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Abstract: This article presents results from a simple experimental methodology used to determine
the amount of heat transferred from an yttrium barium copper oxide (YBCO) bulk to liquid nitrogen
(LN2) and LN2 consumption during the process of zero-field cooling (ZFC). The thermal power
can be determined from the YBCO bulk temperature variation, which is difficult to measure with
accuracy. In this procedure, the thermal power from the YBCO bulk to LN2 is determined from
the measured rate of LN2 evaporation, considering the LN2 latent heat. To reduce the influence of
room temperature heating and make the LN2 mass variation depend as much as possible on the heat
released from the YBCO bulk, a step transient from room temperature into the LN2 is performed.
The precision of results is determined from the rate of LN2 evaporation due to room temperature
heating with the bulk already cooled by ZFC. The temperature evolution at the bulk lateral surface
where the heat transfer is higher is also measured. The results from experimental measurements
are compared with 3D finite element analysis (FEA) numerical results. The obtained evolutions
of the temperature and thermal power from the YBCO bulk are used to validate YBCO thermal
parameters, such as thermal conductivity and specific heat capacity at constant pressure. The YBCO
bulk equivalent heat capacity and thermal resistance are determined by analyzing the equivalent
first-order thermal lumped parameter circuit based on the obtained evolutions in time of the YBCO
temperature and heat transferred to the LN2. The characteristics of dependence of the YBCO thermal
resistance and heat capacity with temperature are obtained by correlating their time evolutions with
the bulk average temperature evolution in time. The YBCO-specific heat capacity at constant pressure
is then calculated by dividing the obtained bulk heat capacity by the bulk mass. The YBCO thermal
conductivity is calculated from the obtained thermal resistance considering an equivalent bulk section
and length toward the main direction of heat flux.

Keywords: YBCO bulk; zero-field cooling; LN2 evaporation; latent heat; thermal lumped parameter
circuit; first-order step response; thermal conductivity; specific heat capacity

1. Introduction

The main objective of this article is to present the results from a simple experimental
methodology used to easily determine the amount of heat released specifically by an
yttrium barium copper oxide (YBCO) bulk and associated LN2 consumption during its
zero-field cooling (ZFC). This amount of heat is independent of the cooling process’s
duration and related to the amount of thermal energy change in the bulk mass. The thermal
power can be determined from the YBCO bulk average temperature variation, which is
difficult to measure with accuracy. The adopted methodology consists of determining the
thermal power from the measured LN2 mass loss rate in the liquid-to-gas phase change
(evaporation) after a step transition of the bulk from room temperature down to the
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LN2 temperature. Such stepped temperature transition minimizes the influence of room
temperature heating, and the LN2 mass variation depends almost on the heat released from
the YBCO bulk. The precision of results is determined from the rate of LN2 evaporation
due to room temperature heating with the bulk already cooled by ZFC. The presented
experimental methodology allows us to easily determine with expected precision the heat
released from YBCO bulks during their ZFC, which is independent of the cooling process’s
duration and related to the amount of thermal energy change in the bulk mass.

Another objective is to validate the YBCO thermal parameters, such as thermal conduc-
tivity and specific heat at constant pressure. YBCO bulks are defined by a specific thermal
resistance and heat capacity, and their interaction with the environment temperature is
defined by a first-order system. The YBCO bulk thermal resistance and heat capacity are
determined by analyzing the first-order step response evolutions of the YBCO bulk average
temperature and thermal power from the YBCO bulk to the LN2. The characteristics of
dependence of the YBCO thermal resistance and heat capacity with temperature are ob-
tained by correlating their time evolutions with the bulk average temperature evolution
in time. The YBCO thermal conductivity is obtained from the bulk thermal resistance
considering the equivalent bulk length and area toward the main direction of heat flux.
The YBCO-specific heat capacity at constant pressure is obtained by dividing the bulk heat
capacity by its mass.

The cooling of YBCO bulks should be accomplished slowly and progressively and not
in direct contact with the liquid nitrogen (LN2) [1]. This is to reduce the applied thermal
stress and avoid bulk cracking [2,3]. YBCO bulks should not be in direct contact with
LN2 so they can be kept dry [3]. Typical LN2 cryostat structures for high-temperature
superconductor (HTS) bulks are presented and described in [4–10]. In the presented
structures, HTS bulks are not in direct contact with LN2 and the heat is transferred to the
LN2 via a material presenting high thermal conductivity. Usually, copper is used as the high
thermal-conduction medium. Not only the HTS bulks but also the material presenting high
thermal conductivity are cooled, and the released heat comes from both materials. Because
of this reason and because the cooling of HTS bulks in cryostats occurs progressively, it
is difficult to accurately measure the bulk average temperature evolution and, from this
estimate, the heat released from HTS bulks during their ZFC in cryostats.

Results from experimental measurements are validated by 3D finite element analysis
(FEA). The thermo-fluid models considered in the 3D FEA are described in Section 2.
A preliminary study to predict heat flux and LN2 consumption using 2D axisymmetric
FEA was performed [11]. The methodology used to calculate the released thermal power
evolution from the measured LN2 mass loss rate is described in Section 3. This methodology
was used to analyze the autonomous safety service time of a horizontal HTS ZFC levitating
bearing [12]. The geometry of such a bearing was optimized in [13] for the maximization of
its guiding stability. Experimental and 3D FEA numerical analyses of the YBCO temperature
and heat release evolutions are performed in Section 4. The calculations of the characteristics
of YBCO thermal conductivity and specific heat capacity at constant pressure from the
measured step responses of temperature and heat transfer are performed in Section 5. In
conclusion, the main results are presented and discussed in Section 6.

2. Thermo-Fluid Models and Parameters
2.1. Heat Transfer Modeling

The phenomena of heat transfer by convection-diffusion [14,15] are expressed by the
partial differential (PDE) Equation (1),

ρ Cp
∂T
∂t

+ ρ Cp u·∇T − k ∇2T = Q (1)

where T is the absolute temperature, u is the velocity, ρ is the volumetric density, k is
the thermal conductivity, Cp is the specific heat capacity at constant pressure, and Q is
the heating source volumetric power density. The latter can express, for example, the
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volumetric power density of Joule losses in superconductor domains. The thermal power
flux q is given according to Fourier’s law (2).

q = k ∇T (2)

Table 1 presents the values and characteristics of ρ, k, and Cp in the literature for
the materials used in the experiments: YBCO [16–20], extruded polystyrene (XPS) and
polyurethane (PUR) foams [21,22], LN2 [23–25], N2 [25,26], and air [26]. Equations (3) and (4)
correspond to models for the dependence on the temperature of the YBCO thermal conduc-
tivity and specific heat capacity at constant pressure. These two characteristics are plotted
in Figure 1. Equation (5) gives the characteristic of LN2 thermal conductivity dependence
on temperature.

Table 1. Values and characteristics considered for ρ, k, and Cp.

Medium ρ
[
kg m−3] k

[
W m−1 K−1] Cp

[
J kg−1K−1]

YBCO [16–20] 5900 (3) (4)
XPS foam [21,22] 30 0.03 1350
PUR foam [21,22] 40 0.025 1400

LN2 [23–25] 808.5 (5) 2042
Air [26] 1.25 0.025 1005

kYBCO =


6.92 + 0.35T + 3.31× 10−3T2 − 1.68× 10−4T3 + 1× 10−6T4 ;

0 K ≤ T ≤ 77 K
11.9 + 0.004 T ; 77 K < T ≤ 300 K

(3)

CPYBCO =

{
38.76 + 1.46 T ; 0 K ≤ T ≤ 230 K
−23.1 + 2.8 T − 5.6× 10−3 T2 + 4.1× 10−6T3 ; 230 K ≤ T ≤ 300 K

(4)

Figure 1. Characteristics of kYBCO and CPYBCO with temperature from the literature.

kLN2 =


0.275− 1.791× 10−3 T ; 63 K ≤ T ≤ 145 K

1× 10−3 + 7.38× 10−5 T + 1.51× 10−7 T2 − 5.54× 10−10T3

+5.21× 10−13T4 ; 145 K < T ≤ 300 K

(5)
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The internal boundaries (between YBCO and LN2 and between LN2 and the foam walls) are
considered continuities of the normal component of thermal power flux q, expressed by the Neumann
boundary condition in Equation (6),

∂q/∂n = 0 (6)

where n is the unit length vector, normal to the considered internal boundary.
For the external boundaries in direct contact with the air, one considers the transfer of heat flux

qe by natural convection from the air, with the magnitude given by Equation (7),

qe = h (Te − T) (7)

where h is the convection coefficient that depends on the characteristics of the external boundary sur-
face and Te is the external room temperature far from that surface. According to [15], the coefficients
of free convection to the air through horizontal and vertical surfaces are estimated using Equations
(8) and (9), respectively.

hh =
k
L

0.54 Ra
1
4 (8)

hv =
k
L

0.68 +
0.67 Ra

1
4[

1 +
(

0.492 k
µ Cp

) 9
16
] 4

9

 (9)

where k and Cp are the thermal conductivity and heat capacity of the air, respectively, with typic
values given in Table 1 and µ is the dynamic viscosity of air with a value of about 20× 10−6 Pa s
at 1 atm [26]. The Rayleigh number Ra assumes a value of 107 in the case of free convection to the
air [16]. The parameter L is a linear dimension given by the ratio between the horizontal area and
perimeter in Equation (8) and the vertical wall height in Equation (9). For the boundaries with LN2,
where heat transfer causes a phase change of LN2, the rate of LN2 evaporated mass flux is given by
Equation (10),

ΦmLN2 = q /LLN2 (10)

where q is the magnitude of heat flux through those boundaries and LLN2 is the latent heat of LN2
assuming 199 J g−1 [23–25].

2.2. Fluid-Flow Modeling
The flow of Newtonian incompressible fluids [27,28] is expressed by the Navier–Stokes momen-

tum PDE Equation (11),

ρ
∂ u
∂t

+ ρ u · ∇ u− µ ∇2 u = −∇ p + ρ g (11)

where u is the velocity, p is the pressure, ρ is the fluid volumetric density, and µ is the dynamic fluid
viscosity. LN2 has a dynamic viscosity µLN2 of about 152× 10−6 Pa s at 1 atm [23–25], and air has a
dynamic viscosity µair of about 20× 10−6 Pa s at 1 atm [26].

In the case of the continuity of mass, Equation (12) is verified.

∂ ρ

∂ t
+ ρ ∇·u = 0 (12)

In the case of incompressible fluids, there is no variation in the fluid density with time (Equation (13)).

∂ ρ

∂ t
= 0 〈=〉 ∇·u = 0 (13)

For boundaries between fluids and solid domains, the Dirichlet condition, in which the fluid
velocity normal component is zero, is applied.

un = 0 (14)

For boundaries between fluids, the continuity of the pressure normal component is expressed
by the Neumann boundary condition (Equation (15)), where n is the unit length vector normal to
those boundaries.

∂p/∂n = 0 (15)
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The evaluation of the laminar or turbulent regime is performed by estimating the Reynolds
number Re given by Equation (16).

Re =
ρuL

µ
(16)

where u is the average value of the flow velocity concerning an object and L is a linear dimension
defined by the relation between the volume of that object and the effective object section normal to u.
Turbulent regimes occur for Re greater than 4× 103 [27,28].

In a turbulent regime, the fluid velocity u results from the sum of the mean velocity u and the
turbulent velocity term u′.

u = u + u′ (17)

Additionally, the fluid pressure p results from the sum of the mean pressure p and the turbulent
pressure p′.

p = p + p′ (18)

The standard κ − ε turbulence model, which is derived from the Reynolds-averaged Navier–
Stokes (RANS) equations [28], is adopted to simulate turbulent regimes. According to [29], the two
governing equations of the standard RANS κ − ε model are Equations (19) and (20).

ρ
∂ κ

∂t
+ ρ u · ∇ κ = ∇·

(
µt
σk
∇ κ

)
+ Pk − ρ ε (19)

ρ
∂ ε

∂t
+ ρ u · ∇ ε = ∇·

(
µt
σε
∇ ε

)
+ Cε1

ε

κ
Pk − Cε2 ρ

ε2

κ
(20)

In this model, κ is the turbulent kinetic energy, and ε the rate of dissipation of turbulent energy,
which are calculated according to Equations (21) and (22), respectively:

κ =
u′·u′

2
=

1
2 ∑

i

(
u′i
)2 (21)

ε =
ν

2 ∑
i 6=j

(
∂u′i
∂xj

+
∂u′j
∂xi

)2

(22)

where u′i is, according to Einstein’s notation, the intensity of the fluid’s turbulent velocity according
to the space dimension xi and ν the fluid kinetic viscosity given by Equation (23).

ν =
µ

ρ
(23)

Variable µt is the turbulent or Eddy viscosity calculated by Equation (24).

µt = ρ Cµ
κ2

ε
(24)

Variable Pk is the rate of production of turbulent kinetic energy calculated by Equation (25),

Pk =
1
2

µt ∑
i 6=j

(
∂ui
∂xj

+
∂uj

∂xi

)2

(25)

where ui is the intensity of fluid mean velocity according to the space dimension xi.
A typical value for Cµ is 0.09, Cε1 is 1.44, Cε2 is 1.92, σk is 1.0, and σε is 1.3, which are all adopted

for the five parameters of the standard RANS κ − ε model [29].

3. Methodology to Estimate Thermal Power from the LN2 Evaporation Rate
The thermal power associated with the variation in the YBCO bulk internal energy USC can be de-

termined from the measured evolution of the YBCO bulk average temperature TSC by Equation (26),

Pt SC = ∂USC/∂t = ρYBCO VSC CPYBCO∂TSC/∂t (26)

where ρYBCO , VSC, and CPYBCO are the YBCO density, volume, and specific heat capacity at constant
pressure, respectively. According to Equation (26), the thermal power is positive or negative if the
bulk average temperature increases or decreases, respectively.



Crystals 2023, 13, 532 6 of 16

Because of the difficulty in accurately measuring the average bulk temperature evolution,
another methodology is proposed to validate experimentally the thermal power released from YBCO
bulks during their ZFC. This methodology consists of measuring the LN2 boiled mass specifically
due to the thermal power released from a YBCO bulk. In this second methodology, which is proposed
here, the total thermal power associated with LN2 vaporization by phase change can be determined
from the measured evolution of the total LN2 mass by Equation (27),

Pt LN2 = −LLN2∂MLN2/∂t = −LLN2 ρLN2∂VLN2/∂t (27)

where MLN2 and VLN2 are the mass and volume of LN2, respectively. The LN2 latent heat assumes
the value LLN2 = 199 J g −1. According to Equation (27), the increase in the LN2 evaporated mass
results in a negative thermal power value, representing the release of thermal power from the bulk.

The procedure consisted of quickly immersing a bulk with dimensions 33× 33× 14 mm3 at
room temperature into the LN2, filling the cavity of a box made of extruded polystyrene (XPS) walls.
The box’s top surface was open to the air. The bulk then stayed immersed in the LN2 in the middle
of the box cavity, suspended on top of four copper rods, each with a 3 mm width. Once the box top
surface was open to the air, the temperature step transition occurred at almost constant pressure. In
this fast-cooling process, the LN2 boiling was mainly due to the heat released from the YBCO bulk, in
which the heating from room temperature was almost negligible.

A digital scale with 0.1 g resolution was used to measure the evolution of the total system mass
symmetric to the evolution of the LN2 evaporated mass.

The verified bubbling and heat transfer rate was higher near the bulk lateral surface. The bulk
lateral surface temperature evolution was measured using a platinum resistor leaning in the middle of
this surface, where the predicted thermal power flux was higher. The platinum resistor was oriented
vertically from the bottom to the top surfaces. The resistance of this resistor depended on its average
temperature T. The characteristic that gives the temperature as a function of the sensor resistance is
expressed by Equation (28).

R(T) = R0

(
1 + AT + BT2 + C(1− T) T3

)
(28)

where R is the measured resistance value (Ω), T is the corresponding temperature (◦C), and R0 is
the resistance value at 0 ◦C (273 K), assuming a value of 100 Ω. Constants A, B, and C assume,
respectively, values of 3.908 × 10−3 ◦C−1, −5.775 × 10−7 ◦C−2 and −4.183 × 10−12 ◦C−3. This
characteristic is valid for temperatures −200 ◦C < T < 0 ◦C.

Polyurethane (PUR) shielding was provided to avoid direct contact between the LN2 and
the platinum resistor surface area increasing its sensitivity to the YBCO bulk surface temperature.
Figure 2a,b show the frontal and lateral views, respectively, of the used platinum resistor with the
provided PUR shielding. Figure 2c shows the assembly of this sensor leaning on the YBCO bulk
lateral surface.

Figure 2. Views of the platinum resistor with the PUR shielding on the frontal (a) and lateral
(b) directions. The assembly of this sensor leans the YBCO bulk lateral surface (c).

Figure 3a shows the instant before immersing the YBCO bulk into the LN2 when the box cavity
was full of LN2. Figure 3b refers to t = 60 s after immersing the bulk when the bulk was already
cooled at the LN2 temperature.
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Figure 3. The XPS box with LN2 just before (a) and 60 s after (b) the bulk immersion.

From Figure 3a, related to the instant before immersing the bulk into the LN2, one can see the
four thin copper rods fixed at the box cavity bottom below the LN2 level. As one may verify from
Figure 3b, the heat released from the YBCO bulk in response to this stepped temperature transition
caused LN2 boiling and the consequent reduction of the LN2 level. The amount of heat released
from the YBCO bulk was determined from the LN2 evaporated mass, knowing the LN2 latent heat.
This is because, in such a stepped temperature transition, the boiling of LN2 was mainly due to
the heat released from the YBCO bulk, and the effect of LN2 heating by the room temperature was
negligible. The precision of the results is calculated from the rate of LN2 evaporation due to the room
temperature heating with the bulk already cooled by ZFC, which was determined in [12].

4. Analysis of YBCO Temperature and ZFC Thermal Power Release
The total system mass and temperature at the middle of the YBCO bulk lateral surface in

response to this environment temperature transition were measured experimentally. Figure 4a–d
show the measurements of the total weight and platinum resistance at 0.5, 15, 30, and 60 s after the
step transition from the room to LN2 temperature.

The evolutions of the LN2 evaporated mass, thermal power released from the YBCO bulk,
and its average temperature were predicted using 3D FEA. Because of the existing symmetry, only
one-quarter of the full box was simulated using 3D FEA to reduce the associated numerical processing.
Figure 5a shows the design with dimensions of one box quarter, and Figure 5b shows the mesh
considered in 3D FEA.

In the LN2 domain, with a constant density of 808.5 kg m−3, a moving mesh was adopted. The
decreasing volume and height of the LN2 domain were dependent on the LN2 mass and box cavity
area. The LN2 mass evaporation rate was dependent on the thermal power released from the YBCO
bulk, according to Expression (27). The increasing volume empty of LN2 was filled with air. A moving
mesh was also adopted in this last volume. Heat transfer by natural convection was considered on the
external surfaces in contact with the environmental air. The Neumann condition in Equation (15) was
considered for the moving boundary between the LN2 and air volumes. According to Expressions (8)
and (9), the considered coefficients of natural convection to the air were hh = 83.58 Wm−2K−1 on the
LN2 surface and hv = 8.72 Wm−2K−1 on the vertical XPS wall surfaces.

Figure 6a shows the obtained temperature distribution at t = 0.5 s, when the average tempera-
tures of the YBCO, LN2, and XPS domains were close to their initial values. For the initial conditions,
a temperature of 293 K was considered for YBCO bulk, platinum resistor, and its foam shielding,
and 77 K was considered for the LN2 and XPS domains. Figure 6b shows the obtained temperature
distribution at t = 30 s when the YBCO bulk average temperature was about 110 K. At this time, the
level of LN2 had decreased because of LN2 boiling, increasing the temperature at the top air level.
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Figure 4. Measurements of the total weight and platinum resistance at the instants: (a) 0.5 s, (b) 15 s,
(c) 30 s, and (d) 60 s after the step transition from the room to LN2 temperature.

Figure 5. Design with dimensions of one box quarter (a) and mesh in 3D FEA (b).
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Figure 6. Temperature distribution at (a) t = 0.5 s and (b) t = 30 s.

Figure 7a shows the obtained distribution of the heat flux and LN2 flow velocity streamlines
from LN2 boiling at t = 0.5 s, when the generation of bubbles was intense just after the stepped
transition. As one may verify, almost all the heat released from the YBCO bulk flew to the top surface
open to the air. Figure 7b shows the distribution of heat flux and LN2 flow velocity streamlines at
t = 30 s, when the heat release and rate of bubbling had decreased.

Figure 7. Heat flux distribution and LN2 velocity streamlines at (a) t = 0.5 s and (b) t = 30 s.

Figure 8 relates to the characteristics of the total mass evolution in time. The mass measured
using the digital scale is shown as (a), the data obtained through 3D FEA are (b), and those by the
exponential fitting of experimental measurements are shown as (c). Figure 9 shows the characteristics
of the evolution of thermal power released from the YBCO bulk in time. Characteristic (a) was
obtained by discrete analysis of the total mass evolution measured, as shown in characteristic (a) of
Figure 8. This discrete analysis consisted of transforming Equation (27) by Equation (29),

Pt = −L LN2∂MLN2/∂t ⇔ Pt i+1 = −L LN2
MLN2 i+1 −MLN2 i

t i+1 − t i
(29)

where index i refers to the index at the sampling time t i.
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Figure 8. Evolution of the total mass.

Figure 9. Evolution of thermal power release from the YBCO bulk.

The fluctuations observed in characteristic (a) resulted from small errors in the total mass
measurements. Characteristic (b) of Figure 9 refers to the 3D FEA of the heat flux to the LN2 domain
through the boundaries with the YBCO, XPS, and air domains. In this process, the heat flux from
the YBCO to LN2 was almost symmetric to the heat flux from the LN2 to the air since the heat flux
from the LN2 to the XPS was almost negligible. Characteristic (c) obtained by exponential fitting of
characteristic (a).

Figure 10 refers to the evolution of the YBCO bulk temperature in time. Characteristic (a) was
obtained by the measurement of the platinum sensor resistance and converted into temperature using
Equation (28). Characteristics (b) and (c) resulted from the evaluation of the average temperature of
the YBCO bulk and platinum resistor, respectively, obtained through 3D FEA. Characteristic (d) was
obtained by the exponential fitting of the measured values from experimental characteristic (a).

During the first 20 s, the average temperature predicted by 3D FEA for the sensor in characteristic
(c) did not decay as fast as that predicted for the YBCO bulk in characteristic (b). This effect was
because the surfaces of the platinum resistor, which was not leaning the YBCO bulk lateral surface,
were shielded by a foam coat to prevent direct contact with the LN2. In addition, the YBCO bulk
surfaces were directly in contact with the LN2, and at the LN2 boiling temperature, the YBCO
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presented a thermal conductivity about 85 times that of LN2 and 390 times that of XPS foam. This
effect was also visible in characteristic (a) obtained experimentally, with a decay in the first 20 s lower
than the one predicted by 3D FEA for the YBCO average temperature in characteristic (b).

Figure 10. Evolution of the YBCO bulk temperature.

In Figures 8–10, the characteristics obtained by the exponential fitting of experimental measure-
ments follow the trends of the ones predicted by 3D FEA, presenting a response time constant of
about τ ≈ 15 s. From characteristic (d) of Figure 10, one verifies that the bulk average temperature
reached the YBCO critical temperature of superconductivity (TC = 92 K) at about t = 40 s and the
LN2 average temperature at t = 60 s after the stepped temperature transition.

From characteristic (a) of Figure 8, the measured decay of total mass corresponding to the
LN2 evaporated mass was about ∆MLN2 = −45 g (i.e., 393.6 g− 348.6 g) at 60 s. Multiplying this
mass loss by the LN2 latent heat (LLN2 = 199 J g−1) results in a heat release by the YBCO bulk
of about ∆QYBCO = 8.36 k J. Almost the same value can be obtained by integrating it with the
time characteristic (c) of Figure 9. This corresponds to a bulk average heat capacity at a constant
pressure of about Csc = QYBCO/∆T ≈ 8.36 k J/(293 K− 77 K) = 38.7 J K−1. Knowing the bulk
mass (MSC = 90 g) results in an average specific heat capacity at a constant pressure of about
CPYBCO = Csc/MSC ≈ 430 J K−1 kg−1.

The same box was considered in [12] to determine the dependence of the average temperature
of a YBCO bulk already cooled by ZFC on the LN2 level. In this study, the rate of LN2 evaporation
due to the heating from room temperature was measured experimentally and validated through
3D FEA. An average rate of 200 g h−1 = 3.33 g min−1 was verified for LN2 evaporation due to the
heating from room temperature. Here, the measured average rate of LN2 evaporation after this
temperature step transition was 45 g min−1. The expected LN2 evaporation due only to the thermal
power released from the YBCO bulk after 60 s would be 41.67 g (i.e., 45 g − 3.33 g). Hence, the
expected error in the LN2 evaporated mass was δ ≈ (45− 41.6)/41.6 = 8.2%.

5. Validation of YBCO Thermal Parameters from First-Order Step Response Analysis
The YBCO bulk is defined by a heat capacity Csc and thermal resistance Rsc through the

main direction of the heat flux. Hence, a first-order system can modulate its interaction with the
environmental temperature. Figure 11 shows the first-order thermal circuit transient that models the
considered temperature step transition. The variable T represents the YBCO bulk average internal
temperature, and Te is the environment temperature that switches from 293 K (room temperature) to
77 K (LN2 average temperature).
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Figure 11. The thermal circuit that models the YBCO stepped transition from room to LN2.

From the analysis of the circuit results, the differential Equation (30) relates the bulk average
internal temperature T with the thermal power Pt.

T − Te = Rsc Pt +
1

Csc

∫ t

0
Pt dt = Rsc

(
Pt +

1
τ

∫ t

0
Pt dt

)
(30)

After the stepped transition, T decays exponentially to the LN2 environment average tempera-
ture Te = 77 K, with a time constant τ ≈ 15 s, where the solution is given by Equation (31).

T = (293 K− 77 K) e−
t
τ + 77 K ; τ = RscCsc ≈ 15 s (31)

This solution corresponds to the average of characteristics (b) and (d) of Figure 10. From
Equation (30), the dependence of the bulk thermal resistance in the time given by Equation (32)
was deduced.

Rsc =
T − 77 K(

Pt +
1
τ

∫ t
0 Pt dt

) (32)

The value of Pt as a function of time was obtained from characteristic (c) of Figure 9. The
instantaneous value of the bulk heat capacity Csc was determined by dividing the first-order re-
sponse time constant τ ≈ 15 s by the instantaneous value of the bulk thermal resistance Rsc. The
characteristics of dependence on temperature, Rsc(T) and Csc(T), were obtained by correlating the
obtained characteristics of dependence with time, Rsc(t) and Csc(t), with the dependence of the bulk
average temperature in time expressed by Equation (31). Figure 12 shows the obtained characteristics
of dependence of the YBCO bulk heat capacity and thermal resistance from its internal average
temperature, Rsc(T) and Csc(T).

The characteristic of dependence on temperature of the YBCO thermal conductivity kYBCO(T)
is obtained using Equation (33).

kYBCO(T) =
L

Rsc(T) S
(33)

where L and S represent the bulk equivalent length and surface area through the main direction of the
heat flux, respectively. To reduce the analytical complexity of the problem, the bulk is assumed as a
sphere of the same volume VSC = 33× 33× 14 mm3 = 15.25 cm3 with omnidirectional heat flux. The
sphere is defined by a radius r = 3

√
3VSC/(4 π) = 15.38 mm and surface area S = 4πr2 = 29.72 cm2.

Dimension L is given by the relationship between the bulk volume and its surface area, resulting
L = 5.13 mm.

The characteristic of dependence on temperature of the YBCO specific heat capacity at constant
pressure CpYBCO(T) was obtained by Equation (34).

CpYBCO(T) =
Csc(T)

ρ YBCO VSC
(34)
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where VSC is the bulk volume and ρ YBCO = 5900 kg m−3 is the YBCO density.

Figure 12. YBCO bulk heat capacity and thermal resistance dependence from internal temperature.

Conventional and oscillatory thermal response tests (TRTs) to determine the thermal conductiv-
ity and heat capacity of a subsurface were performed [30].

Figure 13 compares the obtained characteristics of dependence on temperature of the YBCO
thermal conductivity and specific heat capacity at constant pressure, kYBCO(T) and CpYBCO(T), with
the ones in the literature [16–19], as stated in Section 2.1.

Figure 13. Dependence of YBCO thermal conductivity and specific heat capacity with temperature.

The obtained characteristic of YBCO specific heat capacity at constant pressure (dashed-dotted
brown line) presents an average value approximately equal to the one calculated in the final part of

Section 4
(

CPYBCO ≈ 430 J K−1 kg−1
)

. Contrary to the characteristic in the literature for the YBCO
layer in stacked tapes and coated conductors [19,20] (dashed brown line), the trend of the obtained
characteristic for CPYBCO(T) decreases with temperature. This makes sense because the higher the
bulk temperature, the less its capacity to absorb heat. This characteristic assumes values of the same
order that are approximately equal to the ones found in the literature for temperatures around 260 K.
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The obtained characteristic of YBCO thermal conductivity (continuous blue line) closely follows
the existing one found in the literature [16–18] (dotted blue line). Their trends indicate a decrease in
YBCO thermal conductivity with temperature.

6. Conclusions
This study presents results from a simple experimental methodology that may be used to

determine with expected precision the heat released by a YBCO bulk during its zero-field cooling
(ZFC). This amount of heat is associated with the total thermal energy in the bulk mass and is
independent of the cooling time. The adopted methodology consisted in determining this amount
of heat from the LN2 consumption after a stepped transition of the YBCO from room to the LN2
temperature by a quick immersion of the bulk into LN2. Although the cooling of YBCO bulks should
be progressive, this fast-step cooling process was adopted to minimize the amount of LN2 evaporation
by the influence of room temperature heating with relation to the amount of LN2 evaporation due to
the heat released from the YBCO bulk. The precision of the results was calculated from the average
rate of LN2 evaporation due to the room temperature heating with the bulk already cooled by ZFC,
which was measured previously.

The evolutions of the bulk average temperature and thermal power release over time presented
typical first-order step responses with the time constant τ ≈ 15 s. According to the experimental
measurements, about 45 g of LN2 evaporated after the quick immersion of a YBCO bulk with
dimensions 33× 33× 14 mm3 at room temperature into LN2. Considering the LN2 latent heat, this
produced 8.36 kJ of heat. The expected LN2 mass evaporated in excess due to the heat from room
temperature was about 3.33 g, which corresponds to an error of +8.2%. Thus, about 41.7 g of LN2
evaporation was due to the heat released from a YBCO bulk. Hence, the expected heat released
from the YBCO bulk during ZFC was effectively 8.3 k J. Dividing this heat by the change in the bulk
temperature of about 216 K (i.e., 293 K− 77 K) results in an average value for the YBCO heat capacity
of 38.7 J K−1. Dividing this value by the bulk’s mass equal to 90 g results in an average value for the
YBCO-specific heat capacity at a constant pressure of about 430 J K−1 kg−1, which corresponds to the
value in the literature for the YBCO-specific heat at constant pressure at the temperature of 77 K (LN2
boiling temperature).

From the evolutions of the bulk average temperature and thermal power release over time,
the bulk heat capacity and thermal resistance were determined. The characteristics of dependence
on temperature of the bulk heat capacity and thermal resistance were obtained by correlating the
corresponding evolutions over time with the obtained dependence of the bulk internal temperature
with time. From these, the characteristics of dependence on temperature of the YBCO thermal
conductivity and specific heat at constant pressure were calculated, which follow closely to the ones
found in the literature.
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Nomenclature
Acronyms
ZFC Zero-field cooling
YBCO Yttrium barium copper oxide
XPS Extruded polystyrene
PUR Polyurethane
LN2 Liquid nitrogen
FEA Finite element analysis
TRT Thermal response test
Symbols
T Temperature
u Velocity
p Pressure
ρ Volumetric density
k Thermal conductivity
kYBCO YBCO thermal conductivity
kLN2 LN2 thermal conductivity
Cp Specific heat capacity at constant pressure
CPYBCO YBCO-specific heat capacity at a constant pressure
CPLN2 LN2 specific heat capacity at a constant pressure
Q Heating source volumetric power density
q Thermal power flux
qe Thermal power flux by natural convection to environmental air
h Convection coefficient
hh Convection coefficient through a horizontal surface
hv Convection coefficient through a vertical surface
Te External environmental temperature
LLN2 LN2 latent heat
Ra Rayleigh number
ΦmLN2 Rate of LN2 evaporated mass flux
Re Reynolds number
µ Fluid dynamic viscosity
µLN2 LN2 dynamic viscosity
µair Dynamic viscosity of the air
ν Fluid kinetic viscosity
κ Turbulent kinetic energy
ε Rate of dissipation of turbulent energy
µt Turbulent or eddy viscosity
Pk Rate of production of turbulent kinetic energy
USC Superconductor bulk internal energy
TSC Superconductor bulk average temperature
VSC Superconductor bulk volume
VLN2 LN2 domain volume
MLN2 LN2 domain mass
Pt Thermal power
Rsc Bulk equivalent thermal resistance in the main direction of heat flux
Csc Superconductor bulk heat capacity
τ Time constant
δ Error in LN2 evaporated mass
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