
Macroscale Thermal Diode-Like Black Box with High Transient Rectification Ratio

Based on the transformation thermotics theory, many novel thermal functionalities have been achieved, such as thermal cloaking, 

concentrating, camouflaging, etc. Here, we propose a kind of macroscale thermal diode-like black box based on two typical outcomes of 

transformation thermotics – the energy shielding and harvesting units. The proposed macroscale thermal black box, acting as a thermal diode, 

creates a new record of transient thermal rectification ratio that can be as high as about 50, far breaking the highest record of 2.6 in the 

literature. Most existing thermal diodes are in the steady state realm, which, however, is not a necessary requirement. The enlightenment here 

lies in the recapture of the transient behaviors of thermal diode, which is more practical and promising in the thermal computation applications 

as it is time-consuming to wait for thermal equilibrium. The proposed macroscale thermal diode-like black box is believed to promote the 

implementation of thermal rectifier related applications, like thermal diode, thermal-logic operation, and phononics.
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Introduction
Transformation thermotics theory, inspired from the seminal 

transformation optics theory, empowers us to design and fabricate 
1,2thermal metamaterials for heat flow manipulation.  The key feature of 

these thermal metamaterials lies in the anisotropic and inhomogeneous 

material makeup, thus they are not seen in nature. Thanks for the 

anisotropic feature, heat flow can be manipulated to realize directional 

conduction rather than omnidirectional diffusion, enabling many 

counterintuitive thermal phenomena and functionalities, such as thermal 
3–14 15–17 18 19 20–24cloaking,  concentrating,  reflecting,  refracting,  camouflaging,  

25 26lensing,  encoding,  etc. For a thermal cloak, the transformed thermal 

conductivity tensor, according to the transformation thermotics theory, 

to                                                                    in the cylindrical coordinate 

system, where  is the thermal conductivity of the background plate, r 0κ

is the radius in the range of [a, b], and a and b are the internal and 

exterior radii of the annular cloak structure. When r approaches a, the 

radial component  vanishes while the tangential component  tends to rκ κθ

be infinite; as a result, the heat flow can be tuned to pass around central 

region without entering the central region, and then return back to the 

original direction, which seems as if heat conducts in a homogenous 

plate. Since no heat enters the central region, the local temperature is 
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expected to be maintained the same, free from the influence of the 

external temperature change. In such circumstance, any objects sitting in 

the central region, will be concealed from the external observers through 

an infrared (IR) camera. Such functionality draws most attentions and 

interests, especially for the optical counterpart, because it provides us a 

possibility to realize the invisibility cloaks that have only stayed in science 
27–31fiction and movies for a long time.  As for practical fabrication, the 

alternating concentric rings of homogeneous materials with distinct 

thermal conductivities are proposed and validated to be effective in 

thermal shielding from central region. Such practical structure is called an 

energy shielding unit (ESU) hereinafter. On the contrary, when 

changing κ from                                          to                                       ,

we can realize the thermal concentrating effect, where heat tends to 

enter the central region because the radial component tends to infinite 

and the tangential component vanishes. To fabricate the thermal 

concentrator, the alternating sensu-shaped structures of two distinct 

materials are proposed to achieve thermal energy harvesting, thus it is 

called an energy harvesting unit (EHU) hereinafter. Based on the 

contrary local heat flux values inside the central regions in ESU and 

EHU, we proposed the thermal encoding concept to interpret as digits 
26of 0 and 1 for thermal memory application.  But beyond these heat 

distribution functionalities, what else can these typical outcomes of 

transformation thermotics, ESU and EHU, be used for? 

In this study, we, based on ESU and EHU, turn to explore the 

possibility of thermal rectifier/diode application, which, analogous to 

asymmetric current characteristics in the electrical diode and light-

emitting diode, can transport thermal energy asymmetrically and is 

expected to play an important role in the future thermal-logic operation 
32and computation.  Our modern world is greatly promoted by the rapid 

development of electronic-based computers, which, nevertheless, is 

hindered by the heat dissipation capability in the post-Moore nowadays. 

In contrast, the thermal computation can break such limit, thus thermal 
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diode draws lots of attentions recently. To achieve a thermal diode, people 

have exploited the nonlinear phonon dynamics in anharmonic lattice 
33structures, asymmetric nanostructures,  near-/far-field thermal radiation 

34–37 37–40regulation,  phase-changing materials.  Based on the transformation 

thermotics, Li et al. proposed a macroscopic thermal diode by treating 
3materials with temperature-dependent conductivity.  Their theory and 

simulations are beyond criticism, but their experimental validation is 

actually another story by resorting to the shape-memory alloy. As for 
41thermal diode, the figure of merit is the thermal rectification ratio
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where Ф  and Ф  represent the heat-transfer rate in the forward- and f r

reverse-temperature-biased scenarios, respectively. For consistent, we 

denote the thermal rectification ratio by the first definition and find that 

the majority γ of the reported thermal diodes are as low as less than 2, 

which lays obstacles to make the thermal diode practical. Very recently, 

Cottrill et al. measured a dual phase change thermal diode with a 

thermal rectification ratio of 2.6, which was claimed to be the highest γ 
38in the literature.  Such limited thermal rectification ratio sets up 

obstacles for practical applications. To tackle this issue, we design and 

fabricate a macroscale thermal black box, acting as a thermal diode, to 

achieve high-γ by drawing inspiration from ESU and EHU. The 

performance, i.e. the thermal rectification ratio, is verified by both finite-

element simulations and experiments in transient and steady states, 

respectively. Proper physical explanations are discussed by varying the 

power of heat source, convection boundary conditions, with providing 

some suggestions on further improvement of the thermal rectification 

performance.

Thermal diode-like black box structure
The schematic of the proposed macroscale thermal Diode-like Black 

Box is shown in Fig. 1. The key component is the asymmetric structure, 

which is a half ESU and a half EHU, which, as shown in Fig. 1d, is 

called as HSHH hereinafter. In the ESU half, concentric rings of copper 

and air layers are fabricated; while in the EHU half, sensu-shaped 

copper and air layers are manufactured. For such asymmetric HSHH, 

the thermal resistance from the central cylinder to the boundaries are 

distinct. To make up a thermal diode, we stack an EHU on the HSHH 

with very good contact in the central cylinders only. Four electrical 

heaters are mounted on the two sides of the EHU and the HSHH, 

respectively. With connecting with four electrical diodes, the forward 

current only heats up the heater on the left side of the top EHU, and the 

backward current only heats up the heater on the right side of the top 

EHU. The top EHU acts as the entrance for heat, while the down 

HSHH plays the role of exit. Two thermocouples are used to record the 

temperature of the exits. When heat enters the top EHU from the left 

entrance, as shown by the red dash in Fig. 1a, it will be conducted 

through the central contact and most will be conducted to the right exit. 

Thus the majority of heat can transport from the left to the right, which 

is denoted as the “FORWARD” state. On the contrary, when heat enters 

the top EHU from the right entrance, as shown by the red dash in Fig. 

1b, the majority of heat will be conducted to the right side of HSHH 

unit and very little heat will transport to the left exit, which is denoted 

as the “REVERSE” state. Of course, heat will be conducted to the other 

side of the top EHU entrance, but it makes no difference to the 

“FORWARD/REVERSE” states. At the “FORWARD” state, heat (the 

majority) will transport from the left to the right; while at the 

“REVERSE” state, heat (the majority) will not transport from the right 

to the left. Such asymmetric characteristics of heat conduction shows 

the thermal rectification. From the working principle, we notice that the 

proposed macroscale thermal diode acts like a black box, in which the 

forward and backward current signals are transformed into the thermal 

signals for further thermal logic operation. Although it is not exactly the 

Fig. 1 Schematic for the working principle of the proposed thermal Diode-like Black Box. (a) Forward biased state: heat enters the top EHU from the 

left entrance, and conducts to the right exit of HSHH, which is denoted as the FORWARD state. (b) Reversed biased state: heat enters the top EHU 

from the right entrance, but very little heat conducts to the left exit of HSHH, which is denoted as the REVERSE state. (c-d) Images of the EHU and the 

HSHH. (e) Image of the thermal Diode-like Black Box.
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common sense of a diode, it still works well, as a whole, in the 

demonstrations of the “FORWARD” and “REVERSE” states of thermal 

rectification. 

Results and discussions 
To validate the thermal rectification performance of the proposed 

macroscale thermal Diode-like Black Box, we fabricate experimental 

samples by computer-numerical-control machine. The images of the EHU 

and HSHH are shown in Fig. 1c and 1d, respectively. The whole 

dimensions of these samples are consistent as 25 mm in radius and 9 mm 

in thickness. The thickness of the central cylinder of the HSHH is 1 mm 

thicker to avoid the complete contact between EHU and HSHH. After 

fabricating the EHU and HSHH separately, a thin layer of thermal paste is 

used to attach these two structures to reduce the contact thermal resistance. 

For the experimental setup, two ceramic heating elements are attached to 

the entrance on the top EHU as the heat source. Four thermocouples are 

used to detect the temperature of the two sides of the HSHH, i.e. T  and A

T  in Fig. 1a and 1b. The input current is 1 A and input voltage is 3.7 V, B

thus the power of heat source is 3.7 Watt. The measured temperature (T  A

and T ) changes are shown in Fig. 2a. It is seen that with time elapses, T  B A

and T  increase quickly, followed by a plateau after 4,000 seconds. The B

key point in Fig. 2a is that T  is always larger than T , and the temperature A B
odifference in the end is about 12.5 C. To better understand and interpret 

the experiments, we also do the finite-element simulations. The three-

dimensional model is established to be the same structures exactly as 

those in the experiments. The power of the heat source is also set as 3.7 
2Watts, the natural convection coefficient is 2 W/(m K), and the origin 

otemperature of the model is also 28 C.The simulated T  and T  are also A B

Fig. 2 (a) Temperature and heat flux curves of the two sides (T  and T ) of the HSHH units at the FORWARD and REVERSE states, and (b) A B

temperature comparison of T  and T  between simulations and experiments.A B

Fig. 3 Bottom view of the simulated temperature profiles of the macroscale thermal Diode-like Black Box at (a) FORWARD and (b) REVERSE 

working steady states. Bottom view of the experimental temperature profiles at REVERSE working states of the macroscale thermal Diode-like Black 

Box at (c) t = 1 minute and (d) steady state.

ES Energy & Environment Research Paper

© Engineered Science Publisher LLC 2019 ES Energy Environ., 2019, 6, 51–56 | 53



plotted in Fig. 2a, which agree with the experimental temperature 

curves very well. We also simulated the T  and T  at the “FORWARD” A B

and “REVERSE” states, respectively. There is no accident that the T  A1

and T , T  and T  overlap with each other, because the thermal A2 B1 B2

resistances of the system are fixed, and the only difference is the 

entrance location of input heat. To calculate the thermal rectification 

ratio, , we extract the local normal heat flux at the exits, denoted as q  Aγ

and q , which are also plotted in Fig. 2b. It is seen that q  and q , q  B A1 A2 B1

and q  overlap with each other well and q  is much larger than q . In B2 A B
2the end, the heat flux difference is as high as about 50 W/m . Both the 

temperature curves and the heat flux curves validate that the majority of 

heat will transport to the right exit of the HSHH, implying the 

asymmetric thermal rectification of the macroscale thermal Diode-like 

Black Box. The top views of the simulated temperature fields of 

thermal Diode-like Black Box at “FORWARD” and “REVERSE” states 

are shown in Fig. 3. It is seen clearly that no matter the heat enters from 

the left or the right entrance, the majority of heat goes to the right side 

of bottom HSHH, leaving the left side at relatively low temperature. 

The left-to-right “FORWARD” state and the right-to-left “REVERSE” 

state are the key feature of the macroscale thermal Diode-like Black 

Box. The bottom views of the experimental temperature profiles in Fig. 

3c and 3d, show that even at transient state, the majority of heat flows 

to the EHU sides, which, benefit to the transient thermal rectification 

ratio, will be discussed later. 

At steady state, the thermal rectification ratio γ, according to the 

definition, can be calculated as

Fig. 4 Excess temperature of T  and T  variations on different heat source powers and convective coefficients at (a) steady and (b) transient states. (c) A B

The thermal rectification ratio γ on different heat source powers and convective coefficients at steady states. (d) The thermal rectification ratio γ on 

different heat source powers and convective coefficients at transient states. 
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where h is the convection coefficient, A  is the exit area, T  is the ambient exit ∞

air temperature, and θ is the excess temperature accordingly. The excess 

temperature variations at different heat source powers and convective 

coefficients at steady and transient states are plotted in Figs. 4a and 4b, 

respectively. It is seen that with the increase of heat source power or the 

convective coefficient, the excess temperatures, θ  and θ  increase A B
2monotonously. When the convective coefficient is 2 W/(m K), the 

transient θ  and θ  are shown in Fig. 4b, which indicates that with time A B

going by, the excess temperature increases firstly and then achieves stable 

values with different equilibrium time at different heat source powers. The 

thermal rectification ratio γ is calculated according to Eq. (1) and plotted 

in Fig. 4c and 4d for the steady and transient states. For the steady state, 

we also calculate the ratio γ by Eq. (2), which are exactly the same as the 

results by Eq. (1), thus we don't repeat in Fig. 4c. It is seen in Fig. 4c that 

γ increases with the convective coefficient, but is independent on the heat 

source power. The reason can be explained by the heat loss analysis. As 

shown in Fig. 5a, the input heat is dissipated by following parts: heat 

loss to the air (Q , not shown), heat accumulation in the four parts of the h

macroscale thermal Diode-like Black Box (Q , Q , Q , and Q ). Within a 1 2 3 4
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given time τ, Q  can be calculated as                   , where A is the total h

surface area of the macroscale diode-like black box, is the excess  θτ 

temperature under various time. The heat accumulations in the 

macroscale thermal diode-like black box are calculated as                    , 

where ρ, c and V are the density, specific heat, and volume of each part, 

and the subscript i denotes the each part in Fig. 5a. For the given time 

6,000 seconds, the integrated heat loss at constant input power P =10 
2W, or at the constant convective coefficient h = 2 W/(m K) are 

illustrated as pie charts in Fig. 5b, respectively. At constant P = 10 W, it 

is seen that with the increase of h, the heat loss Q  increases from 79% h

to 95% monotonously, which can be understood by resorting to the 

Newton's law. While at constant h, Q  is almost constant and h

independent on P, which is because that the increase of P leads to the 

increase of all heat loss with subequal magnitude, and the percentage of 

Q  is almost the same. We also plot the ratio of Q /Q  versus h and P in h 4 3

Fig. 5c. It is seen that the ratio of Q /Q  versus increases relatively 4 3

significantly with the increase of h but is almost independent on P. 

Although ratio of Q /Q  is not the thermal rectification ratio γ of the 4 3

thermal diode-like black box, the trend should be similar since the exits 

are located on the two boundaries of Q  and Q . According to Eq. (1), 4 3

the thermal rectification ratio γ is only dependent on the excess 

temperature, which has been illustrated in Fig. 4a. Extracting the excess 

temperature from Fig. 4a can be used to explain Fig. 4c quantitatively, 

and Fig. 5 can be used to explain Fig. 4c qualitatively. 

Compared to the steady state thermal rectification ratio, the transient 

one is more interesting. It is seen in Fig. 4d that with time going by, the 

rectification ratio decreases sharply from several tens and achieves to its 

steady value after 1,000 seconds. The increase of convective coefficient h 

leads to the enhancement of rectification ratio, which is consistent with 

that in Fig. 4c. Note that most existing thermal rectification ratios are less 

than 3, the transient one here can exceeds 10, or even can be as high as 

50. Actually, we don't need to wait for the steady state in the real 

application, especially for the thermal computing, thus the transient 

thermal rectification is enough to help for the thermal-logic operation. For 

practical applications, we can design some thermal-logic circuit units to 

extract the thermal signals (ON/OFF) based on the temperature or heat 

flux information. The superhigh thermal rectification has never been 

reported, thus we believe it will benefit for the promotion of feasible 

macroscale thermal diode-like black box. To further enhance the 

rectification ratio, a possible strategy is to design the HSHH with two 

different materials. For instance, if the half-ESU is made of material with 

lower thermal conductivity, it is perceived that the thermal rectification 

ratio can be increased further at both steady and transient states.

Conclusions
In conclusion, we propose a macroscale thermal diode-like black box, 

via energy shielding and harvesting units, to achieve high transient 

thermal rectification ratio. The macroscale diode-like black box, 

consisting of the energy shielding and harvesting units, acts as a thermal 

diode, where the forward and backward current input generate the 

thermal rectification. Both steady and transient simulations were 

conducted to analyze the thermal rectification process, with comparison 

with the experimental results. Compared with the steady rectification 

ratio, we find the transient ratio can be as high as 50, which is a new 

record compared with the existing ones in the literature. The transient 

one is more important and useful, avoiding the waiting for thermal 

equilibrium, which will benefit for the thermal computing and thermal-

logic operation.     
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Fig. 5 (a) Schematic for heat loss analysis. (b) Heat loss percentage at different convective coefficients (first row), and at different input powers (second 

row). (c) Dependence of Q /Q  on convective coefficient h and input power P. 4 3
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