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The study of the thermal transport property of matter under extreme conditions is a significant but challenging task in the science community due to
the unsatisfactory accuracy of heat flow characterization experimentally. In this work, a radiative-conductive coupled heat transfer model was
proposed to resolve the heat transfer process inside a diamond anvil cell (DAC) under static heating conditions. The rationality of the model was
verified via the characterization of the thermal conductivity of type la diamond. It is found that obvious error can come from the measurement of
temperature by thermocouples in DAC. Based on this model, a temperature correction method with certain universality is presented for accurate
temperature measurement by thermocouples in high-temperature experiments. The construction of the proposed model combined with the new
correction method for temperature measurements may provide an efficient method for measuring potential thermal conductivity in a Bassett-type

externally heated DAC. © 2021 The Japan Society of Applied Physics

Supplementary material for this article is available online

1. Introduction

The study of thermal transport properties of rocks and
minerals under extreme conditions, such as high pressure
and temperature (HP-HT), can provide valuable insights into
the physical, chemical properties, mantle core characteristics,
and dynamic processes of minerals in the Earth.""® The
development of these studies is crucial in mantle mineralogy,
geophysics, and chemistry.””'" Diamond anvil cells (DACs),
the most common experimental apparatus used to provide a
direct simulation of the HP-HT environment in the Earth’s
interior, have attracted the keen interest of researchers in
these areas.'>™'” However, difficulties such as the accurate
characterization of the samples’ heat flow field remain when
DACs are utilized as the measurement platform.'® Accurate
description of the temperature distribution within the DAC is
essential for the characterization of the samples’ heat flow
field.'*—2V Besides, the heat transfer mode in an externally
heated DAC is quite complicated. Heat flows through the
sample and dissipates into the environment via convection,
including radiation at the same time. Heat convection can be
effectively eliminated by obliterating the medium, air around
the system.zz) However, heat radiation must be considered in
both experiments and theoretical calculations.

The impact of radiation on the measurement of thermo-
physical properties is in-negligible at high temperatures.”>~>>
Besides development in experimental methods, computer-
aided methods such as computational fluid dynamics (CFD)
has been proved to be an accurate tool for these investiga-
tions in cases such as flame radiation, surface radiation heat
transfer, convection, and radiation coupled heat transfer in
the process with or without participating media. In particular,
the finite volume method (FVM), one of the main branches in
CFD, has been utilized in most cases and generated pro-
mising results.’>”  Amirjavad et al.?® used FVM to
numerically analyze the radiant heat flow distribution of the
methane-air diffusion flame. Venkatadri et al.”” studied the
influence of heat radiation on natural convection inside the
trapezoidal enclosure using FVM. Shirvan et al.*® found that
the coupled heat transfer between radiation and natural
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convection could be maximized by increasing the wall
emissivity and Rayleigh number in a parabolic solar cavity
receiver. Fu et al.”” used FVM numerical analysis to analyze
the heat transfer mechanism of the interaction between
natural convection and surface radiation during the heating
process in the resistance furnace.

However, most investigations of the coupled conduction
with radiation heat transfer have focused on systems in one or
two-dimensional spaces, which, in most cases, are not
sufficient in a system as complicated as the heated DAC.
The conduction, as well as the transmission and absorption of
radiation in the three-dimensional (3D) space, have to be
considered in this case.>” Currently, very few researches on
nonlinear 3D radiation heat transfer models have been
reported.

In this paper, a 3D model was proposed for heat transfer
simulation based on the “Bassett type” externally heated
DAC, which heats the diamond seats, under vacuum
conditions.'® Specifically, we have performed the character-
ization of type la diamonds’ heat transfer properties both
experimentally and theoretically. Experimentally, the utiliza-
tion of a self-designed water-cooled DAC in vacuum has
provided us the expected heat flow environment without heat
convection.'? Theoretically, we proposed a coupled radia-
tive-conductive heat transfer numerical model for the heat
transfer behavior of diamonds to demonstrate the compli-
cated heat transfer modes in a Bassett-type externally heated
DAC. The theoretical results were then compared with the
experimental data to verify the rationality of the model. A
temperature correction method based on this model was then
proposed for a Bassett-type externally heated DAC in which
the thermocouples were utilized as temperature calibrators.

2. Mathematical model

The proposed mathematical model was developed based on
FVM. The simulation of the heat transfer mechanism of the
diamond anvils and gasket in the DAC was carried out by
nonlinear surface radiation-conduction coupling (NSRC) and
nonlinear 3D radiation-conduction coupling (NTRC) heat
transfer mode.

© 2021 The Japan Society of Applied Physics
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A few preconditions and assumptions are drawn in the
simulation:

i) In the experiment, the surrounding environment of a

Bassett-type externally heated DAC was first vacuumed

(< 10° Pa) to minimize the effects of natural convection

before heating. Therefore, the environment in the

simulation is set to vacuum according to the experiment.

ii) The effects of natural heat convection around the DAC
were minimized in the experiment; thus, the tempera-
ture distribution in the DAC is governed by heat
conduction and radiation in the simulation.

iii) In the experiment, the temperature of the anvils’ back
surfaces was carefully monitored and controlled at
certain values to maintain static heating conditions
within the DAC. Therefore, the temperature of the
anvils’ back surfaces is considered constant in the
simulation.

iv) The radiation characteristics of diamonds vary with
wavelength. In this simulation, the radiation spectrum
of diamonds is divided into eight independent bands
with wavelengths 200-470; 470-580; 580-2500; 2500—
3703; 3703-6667; 6667-9550; 9550-10848; 10848—
50000 nm, respectively.

2.1. Model description

The simulation model (Fig. 1) consists of two main compo-

nents: diamond anvils and gasket (DG). Before the experi-

ment, a spectrophotometer (Shimadzu UV-3600) was used to
measure the infrared spectroscopy spectra of diamond anvil

[Fig. S1 (available online at stacks.iop.org/JJAP/60/106501/

mmedia) in the supporting information]. Based on the spectra

obtained from infrared spectroscopy and experimental
equation,”' % the nitrogen concentration is 1710 ppm. The

type la diamond anvils are mounted on the seats heated
according to the “Bassett type” externally heating method by
a resistance furnace. Once the seat is heated, the simulation
establishes two heat transfer pathways: heat conduction or
radiation-conduction coupling from the anvils to the spacer
and radiation energy consumption (REC) via surface radia-
tion between the environment and the DAC. The equations
characterizing these two pathways are as follows:

0 0
—(pE) + — (u;(pE
8t(p )+8x,-(u (PE + p))

0 oT .
" ox, keffa_xl. - %:hjf_/ + wi (et | + S (1)

where p, ke, .7; E, hj, and §), are mass density, effective
thermal conductivity in W/(m - K), the setting of motion
properties of the solid region, the diffusion flux of the
component j, the energy per unit mass, the enthalpy, and
the source item, including the heat generated by a volumetric
source in the solid zone, respectively. The left-hand side of
Eq. (1) is the pressure and kinetic energy terms, and the right-
hand side is the energy transfer due to heat conduction,
component diffusion, and viscous dissipation.

Unlike the general energy and heat transfer equations, the
radiation transfer equation describes heat transfer along
arbitrary directions in 3D space and thus the gradient terms
are not included. Equation (1) of the coupled conduction and
radiation heat transfer relates the radiation transfer equation
and the heat conduction equation using the source term S;. By
considering absorption, emission, and scattering of the solid
zone, the radiation transfer equation can be written as
follows:
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Fig. 1.
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(Color online) Schematics of the diamond anvils and gasket in the simulation.
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where ay, g, ¢, 2, A\, and I, are the absorption coefficient,
the scattering coefficient, the phase function, solid angle, the
radiation wavelength, and the blackbody radiation intensity,
respectively.

2.2. Initial and boundary conditions

The initial condition for the simulation is the temperature of
the anvils’ back surfaces,

(TCx, y, D=0 = T, [T(x, y, D=0 = D, 3)

where T and T, are the temperature values of back surfaces
of the top and bottom diamond anvils, respectively.

The quantity of the emergent radiation gives the boundary
condition from the surface to the surrounding environment as
follows:

Goet = €0(T,* = TLH), 4)

where ¢, is the net radiation exchange, the total heat
dissipation to the outer surface of the DAC; ¢, T,,, and T,
are the emissivity, surface temperature of DG, and tempera-
ture of the surrounding environment.

3. Result and discussion

Based on the radiation-conduction coupling heat transfer
model, the proposed mathematical model for the thermal
conductivity of materials between two diamond anvils under
static heating was developed. For comparison, two indepen-
dent models using NSRC and NTRC modes were constructed
for measurements. The type Ia diamond anvils, which have
experimentally been measured and considered necessary
reference materials in thermal measurements in a DAC, are
selected as both the test object and the reference material. The
radiation properties of type Ia diamonds were first character-
ized using a spectroscopic method to measure its thermal
conductivity using the proposed model.

In order to verify the rationality of the proposed model, we
compared the measurement results via the surface radiation-
conduction coupling and 3D radiation-conduction coupling
heat transfer model to those from the flash diffusivity
method. Furthermore, a temperature correction method is
proposed for thermocouples based on the radiation-conduc-
tion coupling heat transfer model, which could be used to
calibrate the temperature acquired by thermocouples in vast
high-temperature measurements.

3.1. Thermal radiation characteristics of the type la
diamond

Diamond is a semi-transparent material whose radiation is
inevitable during heat transfer processes.’” Therefore, the
transmission and absorption of radiation inside the diamond
have to be considered during the simulation. However, the
optical parameters, including transmittance, reflectivity, and
absorptivity of type Ia diamond in the thermal radiation band,
have never been reported so far.

In this research, a spectrophotometer (Shimadzu UV-3600)
was used to characterize the thermal radiation characteristics
of the type Ia diamond anvils for the simulation. The optical
parameters, including the reflection spectrum (Fig. S2),
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transmittance spectra (Fig. S3), and absorption spectra (Fig.
S4), are thus recorded. The optical constant emissivity &,
absorption coefficient o, and complex refractive index n can
be calculated using the following expressions.”
- R\)2D
1 — R\2D*’

(1 —n)? + k2
RN=———,

(1 + n)? + k?
D = exp(—ad), a = 4mky, (®)]

T,

where d and v denote the thickness and frequency of
diamond; n and k represent the refractive indices. The
absorption coefficient «, optical constant emissivity ¢, and
complex refractive index n of type la diamond are shown in
Fig. 2. Table I presents the corresponding characteristics of
type Ia diamonds.

3.2. Effects of radiative-conductive coupled heat
transfer on the heat flow field in DAC

The FVM simulation of the system was performed to develop
a mathematical model that best matches the actual physical
processes inside the DAC. Different heat transfer pathways,
such as NSRC and NTRC heat transfer, have been included
in the simulation for comparison. Tables I and II show the
thermal properties of the anvil and gasket associated with the
numerical model.

In order to study the contribution of radiation heat transfer
to the entire temperature field in DG, the radiation-conduc-
tion coupling heat transfer model is used in the simulation
with different temperature boundaries 7, and 7,. The heat
loss ratio caused by surface radiation and 3D radiation is then
analyzed. In the simulation, 7; was set at 483, 583, and
883 K, while T, was varied to simulate different conditions.
The ratios of heat loss by surface radiation and 3D radiation
are shown in Fig. 3, with the abscissa referring to the
temperature difference between T; and 7, (Table III in
supporting information). Figure 3 shows a certain difference
in REC generated by surface radiation and 3D radiation in the
DAC under static heating. Under the same temperature
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Fig.2. (Color online) The (a) absorption coefficient, (b) emissivity, and (c)
refractive indices of type Ia diamond.
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Table I. Thermal radiation characteristics of type Ia diamond.
Band (nm)/ Absorption coeffi- Refractive
Property Emissivity cient (cm™") index
200-470 0.28 1.83 1.95
470-580 0.15 0.56 1.96
580-2500 0.1 0.23 1.97
2500-3703 0.24 2.23 23
Band(nm)/prop- Emissivity Absorption coeffi- Refractive
erty cient (cm™!) index
3703-6667 0.55 14.68 2.4
6667-9550 0.6 46.67 2.4
9550-10848 0.65 19.77 2.45
10848-50000 0.57 12.73 2.4
Table Il. Thermochemical parameters of materials used in model calcula-
tions.
Property/Material Diamond Spacer
Density (kg/m3) 3520 7000
Thermal conductivity Function of Function of
(W/(m - K)) temperature34) temperature35 )
Specific heat capacity (J/ Function of 460
(kg - K)) temperature>>
fitting of FVM calculation
75 R T
surface radiaton v T:483 K
60 |k , -~ T,:883K
e 3D radiaton 4 T:483 K
= 1
S— .
v 45 @ T:583K
8 T,:883K
w 30
5]
I
18
oL . 1 4 1 Y ) T - |
20 40 60 80 100

Difference in temperature between T and T, (K)

Fig. 3. (Color online) The ratio of heat loss caused by radiation-conduction
coupling heat transfer.

boundary conditions 7} and 7,, the REC caused by 3D
radiation is greater than that caused by surface radiation. As
shown in Fig. 3, increasing the temperature difference
reduces radiation loss, indicating that the REC can be
reduced by adjusting the temperature boundary conditions.
3.3. Validation of the radiation-conduction coupling
heat transfer model

In order to verify the rationality of the proposed model, we
compared our simulated thermal conductivity of type Ia
diamond with that obtained through the experiment. Based
on the temperature measurements via thermocouples,’® the
simulation of thermal conductivity of type Ia diamond was
performed using NSRC and NTRC heat transfer models. In
this scheme, T (T>) is the top (bottom) anvil’s back surface
temperature and 75 (T4) is the temperature at the midpoint D3
(Dy) of the top (bottom) anvil lateral edges. The T, and T, are
used as temperature boundary conditions in the simulation. In
all simulations, it is assumed that the thermal conductivity of
the type Ia diamond changes until the calculated temperatures
t3" and t4/ at the midpoints D3 and D, reach the measured
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temperatures 73 and T,. Thus, the input thermal conductivity
is matched by the real type Ia diamond thermal conductivity.
Figure S5 presents the flow block diagram for calculating the
thermal conductivity of type Ia diamond in the supporting
information.

As demonstrated in Fig. 4, the thermal conductivity of
diamond obtained from both models is comparable to that
obtained from Yue et al.’s*® results and the Olson et al.’s*®
results using the flash diffusivity method, yet shows minimal
deviation from each other. The simulation results using the
surface radiation model yield almost the same thermal
conductivity as that from Yue et al.’s results by heat
conduction model.>? Hence, it is clear that the heat loss
caused by surface radiation is minimal and shows limited
effects on diamonds’ thermal conductivity at temperatures
between 320 and 570 K. This is consistent with the radiant
heat loss ratio obtained in the previous part. However, the
result from the NTRC heat transfer model is more conform-
able with Olson et al.’s data as the diamond anvils tempera-
ture increases.’® Given the significant radiation effect at high
temperatures and thermal radiation characteristics of the
diamond anvil, the NTRC heat transfer model is the most
consistent with the actual physical process of DG at high
temperatures.

3.4. Effect of radiant heat transfer on the accuracy of
thermocouples

Figure 1 shows that when the temperature boundary condi-
tions are fixed, the thermal conductivity of materials can be
obtained by simulating temperature at the midpoint D3 and
D, of the diamond anvils lateral edges using the NTRC heat
transfer model. In experiments, the measured accuracy of T3
and T, are primarily affected by heat radiation. Here, we used
the proposed model to get the temperature correction value
for the thermocouple readings 753 and 7, to accurately
simulate the whole system, corrections on 75 and T, values
are required.

We used FVM to analyze the specific value of thermo-
couple temperature calibration quantitatively and calibrated
the error caused by the radiation effect at the same time.
Figure 5 shows that the temperature correction values of T3

< " 'm Olson 1993 (da'ta) ' o
E' ===0lson 1993 (debye integral fit)
=30 v Yue 2019 (data)
S This work (3D radiation)
2 A This work (surface radiation)
-— L=~
= 7 Sy
10} A8 N I
gior e ‘n
© a 3
S | S
o V7 & \*
— <
© &
E e N
E 31 1 ‘\'\ 1
30 100 300 1000
Temperature (K)
Fig. 4. (Color online) The thermal conductivity of type Ia diamond: The

data of Olson® is shown with squares (navy). The Debye integral fitting
function of Olson®® is shown with dash-dot (black). The data of Yue? is
shown with triangles (magenta). The data of this work is shown with circles
(green) and triangles (blue).
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(Color online) D5 and D, thermocouple calibration data, 673 is the temperature correction value of the upper diamond lateral edge (at the midpoint

D;), 6T, is the temperature correction value of the lower diamond lateral edge (at the midpoint D).

and T4 (073 and 6T}) as a power function of 7} and a linear
function of temperature difference AT (AT = T, — T;). Both
O0T; and 6T, increase with the increase in temperature
difference AT, as shown in Fig. 5(a). Figure 5(b) depicts
the temperatures correction value of 75 and 7,, which
increases with the elevation of 77 when the temperature
difference AT is constant. With the elevation in temperatures
T, and T», the correction value of both 75 and T, increases
accordingly, showing that the measurement accuracy of
thermocouples deteriorates with temperature elevation.
Thus, corrections on the temperature yielded from the
thermocouples are needed to better characterize the thermal
conductivity properties of materials at high temperatures.
Based on the above analysis, the general expression of the
temperatures correction is obtained as follows:

64 = aTi® + ¢(h — T) + d. (6)
The 6T5 and 6T, can be expressed as:

8T5 = 0.0019(T; — 273.15)"108!
+ 0.001(7; — T)) — 1.4078 (7)

8Ty = 0.0027(T; — 273.15)10375
+ 0.002(%; — T) — 0.8574. 8)

The result of FVM calculation and analysis indicates that
the correction method is reasonable and could be widely
utilized in a Bassett-type externally heated DAC that uses
thermocouples as temperature calibrate. The use of tempera-
ture correction in high-temperature experiments will enhance
the accuracy of thermal measurements under extreme condi-
tions.

4. Conclusions

A 3D radiation-conduction coupled model for thermal con-
ductivity measurements in a DAC under static heating was
developed using FVM. Compared with the previous models,
the proposed model measures heat radiation that participates
in diamond anvil’s heat transfer and REC generated by the
surface DG into the simulation. The result shows that the
contribution of the radiation effect to the entire temperature
field cannot be neglected. Based on simulation results, the
radiation effect under static heating demonstrates an in-
creasing trend with the temperature’s rise of diamond anvil’s
back surfaces. Comparison between the proposed nonlinear
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3D radiation-conduction coupling heat transfer model and the
previous model shows that radiation effects play a non-
ignorable role in the precise characterization of materials’
thermal conductivity in a DAC under static heating.
Correction on the temperature yielded from the thermocou-
ples is necessary for thermal conductivity measurements and
high temperature-related measurements in a DAC. A tem-
perature correction method with certain universality is
established based on this model. The proposed model serves
as a more practical and accurate temperature measurement
method for the high-temperature investigations in a Bassett-
type externally heated DAC.
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