After reaching the thermal steady state, by measuring the temperatures of the detecting points 1 and 2, respectively, Jg
and Jg can be calculated (see Supplementary note 2). For the initial structure in Fig. 2, the thermal rectification ratio calculated by Eq.
(6) is R = 1.59.

2.3. Structural optimization and stable thermal rectification ratio

In order to reach the optimal thermal rectification ratio R, the effect of different structural parameters on the thermal rectification
ratio R is numerically studied (see Fig. 3). In the optimization, the overall sizes of the thermal diode are fixed (see Supplementary Note
1), only the structural parameters of the TNM units and detecting points are changed, and the angle between the TNM unit and the x-
axis is limited to 0° < 8 < 90°.

As shown in Fig. 3a—d, once the structural parameters are given, the thermal rectification ratio R of the designed thermal diode
remains unchanged no matter how the input heat power changes, i.e., thermal rectification ratio is independent of the input heat
power and temperature bias, which cannot be achieved by most of thermal diodes that have been reported so far [10-20,22-25,
27-29]. This is attributed to the temperature insensitivity of the thermal conductivity of the designed thermal diode, i.e., the thermal
conductivity of copper-EPS sheets and background medium (nickel steel or stainless steel) are almost invariant with input heat power
and temperature (see Supplementary Note 1), which leads to the directional thermal conducting property of TNM is effective over a

310.15K

293.15K

Fig. 2. The 2D simulated surface temperature distribution of the initial structure for forward state (a) and reverse state (b), respectively. The calculated heat flows (the
black arrows) in each point of the designed thermal diode for forward state (c) and reverse state (d), respectively. The length and the direction indicate the magnitude
and the direction of the heat flow, respectively. In this initial structure, some structural parameters are chosen as § = 45°, Ls = 85 mm, D; = 75 mm, D, = 155 mm, and
D3 = 50 mm. Other parameters and numerical settings can be found in Supplementary Note 1.
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Fig. 3. The relation between the input heat power P and thermal rectification R for various structural parameters of the thermal diode. (a) P-R curve when the length
of the TNM units Ls chooses different values, while keeps other parameters unchanged, i.e., # = 45°, D; = 75 mm, D, = 155 mm, D3 = 50 mm. (b) P-R curve when the
inclination angle of the TNM units 6 chooses different values, while keeps other parameters unchanged, i.e., Ls = 85 mm, D; = 75 mm, D, = 155 mm, D3 = 50 mm. (c)
P-R curve when the distance between two TNM units D; chooses different values, while keeps other parameters unchanged, i.e., Ls = 85 mm, 6 = 30°, Dy = 175 mm,
D3 = 50 mm. (d) P-R curve when the length of the distance between the temperature detecting point and the constant temperature source D3 chooses different values,
while keeps other parameters unchanged, i.e., Ls = 85 mm, 6 = 30°, D, = 175 mm, D; = 90 mm. (e) 6-R curve when the length of the TNM units Ls chooses different
values, while keeps other parameters unchanged, i.e., D; = 75 mm, D = 155 mm, D3 = 50 mm. (f) D3-R curve when the distance between two TNM unit D; chooses
different values, while keeps other parameters unchanged, i.e., Ls = 85 mm, ¢ = 30°, D, = 175 mm. The other numerical settings can be found in Supplementary
Note 1.

wide range of input heat power and temperature variations. While the thermal conductivity of materials or the unidirectional thermal
conducting property of other thermal diodes are sensitive to temperature variations, resulting in effects that the thermal rectification
ratio R of other thermal diodes is often dependent on temperature and input heat power [10-20,22-25,27-29].

In order to explore the physical mechanism of how each geometric parameter affects R, more combined numerical simulation
results are presented in Fig. 3e and f. Due to the geometric constraints Ly > 2Lscosf + 2L4sind + d and L1 > D3 + D2 + Dy +(D2 - D; -
L4cos®) + Lssing, the different color curves in Fig. 3e and f take different numbers of prints, and geometry parameters cannot take
values freely. It can be seen from Fig. 3e that no matter what the value of 6 is, the Ls and R satisfy a positive correlation, which can also
be seen from Fig. 3a: if other structural parameters are fixed (i.e., § = 45°, D; = 75 mm, Dy = 155 mm, D3 = 50 mm), the larger the
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length of the TNM units Ls, the larger the thermal rectification ratio R. In forward state, the TNM units with the larger length Ls can
capture and guide more the input heat flow along the main axis of the TNM units to gather around the x-axis, which leads to the less
convective heat loss at the edges of the thermal diode and the larger power of output heat flux density Jg. In reverse state, the TNM
units with the larger length Ls can capture and guide more input heat flow to the edge of the thermal diode, which leads to more
convective heat loss due to the convection with air and the smaller power of output heat flux density Jg. Therefore, the larger length of
the TNM unit Ls can provide a lager thermal rectification ratio R.

It can be seen from Fig. 3e that the relationship between 0 and R is not a positive correlation, which is also related to Ls: if Ls is small
(e.g., Ls <75 mm), the geometric constraint between 6 and Ls are not obvious, which means 6 can take all values from 0° to 90°. In this
case, each TNM unit is far from the edge of the diode (i.e., the edge effect is small) and the asymmetric effect mainly affects the thermal
rectification ratio R. For small L5, the thermal rectification ratio reaches the maximum when 6 = 45° (see Fig. 3e), which corresponds to
the max asymmetry of the TNM units at this time and results in the heat flow asymmetry to the maximum degree. If L5 is small (e.g., Ls
> 75 mm), Take Fig. 3b as an example, the geometric constraint between 0 and L5 should be considered, which means 6 cannot take all
values from 0° to 90°. In this case, TNM units are close to the edge of the diode, which means both edge effect and asymmetry effect will
influence when the best thermal rectification ratio R can be obtained. Once the end of each TNM unit is closer to the diode’s edge, the
larger convective heat loss will be generated in reverse state, and the more concentrated heat flows are gathered around the x-axis in
forward state, which is referred to as the edge effect. For large Lz, the 0 corresponding to the maximum thermal rectification ratio is not
45° (see Fig. 3b and e), which shows that the edge effect cannot be ignored and the asymmetric effect is no longer the unique factor
affecting R. In order to obtain the best R, both 6 and Ls should be considered together, which reflect the influence of the edge effect and
asymmetric effect, respectively.

It can be seen from Fig. 3f that no matter what the value of D; is, the relationship between D3 and R is a positive correlation, which
can also be seen from Fig. 3c: the longer the distance between two TNM pairs D1, the larger the thermal rectification ratio R when other
parameters are fixed (i.e., Ls = 85 mm, § = 30°, Dy = 175 mm, D3 = 50 mm). In forward state, input heat flow at the edge of the diode
will be guided by the first TNM pairs to propagate around the x-axis (i.e., convective heat loss at the edge is mainly reduced by the first
TNM pairs), and the TNM pairs in the later cascade do not contribute much to the reduction of convective heat loss. Therefore, the
distance between TNM pairs D; has little influence on power of forward heat flux density Jg. In reverse state, input heat flow is first
dispersed to the edge after passing through the first TNM pairs (resulting in the first convective heat loss), and then, it is dispersed
through the next cascade of TNM pairs after thermal diffusion for a distance D; (resulting in the second convective heat loss), and it
continues in this manner for the next TNM pairs. In this process, the longer the distance between two adjacent TNM pairs D;, the better
the thermal diffusion after passing through the front TNM pairs, and the more convective heat loss at the later TNM pairs, which makes
Jgr smaller. Since the larger the distance between TNM pairs D; can lead to a smaller Jg while Jr is almost unchanged, this eventually
leads to a lager thermal rectification ratio R (see Eq. (6)).

Fig. 3f also shows that the relationship between D; and R is a positive correlation for different values of D3, which can also be seen
from Fig. 3d: once other structural parameters fixed (i.e., Ls = 85 mm, § = 30°, D, = 175 mm, D; = 90 mm), the shorter the distance
between the temperature detecting point and the constant temperature source D3, the smaller the thermal rectification ratio R. This is

g<— IR camera

Temperature Temperature Low temperature
detecting point 2 detecting point 1 source

293.15K

Air conditioning

] EPS
High temperature Copper Stainless steel
source

Fig. 4. Photograph of the fabricated sample (a), (b) and schematic diagram of the experimental measurements (c). (a) and (b) are side and top view of the sample,
respectively. The enlarged illustration shows the details of the TNM unit. (c) is schematic diagram of the experimental measurements. In this showcase, the thermal
diode works in forward state, while the high temperature source and the cold source need to exchange position when the thermal diode works in reverse state.
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Fig. 5. The simulated temperature field distribution and the measured temperature field distribution of the optimized thermal diode in forward state and reverse state,
respectively. The simulated surface temperature field distribution of the optimized thermal diode operating in forward state (a) and in reverse state (b), respectively.
The measured surface temperature field distribution of the optimized thermal diode operating in forward state (c) and in reverse state (d), respectively. The parameter
settings in experiment (c) and (d) are consistent with the parameter settings in simulation (a) and (b), which can be found in Supplementary Note 1. The simulated
surface temperature field distribution of the optimized thermal diode with contact resistance operating in forward state (e) and in reverse state (f), respectively. (g)-()
are the corresponding temperature contours of (a)-(d). (k) and (1) are measured/simulated P-R and AT-R curves for the optimized thermal diode, respectively. The
ri'leasured uncertainties are also indicated by error bar of rectification in (k) and (1), which is elaborated in Supplementary Note 4.

<

due to the fact that D3 implicitly affects the temperatures of two detecting points T; and T,, which together with the constant tem-
perature of the low temperature source Tj, determine the magnitude of R (see Eq. (S3) in Supplementary Note 2). As D3 decreases,
temperature detecting points are closer to the constant low temperature source. In this case, the temperature of two detecting points T;
and T, are closer to the constant low temperature Ty, (Ty~T2—T1), the temperature difference between (T;-Ty) and (T»-Ty) becomes
smaller, and thus the thermal rectification ratio R becoming worse (see Eq. (S3) in Supplementary Note 2).

After extensive numerical simulations, an optimized structure with the maximum thermal rectification ratio R = 1.96 can be
obtained, when the corresponding structural parameters are selected as § = 30°, Ls = 85 mm, D; = 90 mm, Dy = 175 mm, D3 = 60 mm.

3. Experimental design and measurement results

To experimentally verify the thermal rectification effect of the designed thermal diode, a thermal diode base on the optimized
structural parameters in the simulation is fabricated (see the photograph of the fabricated sample in Fig. 4a and b). The fabricated
sample is composed of the copper-EPS sheets (a. = ag = 5 mm, H = 10 mm, and L. = Lg = 85 mm) embedding in the stainless steel (L1 =
370 mm, Ly = 180 mm, H =10 mm, and ko = 14.2 W/(meK) [49]), which is the closest material to the thermal conductivity required by
Eq. (4) that can be purchased. The schematic diagram of the experimental measurements is shown in Fig. 4c, where the entire
experimental setup is located in a closed room, and the room temperature is maintained at 293.15 K by air conditioning. The high
temperature source is a thermal resistance heater supplied by a constant current source, which can provide a heat flow output with
constant thermal power. The low temperature source is a copper plate connected with a constant temperature metal bath, which can
provide a constant temperature T;, = 293.15 K (see Supplementary Movie 2). The experimental measurements can be divided into three
steps: heat power measurement in forward state, heat power measurement in reverse state, and rectification ratio calculation.

In the first step, high and low temperature sources are fixed at port 1 and port 2 of the sample (see Figs. 1a and 4c), and adjusted to
create an output heat flow with constant power P = 11.86 W and a constant temperature T;, = 293.15 K, respectively. Then, the
temperature distribution on the sample surface is captured by IR camera (FOTRIC 288, whose temperature accuracy is 2%), which
changes with time. After about 2 h, the temperature distribution on the sample surface no longer changes, i.e., the thermal steady state
is reached. Due to the large volume occupied by the sample and the low thermal conductivity of its main part (i.e., ko = 14.2 W/(meK)
for the stainless-steel plate occupying 85% of the sample’s volume), as well as the heat loss due to air convection and thermal radiation
when the heat flow travels through the sample, it takes a long time for the heat to diffuse in the sample. In addition, the power created
by the heat source is low (only 14.39 W) and will be further reduced due to the heat exchange with the air before it enters the sample,
which results in a very low power of heat flow incidents onto the sample. Thus, the experiment takes long time (~2 h) to reach steady
state. At this time, the surface temperature field distribution on the sample surface is recorded by IR camera (see Fig. 5c), from which
the temperature at the detecting point 1 can be obtained. Next, the power of the heat flux density received at the output port of the
diode in forward state Jr can be calculated from the temperature at the detecting point 1 (see Supplementary Note 2).

In the second step, after waiting about 1 h until the whole system cools down, the position of high temperature source and low
temperature source are exchanged with each other. Then, after supplying energy to the high/low temperature sources, and waiting for
about 2 h until the system reaches the thermal steady state, the temperature field distribution on the sample surface is recorded again
by IR camera (see Fig. 5d), from which the temperature at the detecting point 2 can be obtained. Next, the power of the heat flux
density received at the output port of the diode in reverse state Jg can be calculated from the temperature at the detecting point 2 (see
Supplementary Note 2).

In the third step, the thermal rectification ratio R = 1.6 can be calculated by Eq. (6) since Jr and Jg have been obtained in previous
two steps. More details of the measurement process can be found in Supplementary Note 3 and Supplementary Movie 3. The exper-
imental measured temperature distributions (Fig. 5¢ and d) are consistent well with the 3D simulations (Fig. 5a and b), which also
verifies the expected good thermal rectification effect. In addition, the corresponding temperature contours of Fig. 5a-d are plotted in
Fig.5g—j, which further verify the expected thermal rectification effect: the contour lines are modulated according to the distribution of
TNM units, which shows a much higher temperature at the center of the diode’s output port in the forward state than in the reverse
state, and results in the expected thermal rectification ratio R (see Eq. (S3) in Supplementary Note 2).

Next, additional experimental measurements are made to verify the stable thermal rectification ratio of the fabricated thermal
diode. The steps for each experimental measurement of rectification ratio R remain the same as the three steps described above, except
that the constant output thermal power of the high temperature source P is adjusted to 10.01 W, 10.91 W, 12.85W, 13.35W, 13.87 W
and 14.39 W, respectively, in each measurement (see Supplementary Movie 2). The measured and simulated P-R curves are shown in
Fig. 5k, which shows the thermal rectification R hardly changes with output thermal power P, i.e., the diode designed is very stable. As
the output thermal power of the high temperature source P changes (low temperature source remains constant temperature T, =
293.15 K), the temperature bias AT at both ports of the diode at thermal steady state will also change, therefore the stability of the
diode can also be tested by whether R changes under different bias AT. The measured and simulated AT-R curves are shown in Fig. 51,
which also verifies that the designed thermal diode has very good stability (see Supplementary Note 5 for more quantitative



H. Dai et al. Case Studies in Thermal Engineering 41 (2023) 102587

descriptions of the stability).

In the heat transfer process of heat flow through the designed thermal diode, the effective thermal resistance mainly includes
thermal spreading resistance and contact thermal resistance. The spreading resistance only occurs when thermal energy is transferred
from a small area to a larger area in a substance with finite thermal conductivity [50,51], as the heat source is set to be uniform in the
simulation and adopts a uniform distribution of resistance wires in the experiment. However, the contact thermal resistance can not be
ignored after research. For the simulated results in Fig. 5a and b, where the contact resistance is not considered (i.e., the EPS and the
copper are perfect contact), which causes that the measured surface temperatures in Fig. 5¢c and d are slightly lower than the simulated
surface temperatures in Fig. 5a and b. If the contact resistance is introduced (i.e., the copper and the EPS are not in perfect contact), the
corresponding simulated temperature distributions are shown in Fig. 5e and f, which shows that the measured surface temperatures in
Fig. 5¢ and d are much closer to the simulated surface temperatures with contact resistance in Fig. 5e and f.

Although the actual high temperature source (i.e., nickel-chromium resistance wire) is set to the same output thermal power in the
experiment as in the simulation, the high temperature resistance wire in the experiment will inevitably produce convective heat
dissipation with the surrounding air, which results in the actual thermal power into the heat diode in the experiment being slightly less
than the simulated setting. The convective heat dissipation and contact resistance are the reasons why the measured surface tem-
peratures in Fig. 5c and d are slightly lower than the simulated surface temperatures in Fig. 5a and b.

In order to analyze the reasons for the small deviation of the simulated curve from the experimental curve in Fig. Sk and 1, we use
the simulated result in Fig. 5a and b as the perfect case with minimum losses, and then different loss factors are introduced one-by-one
numerically to analyze the percentage contribution of each factor (e.g., contact thermal resistance, air convection, etc.) to the dif-
ference between simulation and experiment. To quantitatively describe the contribution of each factor to the deviation, the percentage
contribution can be defined as 6=(Rpefore-Rafter)/ (Rperfect-Rmeausred); Where Rpefore is the simulated rectification ratio before one loss
factor is introduced, Rafer is the simulated rectification ratio after one loss factor is introduced, Rperfect is the rectification ratio for the
perfect case in Fig. 5a and b and Rpeasured iS the average measured rectification ratio in experiment.

Fig. 6a shows the modified simulated R when different loss factors are introduced one-by-one, and Fig. 6b gives the percentage
contribution of each factor on the rectification ratio R. When the contact thermal resistance is considered, the simulated rectification
ratio (light blue curve) reaches closer to the measured curve (black curve) in Fig. 6a, which contributes 5§ = 45.53% to the deviation
between measured and simulated results (see Fig. 6b). In the experiment, Teflon is added to the upper surface of the sample to
eliminate the inaccuracy of the measured temperature field distribution by IR camera due to the different surface emissivities of
different materials, and a foam pad is placed under the sample to hold/fix it. However, these will lead to a smaller air convection
coefficient at different locations of the sample in the experiment compared to the settings in the simulation, i.e., the bad air convection.
Based on the consideration of contact resistance, if the bad air convection is introduced in simulations (convection coefficient changed
from 5 to 2 [W-m’Z-K’l]), the simulated rectification ratio R = 1.7729 (blue curve) will be much closer to the measured curve (black
curve) in Fig. 6a, and its percentage contribution is § = 29.74%. During the experiment, the ambient temperature in our laboratory
may be slightly higher than 293.15 K due to the heat dissipation of the surrounding experimental devices. Based on the consideration
of contact resistance and bad air convection, if the slight ambient temperature rise is introduced (i.e., 2° higher than the perfect case) in
simulations, the simulated rectification ratio R = 1.7092 (gray curve) will almost match the measured curve (black curve) in Fig. 6a,
and its percentage contribution is § = 19.43%. The remaining small part of the percentage contribution 5.3% is due to other factors that
cannot be modeled in simulations, which include sample processing error, experimental measurement deviation, inhomogeneous air
convection and ambient temperature.
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Fig. 6. (a) Is measured/simulated P-R curves for different cases: the setting of simulation (Perfect) are the same as Fig. 5a and b; the simulation (A) adds contact
thermal resistance to the simulation (Perfect) (the contact thermal resistance is set to add an air layer in the contact gap, and the air thermal conductivity is 0.024
[W-m~2.K'1); the simulation (B) changes the convection coefficient h from 5 to 2 [W-m~2K '] on the basis of the simulation (A); the simulation (C) changes the
external temperature from 293.15 K to 295.15 K based on the simulation (B). (b) is the percentage contribution chart of each factor on the rectification ratio R.
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4. Discussion

In recent years, some thermal diode-like black box, which can create a macroscopic asymmetry of the heat flow transmitted from
two opposite directions and provide very high transient rectification ratio, has been proposed by smartly combining thermal
concentrator (energy harvesting unit) and thermal cloak (energy shielding unit) derived from transformation thermotics [21].
However, the thermal diode-like black box with more than two ports (actually a four-port multi-pole tube) is not a thermal diode in the
strict sense, as it cannot achieve the switching between the forward state and the reverse state directly by exchanging the direction of
heat flow between the two fixed ports (it has to introduce some other ports to achieve this). The thermal diode-like black box with high
transient rectification ratio may have its special applications for 3D bulk thermal controlling, which is slightly different from con-
ventional thermal diodes. The thermal diode proposed in this study has only two ports and can provide the switching between the
forward state and the reverse state directly by simply changing the direction of the input heat flux, which can be treated as a strictly
thermal diode. The designed thermal diode in this study is a surface plate structure, which is more suitable for some on-chip thermal
control.

In order to solve the existing problems of thermal diodes with unstable thermal rectification ratios, inability to operate at room
temperature, and the usual need to use micro/nano structures or special materials, a novel macroscopic thermal diode is designed and
fabricated in this study by asymmetrically embedding TNM units in the background medium. Based on the directional thermal pro-
jecting feature of TNM, asymmetrically placing strip-shaped TNM units in homogenous background medium can lead to the fact that
the convections with air at the edge of the structure are different when the heat flows incident from the opposite directions, which
performs as a novel thermal diode. By introducing various geometrical parameters of the designed thermal diode (e.g., the inclination
angle of the TNM units 6, the length of the TNM unit Ls, the distance between two TNM pairs Dj, and etc.), numerically results show the
thermal rectification ratio R is changed correspondingly. After about 130 numerical simulations (each time only one geometrical
parameter is scanned and other geometrical parameters are fixed), the best thermal rectification ratio R~2 is obtained. An optimized
thermal diode is fabricated, whose thermal rectification ratio R~1.6 is measured in the experiment, which is basically the same level of
magnitude as most existing thermal diodes. Compared with other existing thermal diodes, the proposed thermal diode in this study can
provide a stable rectification effect at room temperature, which does not require complex materials and micro-nano structures. Both
simulated and measured results show the proposed thermal diode can provide a good thermal rectification ratio at the room tem-
perature, which does not change with the input thermal flow or temperature bias. The proposed thermal diode may provide a new way
for macroscopic direction-selective thermal management, e.g., heat preservation device, energy-saving buildings, and direction-
selective thermal camouflages.
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