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ABSTRACT

This paper reports on the application of a near-infrared (NIR) imaging system for visualizing heat transfer dynamics from a bulk
gadolinium (Gd) sample to the surrounding water during the magnetization/demagnetization process of the magnetocaloric effect (MCE).
The suggested approach relied on the spectral variation in water absorption band at 1150 nm wavelength within the NIR spectrum. An experi-
mental setup integrated a telecentric uniform-illumination system, a halogen lamp, and an NIR camera to enable real-time monitoring of a
single magnetization and demagnetization cycle induced by an external magnetic field, which was generated by a permanent-magnet-based
magnetic circuit. Two-dimensional absorbance images captured during this cycle clearly depicted the thermal energy generated by the MCE
in water. Furthermore, an analysis of the thermal boundary layer and the quantification of heat transfer from Gd to water provided insights
into the dynamics over time. These results indicated the potential of our NIR imaging techniques in optimizing thermal–fluid interactions
within MCE systems, thereby improving the design and efficiency of magnetic refrigeration systems.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207290

I. INTRODUCTION

Magnetic refrigeration has developed rapidly during the past
three decades as an alternative to vapor compression technology
because of its potential from both energy and environmental
viewpoints.1–4 It is a type of solid-state cooling technology that
does not use evaporative coolant or mechanical compressors.
Specifically, the attained efficiency of this system can reach up to
60% without the need for detrimental fluids.5 Magnetocaloric effect
(MCE) relies on specific magnetocaloric materials that exhibit tem-
perature changes in response to fluctuations in a magnetic field. In
recent years, a large number of magnetocaloric materials have
emerged as potential candidates for MCE applications, including
(Mn,Fe)2P,

6 MnAs,7,8 polymer-bonded La(Fe,Si)13 composites,9,10

Ni-Mn-based Heusler alloys,11,12 or La0.8Sr0.2MnO3/La0.7Ca0.3MnO3

bilayer films,13 besides the well-established benchmark material, gad-
olinium (Gd). The MCE is directly related to the magnetic moments
within magnetocaloric materials, where the changes in the magnetic
field cause these moments to align (entropy decreasing) or disperse
(entropy increasing), leading to the generation or absorption of heat
[Fig. 1(a)]. One prevalent MCE-based refrigeration technology is the
active magnetic refrigeration (AMR), which incorporates the regener-
ator (such as a parallel plate, a bed of powdered material, or a pin
array, all composed of magnetocaloric materials), magnetic field
source, heat transfer fluid, and heat exchanger. As illustrated in
Fig. 1(b), the AMR system undergoes cyclic magnetization and
demagnetization of the magnetocaloric material through the applied
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magnetic field. During magnetization, the fluid flows from the
cold reservoir to the hot, dissipating heat to the surroundings.
Subsequently, during demagnetization, as the applied field dimin-
ishes, the temperature of the material decreases. At this stage, there
is a flow of the fluid from the hot reservoir to the cold, accepting a
cooling load. Enhancing how heat moves between the magneto-
caloric material and the surrounding fluid, known as thermal–fluid
interaction, is crucial for developing better cooling systems. For
instance, efficient interaction ensures complete heat removal from
the magnetocaloric material during demagnetization, allowing it to
absorb more heat in the subsequent magnetization state, resulting in
accelerated cooling. Therefore, much research efforts have been
directed toward this aspect in recent years to optimize AMR systems
for real-world applications.

A growing number of publications focused on numerical
models to describe thermal–fluid interaction, mainly in packed-bed
and parallel-plate AMR. In the case of the former, Nemec and
Levec14 and du Toit15 found that the ratio between the outer AMR
dimensions and the particle diameter significantly influenced the
heat transfer effectiveness. Furthermore, Tusek et al.16 highlighted
that the interplay between heat and fluid dynamics primarily
depends on the geometry of AMR and the fluid flow rate; this has
also been demonstrated in the case of parallel-plate AMR.17–20

Nielsen et al.18,21 have contributed significantly by developing a
technique to estimate the Nusselt scaling factor, offering valuable
insights into the relationship between the effective Nusselt number
of a specific regenerator and the ideal Nusselt number of a uni-
formly distributed one. Experimental studies have also been con-
ducted to validate the findings, involving the thermocouple
measurement of temperature spans between hot and cold
AMRs.16,22,23 While previous works have made substantial progress
in assessing the overall efficiency of AMRs, an experimental
research gap exists in comprehensively understanding the interac-
tion between the heat transfer fluid and the magnetocaloric mate-
rial, which holds the potential for efficiency enhancements.
Addressing this limitation necessitates an exploration of transient

spatial-resolved data, offering insights into localized heat transfer
behaviors and potential areas for improvement. However, only
a few studies have delved into this area. Lei et al.24 utilized a
Mach–Zehnder interferometer to delineate the dynamics of stag-
nant fluid behavior within the thermal boundary layer. Although
this study provided valuable insights, it is important to acknowl-
edge the challenges associated with the precise alignment of optical
components in the Mach–Zehnder interferometer technique, as
well as the ability to measure the time-dependent changes in heat
transfer rate due to the MCE, both of which remain open areas for
further investigation and exploration. To initiate our exploration in
this field of research, we employ a promising method known as a
near-infrared (NIR) imaging method, which relies on the
temperature-dependent absorption band of water in the NIR
region. This method operates via transmission and furnishes
average temperature assessments along the optical path within
water or aqueous solutions. This characteristic makes it suitable for
applications where surface measurements are insufficient, allowing
the study of the temperature distribution inside the medium and
providing more detailed and comprehensive data. Previous studies
have confirmed the effectiveness of this method in measuring the
temperature of the water and aqueous solutions near various
objects without the need for adiabatic conditions, such as thin
metal wires,25 steel spheres,26,27 micro-magnetic particle layers,28

and microfluidic channels,29 achieving a high temperature resolu-
tion of better than 0.2 K.

This study aims to establish and validate the NIR imaging
system capable of visualizing the heat development from the
magnetocaloric material to its surrounding water environment.
The experimental setup involved employing a telecentric uniform-
illumination system, with the magnetocaloric material being
subjected to a magnetization/demagnetization cycle induced by a
permanent magnet. The specific magnetocaloric material used in
this study was pure Gd slab. Absorbance images at a wavelength of
1150 nm obtained during this cycle were analyzed to derive
temperature data, which in turn were utilized for calorimetry

FIG. 1. (a) Magnetocaloric effect (MCE) definition and (b) the schematic of the active magnetic refrigeration (AMR).

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 193904 (2024); doi: 10.1063/5.0207290 135, 193904-2

© Author(s) 2024

 27 M
ay 2024 04:18:20

https://pubs.aip.org/aip/jap


calculations to determine the heat transferred to water. We further
discussed the temporal behavior of the thermal boundary layer
thickness and heat transfer rate, providing insights for future
research directions. The novelty of this study lies in its use of a
simple optical imaging configuration, which not only enables real-
time monitoring of thermal energy distribution in the heat transfer
fluid but also allows for a quantitative assessment of how heat
transfer rates evolve over time in the MCE.

Sections II–VI of this paper are organized as follows. In
Sec. II, we explain the principles of the NIR temperature imaging
technique. Section III describes the experimental methodology, out-
lining the specific procedures and equipment for data collection. In
Sec. IV, visual and quantitative findings from the magnetization
and demagnetization processes are presented and analyzed. The
discussion on heat transfer is thoroughly explored in Sec. V.
Finally, Sec. VI summarizes this study.

II. VARIATIONS IN THE NIR ABSORPTION BAND OF
WATER WITH TEMPERATURE

Our previous papers detailed the temperature-related changes
in the NIR absorption spectrum of water.25–27,30 Hence, we provide
a concise overview of the theory below. Water molecules exhibit
three vibration modes: symmetric stretching (ν1), symmetric
bending (ν2), and asymmetric stretching (ν3) of the covalent bonds,
each characterized by an absorption peak specific to its distinct fre-
quency [Fig. 2(a)]. The bands detected in the NIR wavelength
range (800–2500 nm) solely arise from overtones and combinations
of these three modes. These encompass not just basic combinations
like ν1 + ν2 but also higher-order combinations such as ν1 + 2ν2.

31

In spectroscopy, the vibration frequency correlates with the
absorbed light wavelength. The presence of hydrogen bonds
reduces the vibration frequency, shifting the absorption peak
toward longer wavelengths in the spectrum. With an increase in

temperature, the number of hydrogen bonds decreases, leading to a
shift of the absorption band toward shorter wavelengths.

To quantify the amount of light absorbed by a substance at a
particular wavelength and temperature, the absorbance, A, and the
absorbance difference, ΔA, are used as follows:

A(λ, T) ¼ �log10
I(λ , T)
I0(λ)

, (1)

ΔA(λ, T) ¼ A(λ, T)� Ar(λ, T) ¼ �log10
I(λ, T)
Ir(λ, T)

, (2)

where λ is the wavelength of light, T is the temperature of water,
and I and I0 are the intensities of the incident and transmitted
light, respectively. Ir is the intensity of transmitted light at a refer-
ence state (16.0 °C). Figure 2(b) shows the ΔA spectra (on the left
vertical axis) over the temperature range from 16.0 to 44.0 °C with
a 2.0 °C increment, where 16.0 °C is Ar. These spectra were around
the wavelength range from 1100 to 1250 nm, corresponding to the
combination of ν1, ν2, and ν3 (ν1 + ν2 + ν3). At approximately 1150,
1193, and 1240 nm (illustrated by dotted lines), there are observ-
able positive peaks, an isosbestic point (ΔA remains constant
regardless of temperature), and negative peaks, respectively. We
selected the 1150 nm wavelength for temperature imaging in this
study due to its highest sensitivity to temperature changes within
this wavelength range. The images were detected using a narrow-
bandpass filter with a 10 nm bandwidth, with details provided in
Sec. III. Furthermore, the spectrum presented in Fig. 2(b) is
optimal for water layers with an optical path length ranging from 5
to 20 mm. Specifically, detection becomes saturated when the thick-
ness is below 5 mm and becomes undetectable beyond 20 mm.
However, because the various water absorption bands differ in
magnitude, they can be selectively employed depending on the
thickness. For instance, when the thickness falls between 0.2 and
2 mm, it is preferable to utilize the absorption band resulting from
the combination of ν1 and ν3 (found within the wavelength range
of 1350–1500 nm), as it possesses a higher absorption coefficient
compared to the ν1 + ν2 + ν3 absorption band.28

III. EXPERIMENTAL DETAILS

A. Sample preparation

The measurement sample involved the use of Gd, a commonly
utilized material in AMR systems, and a quartz cell with inner
dimensions of 30 × 10 × 45mm3 (the optical path length is 10 mm),
as shown in Fig. 3(a). The advantages of Gd-based alloys lie in
their well-defined properties and high MCE near room tempera-
ture. A commercial-grade rectangular prism of Gd (Neco-DyUmn,
Japan) measuring 5 × 10 × 5mm3 was prepared and polished using
an automatic polishing machine (MA-150; Musashino Denshi
Corp., Tokyo, Japan) [Fig. 3(a)]. This prism was affixed to the
central rectangular hole of a plastic holder and securely bonded to
the bottom surface of the quartz cuvette. Distilled water was
injected into the cuvette using a syringe with a total volume of
6 ml. The cuvette was then covered with a plastic cap. The initial
water temperature was set to 20 °C, matching the room

FIG. 2. (a) Three fundamental vibrational modes of water and their wavenum-
bers. (b) Absorbance difference spectra, ΔA(λ) (left scale) for a 10-mm thick
water sample across temperatures ranging from 16.0 to 40.0 °C in 4.0 K inter-
vals (the absorbance at 16.0 °C serves as the reference) and transmittance
spectrum (right scale) of the narrow-bandpass filter.26
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temperature. During the experiment (approximately 200 s), the
room temperature was carefully monitored and maintained at 20 °C
using a standard air conditioner. The high heat capacity of the
water ensured that its average temperature remained close to the
initial 20 °C throughout the experiment.

B. Apparatus

Figures 3(b) and 3(c) show a schematic and a photo of the
imaging setup. A halogen lamp (FHL-102; Asahi Spectra, Japan)
emitted light along the x axis, passing through a telecentric back-
light illuminator composed of a 1X collimator lens (RLQL80-1;
Asahi Spectra, Japan) and a telecentric lens unit (TOU-1-31; Asahi
Spectra, Japan); this system increased the edge contrast of the
sample and made the light parallel and homogeneous within a
31 × 31mm2 area. The narrow-bandpass filter (65–785; Edmond
Optics) allowed light at λ = 1150 nm to be incorporated into the
filter wheel. The light beam was detected using an InGaAs short-
wave infrared camera (Goldeye G-033 TEC1; Allied Vision,
Canada). The camera has a pixel pitch of 15 × 15 μm2 and a 640
(horizontal) × 512 (vertical) pixels. The auto-brightness functional-
ity in the NIR camera settings was adjusted dynamically from
frame to frame. To prevent perspective errors, we used a telecentric
lens system with a 0.36× magnification (58–257; Edmond Optics),
which was positioned between the sample and the camera, main-
taining spatial resolution at about 40 μm based on pixel size and
magnification.

A U-shaped magnetic circuit was used to generate a magnetic
field comprising two Nd–Fe–B permanent magnets (Niroku
Seisakusho Co., Ltd., Japan) and a ferromagnetic yoke. The gap

between the Nd–Fe–B magnets is 38 mm, and the dimensions of
the magnetic poles are 101.6 × 65.8 mm2. A Tesla meter (MG-801;
Magna, Japan) was utilized to evaluate and visualize the external
magnetic flux density distribution, μ0Hext within this air gap, where
Hext is the applied external field and μ0 is the vacuum permeability.
The results are mapped in the inset in Fig. 3(b). This magnetic
circuit was installed on an electric actuator slider with a step motor
to create a linear reciprocation motion. The sample (described in
Sec. III A) was hung on a steel frame 15mm above the optical table.

In consideration of the four states of the MCE, detailed in
Sec. I, the experimental process involved four primary stages.

(1) Magnetization: The magnet was accelerated toward the sample
utilizing the electric actuator; the initiation of movement
marked the time origin, t = 0. It took approximately 0.5 s for
the sample to reach the center of the two poles, where a mag-
netic field of up to 0.56 T was generated [as illustrated in the
inset of Fig. 3(b)].

(2) Heat rejection: Sustaining the magnetic field for 100 s allowed
the sample to attain thermal equilibrium with the surroundings.

(3) Demagnetization: The magnetic field was gradually reduced
from 0.56 T to zero by retracting the magnet from the sample
at the same speed employed during the magnetization process.

(4) Heat absorption: The magnet was propelled away from the
sample and subsequently returned to its original position.

A software (Vimba; Allied Vision, Canada) was utilized to
capture a real-time sequence of twelve-bit digital images, compris-
ing multiple frames at a rate of 30 frames per second, saved in the

FIG. 3. (a) Dimensions of a water cuvette and a rectangular prism of gadolinium (Gd). (b) Schematic of the experimental apparatus. The inset shows the magnetic flux
density. (c) Photograph of the experimental device.
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tiff format. MATLAB R2023a (MathWorks, MA, USA) was used
for the subsequent image analysis.

Before the MCE measurement, we confirmed that the magnetic
field does not affect the water in this study. This verification is vital
due to the Moses effect, wherein the surface of a diamagnetic liquid
undergoes distortion when exposed to a magnetic field. Since water
is diamagnetic, exposing it to a magnetic field of significant strength
can influence the behavior of water molecules, especially in terms of
their vibrational states and interactions. This influence can result in
observable changes in the NIR spectrum due to modifications in the
molecular vibrations or their responses to the magnetic field.32,33

The procedure and results are shown in Appendix.

IV. TIME-DEPENDENT MAGNETIZATION/
DEMAGNETIZATION IMAGING

A. 2D temperature distribution estimation

The light intensity image detected by the NIR camera after
transmitting to the narrow-bandpass filter at λ = 1150 nm, If (x, z),

is expressed as follows:

If (x, z) ¼
ðλ2
λ1

τ(λ)I(λ; x, z)dλ

¼
ðλ2
λ1

τ(λ)I0(λ; x, z)� 10�A(λ;x, z)
� �

dλ, (3)

where τ(λ) is the transmittance spectrum of the narrow-bandpass
filter [depicted on the right vertical axis in Fig. 2(b)]. λ1 and λ2
denote the minimum and maximum wavelengths of the narrow-
bandpass filter, respectively. Then, the absorbance difference image for
this filtered measurement is defined in the same manner as Eq. (2),

ΔAf (x, z) ¼ �log10
If (x, z)

I f ,r(x, z)
, (4)

where I f ,r(x, z) is the reference for If (x, z), and it was acquired by
averaging 50 frames before starting the MCE measurement. Based on
the proportional relationship between T and A, along with the

FIG. 4. (a) ΔAf (x, z) images and (b) enlargement of ΔTm(x, z) in the red dashed rectangle in (a) during heating mode.
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assumption of uniform temperature along the light path (the mean
value), the temperature difference, ΔTm, images can be determined as
follows:

ΔTm(x, z) ¼ ΔAf (x, z)

αd
, (5)

where d is the optical path length and α is the temperature coefficient,
which has a value of 2.76 × 10−4 K−1 mm−1 at 1150 nm.34 To enhance
the quality of the data by mitigating noise or fluctuations, we achieved
spatial smoothing through a 3 × 3 mean filter, while temporal smooth-
ing employed an 11-point fifth-order Savitzky–Golay filter.

B. Results

The magnetization state was examined by observing a
sequence of ΔAf (x, z) images capturing the application of a mag-
netic field to Gd over a duration of 100 s, as shown in Fig. 4(a).
Due to the backlight illumination used in this experimental setup,
small debris particles in the water cast shadows with lower intensity
values, indicating higher absorbance values compared to their sur-
roundings. These were observed as certain bright dots in the
images. Additionally, the presence of black dots was attributed to
static artifacts resulting from light scattered by dust particles on the
surface of the cuvette. To provide a detailed view of the thermal
distribution within the water during the magnetization state,
enlarged 2D temperature estimation images, ΔTm(x, z) were
obtained using Eq. (5) [Fig. 4(b)]. As the magnet approached the
Gd sample at t = 0.3 s, causing alignment of magnetic moments,
the temperature of the Gd rose, initiating heat transfer from Gd to
the water. This heat transfer continued, gradually increasing the
temperature of the water. Following the peak at t = 0.9 s, the

temperature gradually began to decrease toward ambient conditions
due to thermal dissipation. This state demonstrated a steady
decrease in temperature, eventually reaching thermal equilibrium
around t = 63.5 s. No further temperature changes were observed at
this point, indicating that the heat exchange rate with the surround-
ings balanced the heat generation rate within the material.

Figures 5(a) and 5(b) depict ΔTm(z) plots at different positions
and time points within the water region. In Fig. 5(a), the ΔTm(z)
profiles at the central axis (x = 0mm) exhibited a notable increase
near the vicinity of the Gd surface at t = 0.3 s, reaching a maximum
at 1.38 K by t = 0.9 s, and gradually diminishing to zero by
t = 63.5 s due to heat loss to the surrounding water. Additionally,
the observed decrease in ΔTm with increasing distance from Gd val-
idated heat diffusion from the source. Abnormal peak values, e.g.,
z = 1mm, were observed and attributed to the presence of dust par-
ticles; these particles dispersed over time due to temperature gradi-
ents. It is noteworthy that the observed peak ΔTm (1.38 K) closely
approximated 81% of the expected maximum value of the adiabatic
temperature change in pure Gd reported by Almeida et al.,35

within an external magnetic field of 0.6 T. This deviation can be
attributed to two factors. First, the orthorhombic prism shape of
the Gd sample utilized in our experiment may have influenced the
internal magnetic field within the material, resulting in a reduction
compared to the externally applied field.36,37 Second, the dynamics
of heat transfer between Gd and the surrounding water, as dis-
cussed in Sec. V, contributed to reducing the temperature change
experienced by Gd.

In Fig. 5(b), ΔTm(z) across five positions along the x axis
(x =−5, −2.5, 0, 2.5, and 5 mm) at t = 0.9 s and t = 3.3 s, respec-
tively, were examined. Notably, the peak ΔTm(z) values were nearly
identical at all five positions, measuring approximately 1.3 K at
t = 0.9 s and 0.65 K at t = 3.3 s. This uniformity suggested consistent

FIG. 5. Vertical line profiles of ΔTm(z) and their fitting curves (4th-order polynomial function) in the water region at (a) the central axis (x = 0 mm) and (b) five positions
along the x axis (x =−5, −2.5, 0, 2.5, and 5 mm) at t = 0.9 and 3.3 s, respectively.
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thermal behavior within the water region, implying a likely
uniform temperature distribution across the Gd surface. The slight
discrepancy among the plots and curves at t = 0.9 and 3.3 s further
emphasized the predominance of thermal conduction in the
process.

Figure 6 illustrates the demagnetization state, where the
gradual reduction of the magnetic field applied to Gd is accompa-
nied by a decrease in its temperature. This observed temperature
drop was a direct consequence of the magnetic moments returning
to their random orientation. As they relaxed, the previously
absorbed energy was released back into the surroundings, primarily
in the form of heat transferred to the water. This heat transfer
effectively lowered the internal energy of Gd, resulting in its
cooling. Similar to the magnetization process, vertical line profiles
of ΔTm(z) at various positions along the x axis and different time
points were utilized to provide quantitative insights into the tempo-
ral variations, as shown in Fig. 7. In Fig. 7(a), following the with-
drawal of the magnetic field from Gd at t = 100.3 s, an immediate
decrease in temperature near the Gd surface was observed,
ΔTm =−0.79 K. This was followed by a further drop of 0.48 K over

the subsequent 0.6 s, reaching a maximum ΔTm =−1.27 K. As Gd
lost thermal energy to the water, it began to warm up again due to
heat exchange with the surroundings. This increasing trend contin-
ued until thermal equilibrium was reached around t = 163.5 s,
where the temperature stabilized. In Fig. 7(b), five vertical ΔTm(z)
profiles (x =−5, −2.5, 0, 2.5, and 5 mm) at t = 100.9 s and
t = 103.3 s exhibited almost identical behavior within each time
point. These findings underscored the continued dominance of
thermal conduction in the demagnetization state, mirroring the
findings from the magnetization state.

Figure 8 shows the comparison plot between the average tem-
perature difference near the vicinity of the Gd surface, ΔTs, and the
temperature difference at the center of the Gd surface recorded by
a T-type thermocouple, ΔTc. Based on the discussion in Figs. 5(b)
and 7(b), we can derive the values of ΔTs using an averaging calcu-
lation method,

ΔTs ¼ 1
W

XW
i ¼ 1

max
�
ΔT i

m(z)
�
, (6)

FIG. 6. (a) ΔAf (x, z) images and (b) enlargement of ΔTm(x, z) in the red dashed rectangle in (a) during cooling mode.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 193904 (2024); doi: 10.1063/5.0207290 135, 193904-7

© Author(s) 2024

 27 M
ay 2024 04:18:20

https://pubs.aip.org/aip/jap


where W is the ΔTm(x, z) image width. The comparison demon-
strated a close agreement between the two data, indicating the reli-
ability of our methodology. However, we observed discrepancies
(up to 78 mK) in the ΔTs during the magnetic field-on and field-off
states. This irreversibility can primarily be attributed to the slow
cycling process employed in the experiment, wherein the initial
temperature of Gd during demagnetization approached nearly the

same level as during magnetization. According to the reversibility
of the MCE, the adiabatic temperature changes during magnetization,
ΔTad,mag, and demagnetization states, ΔTad,demag, follow the relation:
ΔTad,mag(T) ¼ �ΔTad,demag(T þ ΔTad,mag(T)).

38 Consequently, at the
same initial temperature (20 °C), ΔTad,mag could be slightly higher
than ΔTad,demag, consistent with this study.

V. THERMAL ENERGY TRANSFER ANALYSIS

The spatial-temporal temperature distribution images obtained
during the magnetization and demagnetization states provide valu-
able insights into the heat transfer dynamics within the system. In
this section, we will focus on the thermal boundary layer develop-
ment and the thermal energy transferred into the heat transfer
fluid, i.e., water, in the region of interest within the red dashed rect-
angle (10 × 5mm2) in Figs. 4(a) and 6(a).

Figure 9 shows the definition of thermal boundary layer thick-
ness based on the analysis of binary images. Thermal boundary
layer refers to the region near a surface where the temperature gra-
dient transitions from the boundary condition (e.g., the surface

FIG. 7. Vertical line profiles of ΔTm(z) and their fitting curves (4th-order polynomial function) in the water region at (a) the central axis (x = 0 mm) and (b) five positions
along the x axis (x =−5, −2.5, 0, 2.5, and 5 mm) at t = 100.9 and 103.3 s, respectively.

FIG. 8. Comparison of ΔTs and ΔTc .
FIG. 9. The definition of thermal boundary layer thickness using the binary
image.
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temperature) to the surrounding temperature. In this study, the Otsu
method was employed for thresholding, enabling the identification
of an optimal threshold that minimizes the intraclass variance of
thresholded black and white pixels.39 Subsequent to thresholding,
individual images at discrete time intervals were transformed into
binary ones, B(t), with values of one and zero denoting white and
black regions, respectively. Then, the calculation of the average
thermal boundary layer thickness, �ξ, involved determining the ratio
between the area of this layer, ψ, defined by the total count of white
pixels during magnetization and, conversely, black pixels during
demagnetization, and the image width, W.

Temporal development of �ξ during magnetization and demag-
netization is plotted in Fig. 10(a). We observed that the evolution

of �ξ occurred in two distinct periods. Initially, �ξ increased gradually
throughout 13 s in both cases, with the maximum value of �ξ was
2.9 and 2mm for magnetization and demagnetization, respectively.
The rate of increase in �ξ depended on the thermal diffusivity of the
fluid and time, consistent with previous studies on purely diffusive
cases with flat-surface boundaries.30,40,41 Indeed, the inset of
Fig. 10(a) demonstrates that �ξ is proportional to (κt)1/2, where κ
represents the thermal diffusivity of water. As time progressed, heat
continued to transfer between Gd and water, leading to a decrease
in �ξ. Eventually, the system achieved thermal equilibrium, with the
temperature gradient between the Gd surface and surrounding
fluid becoming negligible. At this point, the boundary layer essen-
tially vanished, resulting in a uniform temperature distribution

FIG. 10. (a) Dependences of jQj (left scale) and �ξ (right scale) on time. The enlargement of �ξ in the black dashed rectangle with the linear fitting curves. Gradient of (b)
�ξ and (c) Q over time.
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across the fluid. This transition in �ξ correlated with the total amount
of heat transferred from Gd to water, Q [the left y axis in Fig. 10(a)];
for clarity, the absolute values of Q were used to ensure that both
datasets appear positive. This cumulative heat transfer reflects the
amount of energy exchanged between Gd and water. Mathematically,
we can express Q as the area-weighted average equation,

Q ¼
ðð ðd

0
ρcΔTdxdydz ¼ ρc

ðð
ΔAf

α
dxdz

¼ ρcσ
α

XN
i, j

ΔAij
f ¼

ρcχ
αN

XN
i, j

ΔAij
f , (7)

where ρ is the density and c is the specific heat at constant
pressure, both assumed constant: ρ = 9.93 × 10−7 kg/mm3 and
c = 4180 J/(kg K). σ is the real area corresponding to one pixel, χ is
the real area of the region of interest, N is the number of pixels, and
i and j is the image pixel number in the x and z directions, respec-
tively. Because of the irreversibility of this system, as explained in
Sec. IV B, Q was not the same in two cases; Q in demagnetization
was smaller by approximately 25% compared to the magnetization.

However, it should be noted that a thicker thermal boundary
layer or a larger amount of energy transferred to the water corre-
sponded to a reduction in the temperature gradient, as illustrated
in Figs. 5(a) and 7(a). This phenomenon implied that heat was
transferred over a greater distance, resulting in a slower rate of tem-
perature change across that distance and, consequently, a lower
temperature gradient or heat transfer rate. Figure 10(b) shows the
behavior of the rate of change in �ξ over time, represented by the
gradient, @�ξ/@t. It was observed that @�ξ/@t increased rapidly for
about 1.8 s after both magnetization and demagnetization, suggest-
ing a rapid change in the thermal boundary layer and potentially
efficient heat transfer. As time progresses beyond this initial period,
the value of @�ξ/@t gradually diminished. This decline marked the
point at which the heat began to spread more evenly throughout
the layer rather than just transferring from the surface to the fluid.
The significant transition can be referred to as the onset of heat dif-
fusion, ttransition, occurred at 1.8 s for magnetization and 101.8 s for
demagnetization. Figure 10(c) shows the heat transfer rate, @Q/@t.
As expected, the maximum values of @Q/@t were observed before
ttransition, measuring 0.047 and −0.038W during magnetization and
demagnetization, respectively.

Understanding the relationship between the thermal boundary
layer thickness and heat transfer efficiency is crucial for optimizing
MCE systems, particularly in microchannel parallel-plate regenera-
tors. While initially, a thicker boundary layer might increase the
local heat transfer rate due to the larger contact area between
the solid surface and the fluid, it can also lead to a decrease in the
overall heat transfer rate over time due to factors like increased heat
travel distance and potentially reduced temperature gradient. This
trade-off needs careful consideration during design. Additionally,
addressing flow maldistribution in these microchannels is essential
for maintaining optimal cooling or heating performance and
upholding the coefficient of performance of the MCE system, as
uneven flow can create localized inefficiencies in heat transfer

regardless of the thermal boundary layer.42,43 This aspect will be
considered in future research.

VI. CONCLUDING REMARKS

In conclusion, we demonstrated the effectiveness of the NIR
imaging method for visualizing and quantifying heat transfer
dynamics during an MCE from the magnetocaloric material to the
surrounding water. By exploiting the water absorption coefficient
variation at 1150 nm, the NIR system effectively captured two-
dimensional absorbance images throughout a single magnetization
and demagnetization cycle induced by a center magnetic field of
0.56 T, which was generated by a permanent-magnet-based mag-
netic circuit. Temperature images revealed peak temperature differ-
ences of 1.38 and −1.27 K near the Gd surface during
magnetization (0.9 s) and demagnetization (100.9 s), respectively.
Utilizing binary processing, we determined the thermal boundary
layer thickness, observing its increase proportional to the square
root of the product of thermal diffusivity of water and time.
Additionally, the heat quantity transferred from Gd to water corre-
lated with the development of the thermal boundary layer thick-
ness. Notably, the maximum heat transfer rate of 0.047 and
−0.038W occurred before the onset of heat diffusion at 0.9 and
100.9 s in the magnetization and demagnetization states, respec-
tively. Future research should build upon these findings to explore
the broader applicability of NIR imaging to diverse MCE system
configurations and operating conditions. This could involve investi-
gating different regenerator geometries, flow rates, and magnetic
field strengths to evaluate the thermal–fluid interaction across
various scenarios. Exploring various NIR wavelengths may offer
insights into alternative heat transfer fluids, such as ethylene glycol,
and facilitate the construction of a data set on heat transfer coeffi-
cients for assessing the performance of MCE systems. Furthermore,
this method shows potential for application beyond MCE, extend-
ing to other caloric effects like electrocaloric, elastocaloric, and bar-
ocaloric effects, by replacing magnetic fields with electric fields,
strain, and pressure.
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APPENDIX: EFFECT OF MAGNETIC FIELDS ON THE
ABSORPTION SPECTRUM OF WATER

A quartz cuvette with inner dimensions of 30 × 10 × 45 mm3

(with an optical path length of 10 mm) was utilized to verify
whether the magnetic field affects water itself. Distilled water (6 ml)
was injected into the cuvette using a syringe, and the cuvette was
sealed with a plastic cap.

Initially, the intensity of transmitted light through the cuvette
containing water was measured as a reference state without the
magnet and denoted as Iw. Subsequently, this cuvette was placed at
the center of the two poles, exposing it to a magnetic field of up to
0.56 T for a duration of 100 s. The intensity of light under this con-
dition was recorded as Im. The change in absorbance, ΔA, was then
calculated using the logarithmic ratio of Im to Iw:� log10(Im/Iw).

Figure 11 shows the plotted ΔA profiles within the white
dashed rectangle under the magnetic flux value of 0.56 T.
Throughout the entire duration, the resulting absorption data con-
sistently exhibited minimal variation or remained unchanged.
Occasional minor deviations in ΔA data were observed, likely
attributed to minor impurities in the water or the cuvette. This
observation implies that under those experimental conditions
(e.g., μ0Hext = 0.56 T and λ = 1150 nm), any influences of the
magnetic field, beyond temperature effects, on ΔA were notably
insignificant. This outcome remained consistent when applying
another temperature-sensitive wavelength, λ = 1240 nm, within the
1100–1250 nm range.
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