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Thermal rectification of a vanadium dioxide based
conductive thermal diode under transient Dirichlet
conditions
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Institut Pprime, CNRS, Université de Poitiers, ISAE-ENSMA, F-86962 Futuroscope
Chasseneuil, France

Abstract

We focus in this work on analysing the behaviour of a thermal diode and consider
its operation in the conductive heat transfer regime. The thermal rectification
of a thermal diode made of VO2 and SiO, is investigated in detail by changing
different intrinsic and extrinsic parameters under the Dirichlet boundary con-
ditions. The behaviour of the thermal diode is numerically examined according
to each parameter individually. We found that the thermal rectification factor
can rise to very high values in the first moments of the transient process before
reaching steady-state conditions. This feature makes the study of the thermal
diode behaviour under transient conditions very promising to pave the way for
a better control of practical thermal management systems.

Keywords: Thermal rectification, thermal diode, phase change materials

(PCM), vanadium dioxide, thermal conductivity, specific heat.

1. Introduction

Thermal management is becoming one of the most important engineering
endeavours, especially after encountering problems such as global warming, en-

ergy crisis and system safety [1]. Thermal management is essential to keep the

*Corresponding authors
Email addresses: cagatay.haratoka0l@univ-poitiers.fr (Cagatay Haratoka),
younes.ezzahri@univ-poitiers.fr (Younes Ezzahri)

Preprint submitted to International Journal of Heat and Mass Transfer June 19, 2023



5

0

20

25

w

0

temperature within a certain level for various applications for both performance,
longevity of operation and safety such as electronic packages [1], photovoltaic
panels [2], batteries [3] and thermal storage systems [4]. The thermal diode,
which is analogous to the electronic diode, is an attractive and encouraging
device to generate thermal rectification for different thermal management ap-
plications. It is a two-terminal system that rectifies the heat flux depending on
the direction of the temperature gradient between the boundaries of the two
terminals. An ideal thermal diode allows heat transfer in one direction accord-
ing to the difference of temperatures at the terminals, and it blocks it in the

opposite direction when the temperatures are exchanged [5-7].

Thermal rectification is a process that occurs as soon as the device thermal
properties depend on the temperature so that the heat flux depends on the di-
rection of the temperature gradient [7]. The topic was firstly studied in 1936
by Starr [8]. Starr examined thermal rectification of Copper/Cuprous Oxide

interfaces experimentally. Among thermal rectification devices, researches on
thermal diodes have dramatically increased in the past decade [1, 5, 6]. There
are thermal diodes based on the principles of the three modes of heat transfer:
conduction, convection and radiation [5—7]. Graphene based heterostructures,
in which thermal rectification occurs due to asymmetrical phonon propagation
at the material interface, are widely under investigation in the literature as an
example for the principle of conduction [9—13]. In addition, there are also studies
on functionally graded materials to obtain thermal rectification [14—18]. These
are the materials whose composition along an axis changes and causes thermal
rectification due to different material properties along the axis. Although func-
tionally graded materials have a potential for mass production due to being
constructed by one material, they need more experimental studies [5]. More-
over, thermal rectification can also be obtained using superconductor materials,

but there are limited studies about thermal diodes based on superconductors [5].

Phase change materials (PCM) are another alternative to generate thermal
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rectification. It is worth mentioning that PCM have different contexts in differ-
ent communities. They include solid-liquid transition as well as crystal structure
transformation (crystalline-amorphous transition and dielectric-metallic tran-
sition). Consequently, they manifest different thermal, electrical and optical
properties according to their critical temperature of transition [19]. Therefore,
thermal diodes based on PCM constitute a beneficial solution for thermal man-
agement due to their altering characteristics. Among PCM, vanadium dioxide
(VO2), which is one of the most popular PCM, has recently drawn great at-
tention thanks to the closeness of its critical transition temperature to room
temperature. It is an ideal candidate to manipulate conductive heat flux and in
which thermal rectification can occur. VO2 shows a metal-insulator transition
(MIT) around a critical temperature, which is T, = 341 K [20]. The crystalline
structure of VO2 shows monoclinic and tetragonal-rutile crystalline structures
below and above T,, respectively [21]. The metallic phase results in a high ther-
mal conductivity above T,, whereas the dielectric phase results in a low thermal

conductivity below it [22].

In the literature, available studies mostly focused on exploring conductive
thermal rectification under steady-state conditions. Yang et al. [23] modelled a
thermal diode that consists of two materials with linear temperature-dependent
thermal conductivities based on Fourier’s law of heat conduction and carried
out a study to optimize the thermal rectification. They obtained a maximum
rectification ratio of 0.5 [23]. However, reaching this high rectification ratio is
difficult and costly, because there is a need for a high temperature difference
larger than 100 K to obtain it [23]. As a practical advantage of PCM, this draw-
back can be overcome thanks to their thermal conductivity alteration to some
extent. Thus, there are detailed investigations to use VO2 in thermal diodes as
a single PCM or in combination with another PCM. [24—28]. Ordonez-Miranda
et al. [27] examined a thermal diode with a single PCM, (VO2 or nitinol) under
steady-state conditions. They reached 19.7% of thermal rectification and con-

cluded that a higher thermal conductivity contrast, smaller thermal hysteresis
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and faster phase transition can generate higher thermal rectification. Moreover,
Kasali et al. [24] theoretically investigated the thermal diode that was made
by two PCM as the combination of VO2 and Polyethylene. In their study, they
reached a thermal rectification of 60%. Later, they analysed the influence of the
diode geometry. They obtained a thermal rectification of 63.5% and 63.2% for
spherical and cylindrical thermal diodes, respectively, that were made by VO2
and Polyethylene. These values of thermal rectification, which are very close,

are higher than the one obtained in the plane geometry [28].

Nevertheless, not much effort has been devoted to the study of conductive
thermal rectification under transient conditions. The latter needs to be well
understood to be able to utilize thermal components practically and efficiently.
Herrera et al. [29] published the first study related to thermal diodes under

transient conditions. They calculated the thermal rectification of thermal diodes
whose thermal conductivity varies linearly with temperature by applying finite
difference method. Also, they introduced time-dependent thermal rectification
factor and observed a higher rectification factor under transient conditions [29].
Klinar et al. [30] carried out a numerical study to investigate the influence of
a thermal diode in a magnetocaloric refrigeration device. They analysed var-
ious temperature dependent thermal conductivity profiles and found out that
the thermal rectification reaches higher values under transient conditions than

steady-state conditions.

There are many studies that examine the thermal rectification of thermal
diodes in steady-state conditions and the interest for transient analysis is in-
creasing. However, we have not encountered any prior work that studied ther-
mal diodes while considering properties of VO2 in full aspects under transient
conditions. Therefore, the objective as well as the novelty of this study is to

investigate a thermal diode based on a single PCM, under transient conditions.
The thermal diode is made of VO2 and SiO2 and we consider the Dirichlet
boundary conditions to be applied. The thermal conductivity and the specific
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heat of VO2 depend strongly on temperature, mainly in the vicinity of the crit-
ical transition temperature [20]. On the other hand, the changes of the thermal
conductivity and the specific heat of SiO2 with temperature are negligible. The
thermal rectification of the thermal diode is investigated in detail by changing

different intrinsic and extrinsic parameters.

2. Theoretical modelling

We consider a thermal diode in a plane geometry that is made of a PCM and
non-PCM in this study as stated before. We assume this thermal diode to be
placed between two thermal baths in a vacuum chamber so that we can neglect
any heat exchange due to convection. We also assume heat exchange due to
radiation to be negligible and consider conduction to be the only heat transfer
mode between the two thermal baths. Therefore, there is a conductive heat
exchange between the two thermal baths due to their temperature difference
Tn — T, as illustrated in Fig.1. The heat flux flows from the PCM to the
non-PCM in the forward configuration. Conversely, it flows in the opposite
direction in the backward configuration. Heat fluxes in forward and backward
configurations are driven by the thermal conductivities of the PCM and non-
PCM. The total length of the model is 21 and both materials have equal lengths,

which mean half of the total length, as shown in Fig.1.
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Figure 1: Schematic representation of the studied thermal diode in the forward and backward

configurations.

2.1. Nondimensionalization of the transient process

The nonlinear heat diffusion equation for VO: is given by:

oT a aT
PN 3 = —|k(T) S )

The thermal conductivity, k(T'), and specific heat capacity, c¢,(T), of VO2 vary

120 with temperature. The thermal conductivity of VO2 can be described using the

125

following equation [27].

k(T) = kd +

km_kd
1+e-BT-To) (2)

where kq and kn, represent the thermal conductivity of VO2 in the dielectric
and metallic phases, respectively. T, is the phase critical transition tempera-
ture and S is the phase transition slope. The values of these parameters are as

follows: 3.6 W.m *.K™! for kg, 6 W.m *.K™! for k» and 1.6 K™! for 8. The

values of kg and k;, were measured experimentally by Oh et al. [22], while the



value of f corresponds to the best fit of the experimental data using Eq.2 [27].
In addition, To takes the values T,n = 342.9 K and T, = 334.9 K during the

heating and cooling processes respectively due to 8 K hysteresis effect of VO2

10 between these processes [27]. Therefore, Ton and T, represent the transition
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temperatures of the heating and cooling processes, respectively.

As reported in Ref [31], the expression of the specific heat capacity of VO2
is given by:

of
nar

¢p(T) = ca(T) +T-—+1L 3)

where cq, pv, 8, y and L, represent the specific heat capacity predicted by Debye
model, density of VO2, coefficient of thermal expansion, isothermal compress-
ibility and latent heat, respectively. Since the variation of ¢4 within the range
of the considered boundary conditions (BC) is negligible, we assume it to be
constant and we take the average of the values of cq at the BC temperatures
as 0.704 kJ.kg L.K™1. Moreover, p, of VO2 changes according to its crystalline
structure. However, for simplicity sake throughout the study, we assume p, to
be also constant and we take the average of the values of the dielectric mono-
clinic and metallic tetragonal-rutile crystalline structures as 4612 kg.m™3. L,
equals 51.45 kJ kg ™! for the heating process of VO2 [32] and we assume the same
value for the cooling process. As explained in the study of Ordonez-Miranda
et al. [31], the second term in the right side of Eq.3 can be neglected, because
the values of this term are much smaller than the values of ¢4 within the phase
transition temperatures interval. Thus, its contribution is neglected throughout
the study. The temperature behaviours of the thermal conductivity and specific

heat capacity of VO2 are reported in Figs.2(a) and 2(b), respectively.
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Figure 2: Computed behaviours of the (a) thermal conductivity and (b) specific heat capacity

of VO, as functions of temperature.

Eq.1 can be nondimensionalized easily as

L+ 22 = 2+ e - DFOIZS] @

agq ox*

where the dimensionless temperature is defined by 6 = (T - To,)/ATo, the di-
mensionless length by x* = x/I and the dimensionless time by t* = @t/ 2. AT,
is the difference between the transition temperatures of heating and cooling
processes: AT, = Ton — Toe. @ is the average thermal diffusivity between the
one of the dielectric structure of VO2 and SiO», which is @ = (aq + as)/2. aq
and as represent the thermal diffusivity of the dielectric structure of VO2 and
SiO2, respectively. They are given by as = ka/(puca) and as = ks/(pscs). po
and ps are the densities of VO2 and SiOz in order. The thermal conductivity,
ks, specific heat capacity, cs, and density, ps, of SiO2 are 1.5 W.m 1K™}, 0.73
kJ kg t.K! and 2650 kg.m 3, respectively. k,=k;,/kq and f(0) is expressed
as f(0) = [1 + e‘ﬁATOB]_l.

Moreover, the heat diffusion equation in SiOz, whose changes of the thermal

conductivity and the specific heat capacity with temperature are negligible, can



be nondimensionalized straightforwardly as

@ 00 _ 0%0 (s)
ag dt* T oax*? 5

Eq.(4-5) are numerically solved by using implicit finite difference method and
discretized in time and space for many nodes. Finally, the normalized heat flux
density (ratio of the heat flux density to the quantity AT,/I) can be evaluated

by using Eq.6 and Eq.7 for forward and backward configurations.

O = —kyor ©)
@2 = —kq[1+ (e — Df(0)] 57 )

where + and - signs represent forward and backward fluxes, respectively. Even
though the quantities expressed in Eq.6 and Eq.7 have the dimension of a ther-
mal conductivity, we will refer to them as nondimensional heat flux densities
henceforth in this paper.
175
The interface thermal resistance describing the temperature discontinuity at
the interface between the two slabs of VO2 and SiOz is also modelled according
to the study of Yuan et al. [33]. The authors developed two one-dimensional
models, that represent the interface thermal resistance with a virtual layer or an
w artificial layer, to analyse the heat transfer in multi layered materials including
the interface thermal resistance. In our study, we create an artificial layer with a
width of Ax between the two materials. Half of the length of the artificial layer
is overlaid in the left material and the other half is in the right material, which
are VO2 and SiOz, respectively. The artificial layer has the modified thermal
s properties according to the features of VO2 and SiO: to represent their effects
at the interface of these two materials as explained in the study of Yuan et al.
[33]. We define an effective thermal conductivity, k., that takes into account
the effects of the thermal conductivities of the artificial layer, VO2 and SiO: as

[33]

—= =4 —+ — ®)



w ki is the thermal conductivity of the artificial layer and can be defined as k; =
Ax/r, where r is the interface thermal resistance. Details of this model are

explained in the reference [33].

2.2. Nondimensionalization of the steady-state process

The heat conduction equation is solved under steady-state conditions semi-
15 analytically in order to validate the results of the steady-state regime that were
numerically obtained during the transient regime analysis. The following Egs.(9-

12) are obtained after Eq.1 was nondimensionalized under steady-state condi-

tions:
ih _ ks Jgih = gcgr _ Ksbe
€(9+ ) + [kr + kd(1+nks)] 0" = §(6%) + krp + ka(1+7kg) ©)
ic ks Jgic = g(ge s
5(9— ) + [kr + kd(1+77ks)] 02 = §(0°) + kyOc + ka(1+15) (o)

where £(8) = [(k, — 1)In(1 + e P2Te9)] / [BAT,]. 6:" and 6%¢ are the nondi-
20 mensional temperatures of the hot and cold sides at the interface of two mate-
rials in the forward and backward configurations, respectively, as illustrated in
Fig.1 above. 0, and 0. are the hot and cold nondimensional BC temperatures,

respectively. In addition, n is defined by r/L

205 Egs. 9 and 10 allow determining 6" and 6%¢ as a function of 6y, 6. and the

rest of the system parameters. Once 6" and 8¢ are determined, we can obtain

straightforwardly 8-‘and 6" via the following Egs. 11 and 12:

gih
i t [p+ks6
0b¢ = L=< (11)
/ntks
e&f/
. +ksO0p
guh = 1= (12)
/n+ks

2.3. Thermal rectification analysis

In the absence of an internal heat source, the heat flux remains constant
20 throughout the system under steady-state conditions. Therefore, thermal rec-

tification can be calculated using the ratio of the difference between forward

10



and backward heat fluxes to the maximum heat flux between the two config-
urations. However, this is not valid for transient conditions as emphasized by
Herrera et al. [29], because heat flux can vary throughout the system under
us these conditions. Thus, we analysed the thermal rectification on the basis of
the heat flux density at the cold end by considering the fact that heat sponta-
neously moves from the hot side to the cold side according to the second law of
thermodynamics. Consequently, we define the thermal rectification as

|}~
max(®},P%)

R(t") = (13)

The thermal rectification is evaluated using three different metrics as pro-

20 posed by Herrera et al. [29]: (a) The first metric is Riax Which represents the
maximum thermal rectification factor, (b) the second metric is Rss which is the
thermal rectification factor at steady-state conditions, and (c) the third met-

ric is the time-integrated thermal rectification factor, R, which allows a better

quantification of the capacitive effects,

R = féisR(t*)dt* (14)

»s where t;; and t;, represent the times for which R, and the first peak in the
thermal rectification profile are reached, respectively. It is also worth mentioning
that the first peak in the thermal rectification profile as a function of time
coincides very often with Rna. As a general rule, we considered t'ss to be
the time at which the full numerical solution of the thermal rectification in the

0 transient regime analysis equals 99% of the semi-analytical solution obtained
under steady-state conditions. In the case of the steady-state analysis, we can

easily show that the thermal rectification factor is given by:

|(9h+96)—(ei“+95h)|
max[(0°—0,) (6r—61")] (15)

Ry =

3. Results and discussion

In our analysis of the time dependent thermal rectification behaviour of the

us suggested VO2 based conductive thermal diode under the transient Dirichlet

11



conditions, we explore the consequences of two initial conditions: T'(t =0) = T,
leading to a heating process of the full system and T (t = 0) = Ty which leads
to a cooling process. We investigate the impact of varying six different parame-

ters; BC change, 3, Ln, kr, AT, and r. During the study, only one parameter is

0 changed in each analysis and the rest is kept unchanged. We firstly consider four
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different BC cases according to the real features of VO2 and SiO2. Then, we
deeply analyse the remaining parameters with five different cases individually
by considering the BC to be T, = 354 K and T. = 324 K. The cases for each

parameter are shown in Table 1.

In the first analysis of the four different BC, we consider T and T, for the
heating and cooling conditions, separately, according to the real characteristic
values of VO2 and SiO2. We fix these values with respect to T, which takes the
value of 342.9 K for T, and the value of 334.9 K for T,., as stated before. In or-
der to check the effect of the phase transition of VO2 on the thermal rectification
in detail, we specify the values of temperatures for the BC in various intervals
surrounding the phase transition area of VO2, which was previously shown in
Fig.2. We report in Figs.3, the computed time behaviours of the nondimensional
heat flux density at the cold boundary [Figs.3(a) and 3(c)] in the forward and
backward configurations and the thermal rectification factor [Figs.3(b) and 3(d)]
for both the heating [Figs.3(a) and 3(b)] and cooling [Figs.3(c) and 3(d)] pro-
cesses of the full thermal diode. As our modelling is based on Fourier’s law, we
only account for times beyond the diffusion time in order to avoid the drawback
of the parabolic nature of the heat equation. The diffusion time corresponds to
the time required for the temperature front to diffuse from the hot boundary
to the cold one and can roughly be estimated as I?/@. The general trend is the
same for the different values of BC in each process and each configuration. In
the heating process, the nondimensional heat flux density increases with time
to saturate at the steady-state values for both forward and backward configura-
tions, while there is a decreasing behaviour in the cooling process. As expected

the value of nondimensional heat flux density increases by increasing the tem-

12



Table 1: Investigated parameters and cases.

Case 1 - BC
® (i) (iif) (iv)

Heating analysis
Tr [K] 348 353 358 363
Te [K] 338 333 328 323

Cooling analysis

Ti [K] 340 345 350 355
T. [K] 330 325 320 315
Case 2 -
® (i) (iii) () )
BIK™] 05 1 16 3 5
Case 3 - Ln
@ (i (iii) ) (]
Ln [kJ.kg™]  66.89 (+30%) 59.17 (+15%) 5145 43.73(-15%) 36.02 (-30%)
Case 4 - kr
® (i) (iii) () )
kr 1.2 15 1.667 3 5
Case 5 - AT,
® (i) (iii) () )
AT, [K] 2 5 8 13 17

Heating analysis

Ton [K] 336.9 3399 342.9 3479 3519

Cooling analysis

Toc [K] 3409 337-9 3349 329.9 3259
Case 6 -1
(0] (i) (iii) (iv) (Y]
r [m2KwW1] 107! 1072 1073 1074 10~5

perature difference between the two boundaries. It is interesting to note that
the saturation dynamics of the nondimensional heat flux density in the heating
and cooling processes switches between the forward and backward configuration

w0 in each process by changing AT = Tj, — T.. Indeed, while the nondimensional

13



heat flux density seems to saturate faster (slower) by increasing AT for the
forward (backward) configuration in the heating process, the opposite occurs in
the cooling process. The behaviour of the thermal rectification factor R shows
interesting nonlinear features, which are consequences of the behaviour of the
s nondimensional heat flux densities in the forward and backward configurations
for each process. In both the heating and cooling processes, R manifests a

maximum Rnay, goes to zero, then increases again to reach the steady-state

6 0.6
@ ¢ T owy = —an () e BC, (i) == BC, i)
w— BC, ()} s, B, {li} x BC.(ii) BC ().
5 — =+ BC, (I} =+, BC, (v} s 0.5 h h
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L o4 <04
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E w
=3 203
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£
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Figure 3: Computed time behaviours of the nondimensional heat flux density and thermal

rectification factor in the heating [(a) and (b)] and cooling [(c) and (d)] processes, respectively,

for different values of BCs.

14
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value. Rmax has a higher amplitude and occurs in early times in the cooling
process in comparison to the heating process. This difference between the two
processes is a direct result of the combined initial condition effect and the side
nature (cold) of the thermal diode at which thermal rectification is considered
and analysed. The time at which R vanishes in the cooling process is almost
double the one for the heating process. An indication that the dynamics of the
thermal rectification lasts longer in the cooling process in comparison to the
heating process. The steady-state regime values of R are therefore attained in
longer periods in the cooling process. We also notice that the time at which
the steady-state regime values are reached increases by decreasing AT. When
the intervals of BCs are getting shorter and the values of their temperatures ap-
proach the critical temperature of the phase transition process of VO2, higher
Rimax and R are obtained. In addition to this, the thermal rectification factor
R in the steady-state regime is almost independent with respect to the values
of AT.

As expressed by Egs.2 and 3, the thermal conductivity k and specific heat
capacity ¢, of VO, depend strongly on the parameter § which describes the
phase transition slope in the temperature behaviour of k. The variation of this
parameter affects considerably the temperature profile of these two properties.
Indeed, by decreasing 3, the jump from the dielectric value k4 to the metallic
value k, becomes less steep and the amplitude of ¢, decreases. On the other
hand, sharper transition behaviour occurs in k and higher ¢, are observed when

p increases. By changing f, the main features in the time profile of

@}, ®* and R, are almost similar to the ones shown in Figs.3. Although, the
variation of fseems to have almost no effect on the behaviour of @} and @* ,
the impact is more pronounced in the behaviour of R. Interestingly also, it is

the fact that varying 8 affects more Riax in the heating process and the time of

ws R vanishing in the cooling process, in comparison to the opposite process,

respectively. Rmq decreases by increasing . The effect of § becomes less
pronounced in the steady-state regime. Furthermore, we notice an almost

continuous decrease in R as 8 increases for the heating process, but we do not see
15



30 this trend in the cooling process.
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The specific heat capacity c, has a direct effect on heat transfer under tran-
sient conditions. In the case of VO and as we discussed it above, the latent
heat L, plays a key role in the behaviour of c,. We report in Figs.4(a) and
4(b), the computed time behaviours of the thermal rectification factor R in the
heating and cooling processes, respectively, for different values of L,. The main
features in the time profile of R, remain similar to the ones shown in Figs.3(b)
and 3(d). While varying L, affects more Rmq. in the heating process than in
the cooling process similarly to the effect of S, it influences the time at which
R vanishes in both processes. Additionally, Ryqx and R decrease by decreasing
L, for both processes. In the steady-state regime, the effect of L, disappears
and all the curves collapse on each other as expected. ¢, has no impact on the

heat transfer under steady-state conditions.
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Figure 4: Computed time behaviours of the thermal rectification factor in the heating (a) and

cooling (b) processes, for different values of the parameter L.

The fourth parameter we considered in our study is the ratio of the thermal

16
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conductivity of the metallic and dielectric phases of VOz, k.. We show the com-
puted time behaviours of the thermal rectification factor R in the heating and
cooling processes, in Figs.5(a) and 5(b), respectively, for different values of k..
While in the cooling process, the features remain similar to the case of varying
AT = Ty — T, B and Ly, the time profiles of R in the heating process manifest
interesting additional nonlinear features depending on the value of k.. When
k. increases, the values of Rnax and R decrease until the third case, which is
the result according to the real characteristic value of VO2. Above the third
value of k;, the behaviour of R as a function of the nondimensional time changes
drastically in the early moment of the transient process. Three and two peaks
appear in the fourth and fifth cases, respectively, instead of just one as in the
three first cases. Besides, the third peak, which is barely seen, occurs just before
the value of Rss in the fourth case. Thus, the value of Ry is extremely close to
the value of the third peak in this case while the second peak in the fifth case
gets even higher than the previous cases. Moreover, there is no systematic trend
in the intersection of the nondimensional heat flux densities of the forward and

backward configurations causing zero thermal rectification, it may appear more
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Figure 5: Computed time behaviours of the thermal rectification factor in the heating (a) and

cooling (b) processes, for different values of the parameter k.
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than once as in the fourth case or not at all as in the fifth case. Interestingly, by
increasing k;, the value of R, increases and it is reached faster in both the heat-
ing and cooling processes. Generally, varying k, impacts strongly the entire time

profile of R spanning from the early transient regime to the steady-state regime.

There is a AT, = Ton —Toc = 8 K hysteresis effect of VO2 between the phase
transition temperatures for heating and cooling processes as stated before. The
values of the phase transition temperatures; Ton, Toc and the hysteresis effect
have a direct influence on the thermal rectification of the conductive thermal
diode as a consequence of the dependence of the thermal conductivity k and
specific heat capacity c, on these parameters as expressed by Egs.2 and 3. We
examined the influence on the thermal rectification factor by considering differ-
ent values of AT,. These values are obtained by varying Ton and Ty, for the
heating and cooling processes, respectively, while keeping the other temperature
fixed as shown in Table 1 above. When T,, and T,. get closer to the BC, in
other words, when AT, increases, lower R and R are observed for both the
heating and cooling processes of the thermal diode as reported in Figs.6(a) and
6(b), respectively. However, we can not identify any systematic trend for R.
Indeed, it is interesting to note that in the first four cases of the cooling pro-
cess, R increases by increasing AT,. Nevertheless, the fifth case shows a sudden
decrease. This sudden decrease can also be seen in the fifth case of the heating
process. Besides, in the fourth and fifth cases, the amplitude of the first peak
in the thermal rectification time profile in the heating process, is lower than the
value at the steady-state regime. A behaviour that we encountered also while
varying the ratio k, as shown in Fig.5(a). Moreover, Rss decreases by increasing

AT, for both heating and cooling processes.
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Figure 6: Computed time behaviours of the thermal rectification factor in the heating (a) and

cooling (b) processes, for different values of the parameter AT,.

The analysis until this point was carried out by assuming there is no in-
terface thermal resistance between the two slabs of VO2 and SiO2 composing
the conductive thermal diode. This constitutes the sixth and last parameter
we considered in our parametric study and it is modelled by using the artificial
layer approach of Yuan et al. [33] as mentioned in the theory section above.
The general trend is similar for the different values of r for heating and cooling
processes as reported in Figs.7(a) and 7(b), respectively. Although this effect
is not obvious in the cooling process, we get higher Rnq. and lower R, in the
heating process when the value of r increases. Furthermore, especially in the
cooling process, R tends to saturate at its steady-state value faster by increasing
r. Nevertheless, this effect seems to be almost insignificant except between the
first two cases. Similarly, it is only between these two cases, where the time-
integrated thermal rectification factor R shows a dependence on r in the cooling
process. For the rest of the cases, R remains almost constant as for Rpqx and
R;. We summarize all the calculated values of Riax, Rss and R for the differ-

ent cases of each of the six parameters investigated in this study in Table 2 below.
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Figure 7: Computed time behaviours of the thermal rectification factor in the heating (a) and

cooling (b) processes, for different values of the parameter r.

The time dynamics of the thermal rectification has shown to be sensitive
to each of the six parameters we considered in this study. It manifests a very
pronounced non linear behaviour. The degree of influence is not the same for

wo the different parameters, but they all impact the whole time profile of the ther-
mal rectification, ranging from the early transient regime to the steady-state
regime. Rmax, Rss and R all change by varying each of the parameters. R
which quantifies the capacitive effect of the conductive thermal diode, gives a
central information about the duration and magnitude of the thermal rectifica-

ws tion dynamics span.
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Table 2: The calculated values for the maximum thermal rectification factor, thermal recti-

fication factor at steady-state conditions and time-integrated thermal rectification factor for

all investigated cases.

Heating analysis

Cooling analysis

Case1-BC
® @ G @O @@ >G) (v
Ry 055 040 0.33 0.29 083 0.78 0.74 0.72
R 011 012 012 0.2 011 012 0.2 012
R 1.84 0.86 0.35 0.23 458 254 188 154
Case2-f
®» @ @@ W @ @O G @ G O
Rimax 024 021 020 019 018 0.73 073 073 073 0.73
Ry 011 012 012 0.2 012 011 011 012 0.2 012
R 048 037 035 034 034 219 228 225 225 229
Case 3 - Ln
®» @ @ W O @O @ @ G O
Riax 023 021 020 018 016 075 0.74 0.73 071 0.70
Ry 012 012 012 042 012 012 012 012 0.2 0.2
R 047 041 035 029 024 278 251 225 198 171
Case 4 - kr
®» @ @ W O O @ @ G O
Rimax 024 021 020 005 025 071 072 073 075 0.78
Ris 005 010 012 020 024 0.05 010 0.2 0.19 0.23
R 059 041 035 033 063 241 229 224 209 199
Case 5 - AT,
O @ @ W W O @ 4G emM O
Rinax 041 030 020 0.07 0.02 0.75 0.74 0.73 0.70 0.66
R 012 012 012 011 004 012 012 0.12 0.08 0.03
R 035 036 035 111 031 174 196 225 257 100
Case 6 -1
®» @ @ W W O @ @ mM O
Riax 023 020 020 020 020 072 072 072 072 072
Rfs 010 011 0.2 042 0.2 0.09 011 0.2 012 0.12
R 0.09 0.09 0.09 0.09 0.09 0.59 0.56 0.56 0.56 0.56

21



405

410

415

420

4. Conclusion

In this study, we have theoretically analysed the thermal rectification factor
of a conductive thermal diode in a plane geometry, that is made of VO2 and
SiO2 considering the Dirichlet boundary conditions under transient conditions.
The heat flux density behaviour at the cold side of the thermal diode and its
consequence on the thermal rectification factor of the thermal diode have been
investigated deeply by considering various intrinsic and extrinsic parameters. It
has been shown that the thermal conductivity and the specific heat capacity
have a major impact on the nonlinear time behaviour of the thermal rectifi-
cation under transient conditions. Furthermore, we obtained higher thermal
rectification under transient conditions than steady-state conditions for almost
all parameters values. There is an effect of the interface thermal resistance on
the thermal rectification for both steady-state and transient conditions, but this
effect seems to be minor generally in comparison with the other intrinsic pa-

rameters of the conductive thermal diode.

Considering the reasonable outcomes of this theoretical study, further re-
search should be conducted on this type of conductive thermal diodes especially
under different transient boundary conditions in order to demonstrate the full
benefits of the transient analysis for a better control of practical thermal man-
agement systems. Pulsed and dynamical boundary conditions constitute a fur-
ther step to understand and explore to get more insights onto the behaviour of
the conductive thermal diode based on a phase change material and the phase

change effects on the thermal rectification under these conditions.
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