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Abstract

Gifford-McMahon (GM) cryocoolers are pivotal for maintaining the temperature of MRI magnets, necessitating regular
servicing for optimal performance and longevity. This study explores the geometric dimensions and shapes of superconduct-
ing magnets utilized in MRI for system cooling. The investigation demonstrates that warm-up time is contingent on heat
capacity rather than geometric shapes. As a result, the design of magnets can be customized to specific shapes and sizes in
accordance with favorable conditions, given that warm-up time is solely dependent on heat capacity. The primary focus is
to deliberately prolong the warm-up time of the magnet relative to the GM cryocooler, consequently minimizing service
intervals. Laboratory evaluations explore the use of thermal masses equivalent to MRI magnets, employing typical materials
such as copper and aluminum. These masses are cooled to 4 K and then subjected to different heating powers to evaluate
warm-up characteristics. Various configurations and shapes of thermal masses are numerically studied for warm-up analysis.
Comparative assessments between experimental results and simulations reveal that, for cylindrical thermal masses, 80 W
heating power facilitates a 76% reduction in warm-up time compared to 20 W heating across all cases. In the exploration
of different geometric thermal masses, aluminum demonstrates a remarkable 35% decrease in warm-up time compared to
copper. A noteworthy finding emerges, indicating that warm-up time is contingent on heat capacity rather than geometric
shapes. These insights hold substantial relevance, particularly in systems with large thermal capacities, such as superconduct-
ing magnets. The study contributes valuable knowledge to the optimization of GM cryocoolers for enhanced MRI magnet
performance and extended operational life.
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Abbreviations K Kelvin
BSCCO Bismuth strontium calcium copper oxide kW Kilo Watt
Er;Ni Erbium nickel MRI Magnetic resonance imaging
GE General electric MW Mega Watt
GM Gifford-McMahon NbTi Negative bias temperature instability
HTS High-temperature superconductivity NMR Nuclear magnetic resonance
Hz Hertz PT Pulse tube
JT Joule Thomson PV Pressure volume
REBCO Rare-earth barium copper oxide
W Watt
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systems known as cryogenic refrigerators with input power
as high as 1 MW are typically utilized for chilling the super-
conducting magnets present in the particle accelerators.
The working substance used is helium which undergoes
a thermodynamic cycle. Six types of cryocoolers that are
frequently used are separated into two categories: (1) recu-
perative cycles and (2) regenerative cycles. The three most
common recuperative cycles include Joule Thomson (JT),
Claude, and Brayton cycle, and the three most regenerative
cycles are Stirling, pulse tube (PT), and Gifford-McMahon
(GM). They are offered on the market and utilized for a vari-
ety of purposes. GM-type pulse tube cryocoolers and GM
cryocoolers, among the different cryocooler systems, operate
at low operational frequencies and can produce exceptionally
low temperatures.

In the above GM cryocooler shown in Fig. 1, a form of
regenerative cycle, chilling at the cold end is accomplished
using pressure oscillatory flow with the proper phase angles
in between both the pressure and mass flow. Usually, the GM
cryocooler runs at 1-2 Hz. The cryocoolers use helium as
the working medium to obtain the cold zone’s lowest tem-
perature [1]. In the second-stage displacer, the lowest tem-
perature on the order of 4 K is attained when lead is used as
the regenerator material [2]. However, this temperature is
lowered to 4 K when rare-earth-based regenerator materi-
als are used. The mesh in the first stage displacer of a GM
cryocooler plays a critical role in optimizing the cooling effi-
ciency and performance of the cryocooler by facilitating heat
exchange and maintaining proper gas flow characteristics.
The first stage displacer usually contains meshes of different
materials such as copper and brass. Usually, the mesh sizes
in the range from 100 to 200 are chosen. At the end and top
of the first stage usually, coarser meshes are kept whereas
finer meshes are placed at its center.

Since 1990, major developments in low-temperature
cryogenics have been engaged using regenerator-based
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Fig.1 GM cryocooler
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materials such as lanthanides. Erbium nickel (Er;Ni) which
has a higher heat capacity in the 4 K range [2, 3]. This
was the first material to be used in two-stage cryocoolers.
Toshiba scientists reduced the range of the GM cryocooler
from 10 K to 4.2 K by these modifications in the regenerator
material. Later other lanthanide materials such as HoCu,
were also used for cooling down to 4 K [4]. In the present
study, standard Sumitomo GM cryocooler model SRDK-
415D with FS0H compressor has been chosen, and the sys-
tem can be used to cooldown to 4.2 K and warm up to room
temperature. Different geometrical shapes of thermal masses
prepared from copper and aluminum have been used on the
second-stage cold head of the mentioned cryocooler.

2 Literature review

Cryocooler advancements were closely aligned with the
development of GE’s MRI systems, especially during the
1980s and 90 s, when cryocoolers were integrated into MRI
setups due to enhanced reliability and performance [5].
Despite the potential for open magnet designs to drive this
collaborative progress, the MRI system’s success is jeopard-
ized by challenges related to initial cost and performance
inconsistency, underscoring the significance of manufactur-
ers excelling in these aspects to expand MRI application
[5]. This paper explores the essential criteria for choosing
cryogenic cooling systems for superconducting machines,
emphasizing design, operational, and condition monitoring
considerations. It provides guidance for electric machine
engineers and designers on the crucial cryogenic factors
involved in cooling system selection [6]. Topics covered
include typical cooling system configurations, different
cryogenic fluids, heat load parameters, and safety margins.
Additionally, the paper discusses the importance of auxiliary
devices such as heat exchangers and pumps and examines
specific challenges in aerospace, naval, and wind energy
applications, highlighting unique priorities like weight, cost,
and mass efficiency [6].

Superconducting magnet technology has been revo-
lutionized by the utilization of HTS such as BSCCO and
REBCO by Bagdinov et al. [7], which has resulted in higher
magnetic fields and increased operating temperatures. The
progress made in addressing these challenges for BSCCO
and REBCO conductors is emphasized, with applications
in high-field environments, NMR, MRI, and maglev trains.
Despite improvements, concerns related to thermal runaway
continue to exist for REBCO magnets, with advancements
in Bi2212 and Bi2223 offering potential solutions for high-
field, high-density HTS magnets [7].

Grover et al. [8] emphasized that MRI has a significant
impact on medical diagnosis, offering a radiation-free alter-
native and being widely used in clinical practice. They also
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proposed MRI principles and clinical applications including
parallel imaging and diffusion-weighted imaging [8]. Choi
et al. [9] investigated a 1.5 T cryogen-free superconduct-
ing magnet featured in a dedicated orthopedic MRI system,
cooled by a compact cryostat equipped with a pulse tube
cold head offering 1 W cooling power at 4.2 K. Despite
requiring a 100-h cooldown time, the magnet achieves sta-
ble operation, maintaining magnetic field stability below
0.01 ppm/h.

An in-depth theoretical examination of the Gif-
ford-McMahon cycle is delineated herein [10]. Formulas
elucidating the ideal refrigeration output and the figure of
merit are meticulously crafted. Moreover, the analysis incor-
porates an exploration of diverse losses inherent in practi-
cal machinery, with corresponding equations meticulously
derived to accommodate these losses.

The development of cryocooler technology has made it
widely used in laboratories, businesses, and space projects
of many kinds. These kinds have increased their applications
over the past 20 years as a result of particular requirements
and modern trends that emphasize efficiency, regenerative
cooling, and problem solving. Meanwhile, ongoing research
focuses on cryogen-free 4 K systems and micro-cryocoolers
[11]. A thorough investigation is conducted, covering the
Gifford—-McMahon cycle-based principles, designs, and
applications of cryocoolers by Radovinsky et al. [12]. For
cryogenics researchers and engineers, key ideas, operational
details, and practical considerations were presented, provid-
ing helpful insights to improve understanding of cryocooler
capabilities and limitations.

In order to maintain IBA S2C2 cyclotron magnet cryo-
coolers on-site, a method that involves applying targeted
heat to certain stages and validating it through numerical
optimization and trials was devised by Webber et al. [13].
To minimize service disruption in conduction-cooled super-
conducting magnets, an alternative method was proposed,
involving electric heaters attached to cold head stations.
This method permits warming the cold head and body while
maintaining cryogenically cooling the cold mass, improving
cooling system effectiveness, streamlining maintenance, and
decreasing downtime.

Gifford-McMahon cryocoolers are addressed by Sumi-
tomo Heavy Industries which leads to the significant reduc-
tion of oscillations and the extension of cooldown time
[14]. Thermal links and relief valves were used to optimize
the cooldown process, which led to a significant reduction
in the cooldown time below 10 K while maintaining the
damping effect. This has advantages for cryocoolers that
support superconducting devices [14]. Through structural
and operational improvements, the performance of a high-
capacity GM cryocooler has been improved by Ackermann
et al. [15]. This led to better cooling capacities, decreased
maintenance requirements, and suitability for a variety of

applications, including hydrogen liquefaction and chilling
HTS devices. Wang et al. [16] investigated Cryomech Model
AL630, a single-stage GM cryocooler, optimized for chilling
temperatures between 20 and 30 K, making it appropriate for
hydrogen liquefaction and cooling HTS devices. A two-stage
GM cryocooler was developed and tested by Wang et al.
[17]. It was equipped with precisely timed rotary valves to
maximize PV work, allowing it to achieve low temperatures
(8.8 K~9 K) within specified time frames. Its heat transfer
assessment, thermal load predictions, and compliance with
international standards proved its applicability in energy-
efficient large display and semiconductor manufacturing
processes.

This paper details the design and construction of a 1.5 T
head-only MRI superconducting magnet at Wuhan National
High Magnetic Field Center, utilizing liquid helium bath-
cooling with NbTi wire. The magnet, consisting of nine dis-
cretized coils on stainless steel formers, operates at 510 A
with a peak field below 3.0 T, a load line under 50%, and a
temperature margin above 1 K. A precise thermal load evalu-
ation, crucial for zero boil-off operation, is conducted using
finite element analysis, theoretical, and empirical calcula-
tions. The heat load results, 0.237 W for the second stage
and 20.26 W for the first stage, are within the SRDE-412D4
cryocooler’s cooling capacity [18].

This study details the design, construction, and testing of
a 1.5 T cryogen-free niobium-titanium whole-body magnet
with an 850 mm bore for clinical MRI use. The magnet,
which is actively shielded and passively shimmed, con-
fines the 0.5 mT stray field to 2.5/4 m radial/axial positions
and achieves 12.1 ppm field inhomogeneity over a 45 mm
spherical volume. It uses a two-stage Gifford—McMahon
cryocooler to maintain a temperature below 5.7 K. The
MRI scanner, equipped with this magnet, demonstrated sta-
ble performance and produced high-quality, high-contrast
images [19].

This paper outlines the design and optimization of a GM
cryocooler for horizontal operation at liquid helium tem-
peratures, based on the KDE420 model. Enhancements
included optimizing the second-stage regenerator and dis-
placer stroke length for vertical cooling capacity and using
a spring support structure for horizontal performance. The
optimized cryocooler achieved 2.60 W vertically and 2.30 W
horizontally at 4.20 K, with reduced performance degrada-
tion from 0.85 W to 0.28 W. A 570-h test confirmed stable
performance, with cooling capacities of 45.0 W at 38.0 K
and 2.20 W at 4.20 K, and a FOM of 3.28% in horizontal
operation. This approach guides the design of high-capacity
GM cryocoolers for horizontal use at low temperatures [20].

This paper details the thermal analysis and cooldown time
estimation for a 1.5 T liquid helium-free whole-body MRI
superconducting magnet, which uses solid thermal links
with a two-stage GM cryocooler. The findings show that

@ Springer
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the thermal shield cools to 45.44 K in about 309 h, while
the superconducting magnet, precooled to 77 K with liquid
nitrogen, reaches 3.73 K after around 372 h. This approach
effectively achieves superconducting temperatures without
the need for liquid helium [21].

Despite the authors’ exploration of abundant configura-
tions as a means of reaching the lowest temperature, there is
still a lack of comprehensive knowledge on the warm-up of
thermal masses equivalent to MRI. Furthermore, it is cru-
cial to emphasize the dependency of warm-up time with the
alterations in the shape and size of thermal components. In
addition, studies related to the importance of thermal capac-
ity in controlling warm-up times for various configurations
and shapes of thermal masses are also scanty in the available
literature.

This has inspired us to construct and test the influence of
various arbitrary shapes and sizes that affect the warm-up of
the thermal masses equivalent to MRI. Hence in the present
work, various thermal masses of different configurations
(shapes) are utilized, incorporating common materials such
as copper and aluminum. These thermal masses are initially
cooled to the lowest temperature (4 K) and subsequently
allowed to warm up. The warm-up process of the different
thermal masses was also analyzed using commercially avail-
able ANSYS software and compared with the experimental
results.

3 Experimentation

3.1 Experimental and theoretical analysis
of cylindrical thermal masses

In this study, a standard Sumitomo GM cryocooler model
SRDK-415D is utilized. The system’s warm-up time was
found to be lengthy, particularly when transitioning from a
cooled state to room temperature. To expedite the warming
process, cartridge heaters are introduced, varying in wattage

Fig.2 aand b provide visuals
of the thermal masses, base
plate, and radiation shield made
from aluminum and copper

(20 W, 40 W, 60 W, and 80 W), serving as heaters to hasten
the heating of thermal masses.

Four cylindrical thermal masses were fabricated shown
in Fig. 2a and b, two composed of copper and two of alu-
minum, respectively. These were designed to enable the
analysis of warm-up behavior for individual thermal masses
as well as for thermal masses stacked on top of each other.

3.2 A.Temperature measurement

For cold head temperature measurements, silicon diodes
(Si410C) and diode sensors were employed to monitor tem-
perature changes. Diode sensors were created by integrating
emitter and collector components from typical transistors
such as BC107A and BC109. Calibration of these diodes
was conducted using Si410C. After the production of ther-
mal masses, as shown in Fig. 3a and b, they were mounted to
carry out experiments, with temperature sensors also affixed.

3.3 B. Experimental procedure
The experimental procedure involved several key steps:

e Initially, when the system was powered on, the vacuum
pump was activated to evacuate the vacuum jacket, with
pressure readings displayed on a gauge.

e Once the vacuum jacket reached an appropriate vacuum
level, the helium compressor was started, allowing the
displacer to move and initiating cold head refrigeration.

e Subsequently, as the vacuum level decreased to suffi-
ciently low values, cryopumping commenced, leading to
the closure of the pumping valve in the vacuum system.
Temperature monitoring continued until it reached 4 K.

e To expedite the warm-up process, cartridge heaters were
applied with wattages of 20 W, 40 W, 60 W, and 80 W,
as per the requirement.

@ Springer
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Fig.3 aand b Single and
stacked thermal masses assem-
bled on the cold head with
temperature sensors
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e Data acquisition through a computer system monitored
the temperatures of thermal mass warm-up over time,
maintaining constant current and voltage.

The LabVIEW program on the computer was employed
to collect and subsequently present the data graphically. Fig-
ure 4 shows the experimental setup to warm up the thermal
masses.

3.4 C.Data analysis and comparison

All diodes exhibited reliable readings, facilitating further
studies. Calibration of diodes enabled the generation of tem-
perature versus voltage graphs to determine the appropriate
slope. These data were used to derive polynomial equations
for temperature calculations in both stages, subsequently
resulting in graph-based outcomes. These experimental
results were then compared with theoretical analysis.

The experiments were structured in the following
sequence: single aluminum thermal mass, single copper
thermal mass, stacked aluminum thermal mass, stacked cop-
per thermal mass, stacked aluminum—copper (Al-Cu) ther-
mal mass, and stacked copper—aluminum (Cu-Al) thermal
mass. The theoretical analysis was carried out using ANSYS
software, and the comparison of theoretical and experimen-
tal analysis of cylindrical thermal masses was conducted.

40 mm Conical
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Fig.5 2D diagrams of conical, spherical, and cuboidal thermal masses
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Notably, the analysis was comparable when considering a
specific factor, which is elaborated upon in the Results and
Discussion section.

3.5 Theoretical analysis of different geometrical
shapes

3.6 A.Design of arbitrary thermal mass geometries:

Considering the factor term’s influence on the compara-
bility of theoretical and analytical results for cylindrical
thermal masses, the concept emerged that experimenting
with different shapes of thermal masses theoretically could
potentially streamline manufacturing processes.

Building upon the design of cylindrical thermal masses,
dimensions for various arbitrary shapes of thermal masses
were created using SolidWorks and CATIA software. The
aim was to investigate whether the warm-up of thermal
masses was shape dependent. Basic geometries, includ-
ing conical, spherical, and cuboid shapes, were prepared
as shown in Fig. 5. Within the scope of conical structures,
one end was fixed at 50 mm, while the other end was var-
ied to dimensions of 10 mm, 20 mm, 30 mm, and 40 mm,
allowing for exploration of different conical geometries.

=25 PCD 657'% THROGH HOLE 6 NOS.

@5 PCD 65')-'% THROGH HOLE 6 NOS.

5 PCD 657 '* THROGH HOLE 6 NOS.
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3.7 B.Transient thermal analysis using ANSYS
workbench

To obtain theoretical results and enable comparison with
experimental data, a transient thermal analysis was con-
ducted using ANSYS Workbench. The process began by
selecting the appropriate engineering data, wherein two
materials, copper and aluminum, were chosen. These mate-
rials were characterized by their respective physical and
thermal properties, including density, thermal conductivity,
and specific heat. The densities for copper and aluminum

Fig.6 Thermal conductivity for

were specified as 8960 kg/m? and 2710 kg/m?, respectively.
The thermal conductivity for aluminum was set at 237 W/
mK, whereas the thermal conductivity for copper varied
with temperature, as illustrated in Fig. 6.

Similarly, the specific heat of both copper and aluminum
changes with temperature, as shown in Fig. 7a and b,
respectively.

Following the assignment of engineering data, the nec-
essary external geometry was imported, which had been
preprepared using CATIA software. During the import pro-
cess, it was essential to specify "Add Material" instead of
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“Add Frozen” in the operation section before generating the
model. One side of the thermal mass, where the heater was
to be applied, was selected and labeled as “Heater.”

Following geometry selection, material properties (cop-
per or aluminum) were assigned based on the engineering
data. To ensure grid independence [22], a grid refinement
study was conducted on a stacked copper thermal mass sub-
jected to a 60 W heat load. Various element sizes were eval-
uated, including 2 mm, 5 mm, 10 mm, 25 mm, and 50 mm.
As depicted in Fig. 8, element sizes larger than 2 mm exhib-
ited significant variations in results, while those smaller than
2 mm yielded consistent outcomes but required excessive
computational time. Consequently, an element size of 2 mm
was determined to be the optimal choice for this analysis.

For the transient thermal analysis, heat flow was added,
with an initial temperature set to 5 K. The number of analy-
sis steps varied depending on the material and thermal mass.
For aluminum, three steps were sufficient due to its shorter
warm-up time, whereas for copper and stacked thermal
masses, five steps were required. The maximum end time
was set to 6000 s for aluminum, and 10,000 s for stacked
copper, based on preliminary analyses. The auto time-step-
ping feature was program controlled.

After setting all analysis parameters, heat flow was
added by selecting the geometry and the named selection,
followed by assigning the heater with power levels of 20
W, 40 W, 60 W, and 80 W, as required. In the final solu-
tion section, temperature results were inserted, as the out-
put was presented in terms of temperature variation. It is
important to note that no radiation effects were considered
in the analysis of the thermal mass. The analysis was then
executed, yielding time-dependent data on the minimum and
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Fig.8 Grid independence test (1): 50 mm mesh element size, (2):
25 mm mesh element size, (3): 10 mm mesh element size, (4): 5 mm
mesh element size, (5): 2 mm mesh element size
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maximum temperatures. This data were subsequently used to
plot graphs for various shapes and sizes of thermal masses,
leading to the generation of the warm-up plot. Meshed mod-
els for ANSYS analysis of various geometrical shapes are
depicted in Fig. 9.

Upon analyzing the collected data, a comparison of
warm-up times for thermal masses of different geometri-
cal shapes with respect to their mass revealed an intrigu-
ing observation. Warm-up times were found to be directly
dependent on the mass of the specific material, such as
copper or aluminum, rather than the geometrical shape of
the object. This suggests that warm-up times are primarily
influenced by the thermal capacity of the material, particu-
larly when comparing different materials like copper and
aluminum.

4 Results and discussion

4.1 Experimental and theoretical analysis
of cylindrical thermal masses

This study presents a comprehensive investigation involv-
ing both experimental and theoretical analyses of diverse
configurations of cylindrical thermal masses. The focus of
this research lies in the exploration of copper and aluminum
materials, integral to understanding the thermal dynamics
of the studied masses. Standard analytical procedures were
employed to obtain the results presented in this study. The
governing equations utilized are detailed in Ref. [23]. For a
comprehensive understanding of the methodology, readers
are encouraged to consult this reference.

4.1.1 Experimental analysis of cylindrical thermal mass

Experimental analysis was conducted on various configu-
rations, including single aluminum, single copper, stacked
aluminum, stacked copper, and stacked aluminum—copper
(Al-Cu) and copper—aluminum (Cu-Al) composites. All
thermal masses were initially cooled to approximately 4 K
and subsequently heated using different power levels: 20 W,
40 W, 60 W, and 80 W, until reaching room temperature.
To minimize experimental duration, the maximum time was
capped at 200 min for the 20 W heating power. Figure 10a
and b illustrates the experimental warm-up profiles for vari-
ous heat loads in the case of single cylindrical aluminum
and copper specimens.

The results indicate that higher wattage leads to shorter
warm-up times, with aluminum exhibiting a faster warm-
up rate compared to copper. Different colors in the graphs
represent distinct sensors and diodes mounted on the ther-
mal masses. In the case of stacked sensors, a total of 5
sensors were utilized, while for the single thermal mass,
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only 3 sensors were employed. Figure 11a—d illustrates the
experimental warm-up characteristics under different heat
loads for stacked aluminum, stacked copper, and stacked
aluminum—copper (Al-Cu) and copper—aluminum (Cu-Al)
composites.

Comparing single and stacked thermal masses reveals
that stacked configurations require longer warm-up times.
Among stacked thermal masses, stacked aluminum exhib-
its the shortest warm-up duration, while stacked copper
requires the most time to reach the desired temperature.
Stacked aluminum—copper (Al-Cu) and copper—aluminum
(Cu-Al) composites display nearly identical warm-up
profiles at higher heat power levels (60 W and 80 W).
Table 1 presents the experimental time required for sin-
gle and stacked thermal masses of copper and aluminum
to reach 200 K. In all cases, 80 W heating power takes

approximately 76% less time to warm up compared to 20
W heating.

4.1.2 Theoretical analysis of cylindrical thermal masses

Theoretical analysis was conducted using ANSYS software,
paralleling the experimental conditions with heating power
levels of 20 W, 40 W, 60 W, and 80 W. Figure 12a—d illus-
trates the theoretical warm-up data for single and stacked
thermal masses of copper and aluminum for cylindrical
thermal masses.

Similar to the experimental data, theoretical results indi-
cate that copper requires more time than aluminum, and
stacked thermal masses require more time than single ther-
mal masses. Table 2 shows the theoretical time required for
single and stacked thermal masses of copper and aluminum

@ Springer
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Fig. 10 Experimental warm-up plots of the single cylindrical shaped thermal mass a aluminum and b copper

to reach 200 K. In all cases, 80 W heating power takes
approximately 76% less time to warm up compared to 20
W heating.

4.1.3 Comparison of experimental and theoretical analysis
of cylindrical thermal masses

The comparison between experimental and theoretical
analyses unveils an interesting aspect of the warm-up char-
acteristics. Notably, the experimental warm-up times were
consistently observed to be longer than their theoretical
counterparts.

The ANSYS analysis which considers the variation in
specific heat with temperature of the thermal masses is
essential to understand the experimental results. Further,
since the thermal masses are relatively short in length and
the AT within thermal mass is only few kelvins. Hence, the
effect of thermal conductivity variation of the thermal mass
with temperature can be neglected in the analysis. The factor
eFe represents the ratio of the experimental time to the time
predicted by the theory to reach a given temperature.

So equation can be written

F=too/tn 1)

The experimental system was compared with that of
the theoretical analysis in Fig. 13. The first part (a) of the
drawing shows the model chosen for the theoretical analysis
while the second part (b) represents the actual experimental
system.

If A be the thermal capacity of the thermal masses
attached to the cold head and C is thermal capacity of the

@ Springer

components till the first stage below the second-stage cold
head. Hence it can be written as

_A+0
F=— @)
ie. FA=A+C 3)
orC=AF -1) 4)

The factor F for different experimental conditions is
presented in Table 1, showcasing that experimental analy-
sis takes F times more time to warm up than theoretical
analysis. Noteworthy cases, values marked with an asterisk
(*) indicate data points that were deemed unreliable due
to inconsistencies or measurement errors. Specific ranges
of thermal capacities for different configurations are sum-
marized in Table 3.

Table 4 presents the percentage deviation between the
experimental and theoretical results, expressed as a positive
or negative value. It is observed that the deviation is consist-
ently below + 5% and two data points were excluded.

Equation (4) allows estimation of C from the value of F,
as depicted in Table 5. The value of A can be estimated by
considering the dimensions of the thermal masses, along
with their density and specific heat values.

Three specific cases (copper 80 W, stacked copper 40
W, and stacked AI-Cu 20 W) exhibit deviations from the
established trend. These outliers are marked with an aster-
isk (*) and are considered errors. The remaining C values
in Table 5, representing both aluminum and copper mate-
rials, fall within the range of 980 to 1250. It is essential
to acknowledge the presence of an additional thermal
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Fig. 11 Experimental warm-up plots for different heat loads—a stacked aluminum, b stacked copper, ¢ stacked Al-Cu, d stacked Cu-Al

Table 1 Experimental time
taken for cylindrical thermal
mass

Heating power Time required to reach 200 K in minutes

Single Al Single Cu Stacked Al-Al Stacked Cu-Cu Stacked Al-Cu Stacked Cu-Al

20W 129.13 177.5

40 W 71.48 83.64
60 W 49.36 60.48
80 W 30.27 36.82

209.97 247.62 219.57 226.79
108.54 128.95 113.99 115.37
65.02 85.95 70.91 74.58
50.49 59.53 52.55 54.57

capacity, C, located below the second-stage cold head as
depicted in Fig. 13. This factor was not accounted for in
the theoretical analysis. This unaccounted factor contrib-
utes to the observed factor F. The thorough consideration
of factor F establishes a congruence between theoretical
and experimental analyses, affirming their identity.

4.2 Theoretical analysis of different geometric
shapes

The examination of experimental and theoretical aspects

of cylindrical thermal masses indicated their comparabil-
ity, particularly regarding the factor denoted as “F.” This

@ Springer
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Table 2 Theoretical time taken
for cylindrical thermal mass

Heating power

Time required to reach 200 K in minutes

Single Al Single Cu Stacked Al-Al Stacked Cu-Cu Stacked Al-Cu Stacked Cu-Al

20 W
40 W
60 W
80 W

47.36 81.76 120.65 157.72 139.86 140.78
25.53 40.61 58.65 98.52 68.27 69.08
17.36 27.01 35.49 55.09 43.66 44.89
10.67 20.19 28.56 38.58 31.85 33.49

(a)

First Stage

insight prompted the exploration of experiments involving
various geometrical shapes in theoretical studies, presenting
a potential time-saving advantage in the fabrication process.

4.2.1 Exploration of different conical and reverse conical
shapes

Drawing upon the cylindrical thermal design established,
dimensions for diverse arbitrary shapes of thermal masses

(b)

were created using SolidWorks and CATIA software. The
aim was to investigate whether the warm-up behavior of

thermal masses is dependent on their shapes. Experimental
analyses were conducted by applying an 80 W heat load to

observe the resulting warm-up plots, and temperature versus

Fig. 13 Schematic representing first and second stage of GM cryo- time graphs were subsequently generated.

cooler in theory and in experiment

Table 3 Factor F for different
experimental conditions

Table 4 Deviation for different
experimental conditions in
terms of percentage

Table 5 Estimation of C values
for different experimental
conditions

In consideration of conical structures, one end was fixed
at 50 mm, while the other end was varied to dimensions

Heating Power Al Cu Al-Al Cu-Cu Al-Cu Cu-Al
20w 2.74 2.17 1.74 1.57 1.57 1.61
40w 2.81 2.06 1.85 * 1.67 1.67
60w 2.83 2.24 1.83 1.56 1.64 1.66
80w 2.87 * 1.78 1.54 1.65 1.63
Heating Power Al Cu Al-Al Cu-Cu Al-Cu Cu-Al
20w +2.58% +0.61% +3.33% +0.85% +3.83% +1.98%
40w +0.09% +4.48% +2.77% * +2.3% +1.67%
60w +0.62% +3.86% +1.64% +0.22% +0.46% +1.06%
80w +2.04% * +1.11% +1.07% +1.07% +0.76%
Heating Power Heat Capacity
Cu Al Cu-Cu Al-Al Cu-Al Al-Cu
941 667 1882 1334 1608 1608
Value of C
20w 1100.9 1160.9 1072.7 987 980.9 *
40w 997 1207 * 1133.1 1077 1077
60w 1166 1220 1053 1107 1061 1029.5
80w * 1247 1016 1040.2 1013 1013
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of 10 mm, 20 mm, 30 mm, and 40 mm, resulting in the
creation of four distinct conical shapes. Additionally, the
conical shape was inverted to obtain results for the reverse
conical configuration. The warm-up plots for different coni-
cal shapes made of aluminum are depicted in Fig. 14a and
b, respectively.

The graphical representations above distinctly indicate
the nearly identical outcomes for both conical and reverse
conical shapes. Table 6 provides the average time, meas-
ured in minutes, for the aluminum thermal mass to attain
a temperature of 300 K in the conical and reverse conical
configurations. Additionally, for comparative purposes, a
cylindrical thermal configuration with an end dimension of
50 mm is included. Consequently, the segment with a 50 mm
end requires the maximum time for warm-up, while the seg-
ment with a 20 mm end necessitates the minimum time for
the warm-up process.

The warm-up plots for different conical and reverse coni-
cal shapes made of copper are depicted in Fig. 15a and b,
respectively. Similar to the aluminum thermal mass, the cop-
per thermal mass exhibits consistent outcomes in the warm-
up plots for both conical and reverse conical configurations,
as depicted in the graph.

Table 7 further presents the average time, measured in
minutes, for the aluminum thermal mass to achieve a tem-
perature of 300 K in the conical and reverse conical setups.

The segment terminating with a 50 mm end exhibits the
maximum warm-up time, while the segment concluding
with a 20 mm end requires the minimum warm-up time.
In comparison with thermal masses composed of alu-
minum and copper, aluminum demonstrates a reduction of
approximately 35% in warm-up time compared to copper
across various configurations involving conical and reverse

Table 6 Time taken for different aluminum configuration

Different configuration Average time taken in minutes for aluminum

thermal mass to reach 300 K

1I0mm 20mm 30mm 40mm 50 mm

19.72
19.54

19.27
19.04

21.12
20.96

23.36
23.27

25.47
25.47

Conical
Reverse conical

conical shapes. Therefore, the end with a 20 mm termina-
tion showcases the minimum warm-up time for both conical
and reverse conical shapes. Consequently, this configuration
will undergo further analysis to facilitate the comparison of
different geometrical shapes.

4.2.2 Exploration of different geometrical shapes

Utilizing the established cylindrical thermal design as a
basis, dimensions were derived for thermal masses of var-
ied arbitrary shapes such as cuboid and sphere (with sphere
of 75 mm). A comprehensive comparative analysis was
executed to assess thermal masses of different shapes and
sizes fabricated from both aluminum and copper. Figure 16
(a) and (b) depicts visual representations of the comparative
graphs for aluminum and copper thermal masses, respec-
tively. The graphical representation clearly illustrates that
spherical geometrical masses necessitated the longest warm-
up time, whereas conical and reverse conical shapes exhib-
ited the shortest heating durations. Intriguingly, both conical
and reverse conical shapes yielded comparable results, with
the reverse conical shape demonstrating a marginally supe-
rior performance. The ascending order of warm-up times
is as follows: reverse conical, conical, cuboid, and sphere.

3004 Aluminum thermal mass - Tl ‘
80 W heat load_Conical _#~ - Reverse conical 5
. L - 80 W_Aluminum _~#
s 77 E
2 o
< 200 1 < 500
o )
2 5
© ©
g — 10 mm g
5 gg = 5 —— 10 mm
2 100 40mm 2 100 - 20mm
50 B 30 mm
il 40 mm
0+ : T 0 Y |
0 10 20 30 0 10 20 30
Time (Mins) Time (Mins)
@) ()

Fig. 14 a and b conical and reverse conical for aluminum thermal masses
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Fig. 15 a and b conical and reverse conical for copper thermal masses

Table 7 Time taken for different copper configuration

Different configuration ~Average time taken in minutes for aluminum
thermal mass to reach 300 K

10mm 20mm 30mm 40mm 50 mm
Conical 3032 29.63 325 3599  39.27
Reverse conical 30.11 2941 3237 3591 39.27

Table 8 presents the average time required to attain a
temperature of 300 K during the warm-up process for vari-
ous geometrical shapes using aluminum and copper materi-
als. Notably, across all diverse geometrical configurations,

aluminum thermal masses exhibited an approximately 35%
reduction in warm-up time in comparison with copper. Fur-
thermore, the reverse conical shape thermal mass demon-
strated an approximately 43% decrease in warm-up time
compared to the spherical thermal mass.

This observation highlights the inherent correlation
between the warm-up time of a metallic object and its mass,
contingent upon a specific geometric configuration. This
realization prompted a meticulous comparative analysis of
warm-up times across various geometric shapes relative
to their masses, encompassing both copper and aluminum
materials. To visually articulate these associations, time
versus mass graphs were constructed for all thermal masses

300 Copper thermal mass
| Aluminum thermal mass T sowheatload f
3001 50 W Heat load 1T /

- =
£ =
= <
Q
< 200 - o 200
o 5
2 © :
e o .
e o —— Conical
(] H Qo
e gonlcal — £ Reverse Conical
@ 100 4 TR + 100+ —— Cuboid

—— Cuboid Sphere

Sphere P
0 T T T T T T T O T T T T T
0 ) 10 15 20 25 30 35 0 10 20 30 40 50
Time (Mins) Time (Mins)
(a) (b)

Fig. 16 a and b Comparison plot of different geometry for aluminum and copper material
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Table 8 Time taken for different geometrical shapes T2
. . : — : 0=/dQ = [ mC,(T)dT ©)
Different material ~ Average time taken in minutes for different geo- T1

metrical thermal masses to reach 300 K

Reverse conical ~ Conical Cuboid  Sphere
Aluminum 19.04 19.27 29.845  33.56
Copper 29.41 29.64 45.98 51.72

within a specified temperature range. Figure 17a illustrates
the time versus mass graph for aluminum thermal masses,
while Fig. 17b presents the corresponding graph for copper
thermal masses. These graphs encompass diverse geometri-
cal shapes, including conical shapes (with 20 mm, 30 mm,
and 40 mm ends), cylindrical shapes, cuboidal shapes, and
spherical shapes (with spheres of 75 mm and 100 mm).

Both graphs above unveil a fascinating discovery: The
warm-up durations of different geometric shapes are intri-
cately linked to the mass of the respective material; be it
copper or aluminum. This correlation remains consistent
regardless of the specific shape of the object. When we com-
pare materials, such as copper and aluminum, it becomes
evident that this correlation is likely influenced by the ther-
mal capacity of the material.

To prove the previous statement, it was assumed that the
material has a mass m, and its specific heat be Cp Let Hence
the heat input to raise its temperature by d7 is given by

dQ = mC,(T)dT (5)

The total quantity of heat to raise the temperature from
T, to T, is given by

Since Q = power X time, we can calculate the time
needed to raise the temp from 7'1 to 72 (lower temperature
to higher temperature) for a given heater power

tcal = Q/pOWGI' (7)

For both aluminum and copper thermal masses of 80 W,
the warm-up time was evaluated at various temperatures (50
K, 100 K, 150 K, 200 K, and 250 K) for different shapes
and sizes. The ANSYS-derived warm-up time, denoted
as f_ansys, was used as shown in Fig. 17. Equation 6 was
employed to estimate Q, and Eq. 7 was used to calculate
t_cal. A MATLAB program was developed to streamline
these calculations.

The calculated ¢_cal values were then compared to the
corresponding ¢_ansys values obtained from the ANSYS
analysis. A graphical representation of this comparison is
provided in Fig. 18. The results demonstrate a strong corre-
lation between ¢_cal and 7_ansys, suggesting that the warm-
up time is primarily influenced by thermal capacity rather
than shape or size.

5 Conclusion

e This study presents a systematic investigation of the
warm-up process of thermal masses from 4 to 300 K,
conducted both experimentally and theoretically.

e The warm-up time of thermal masses is primarily
dependent on the wattage of the heat load they are sub-
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Fig. 17 a and b Time versus mass of different geometry for aluminum and copper material
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jected to. Higher heater power enables faster warm-up
to a specific temperature compared to a lower heat load.
For example, a cylindrical thermal mass with an 80
W heater load warms up four times faster to a specific
temperature than one with a 20 W heat load.

e A detailed analysis of the experimental results indicates
that the heat capacity of the metal significantly affects
its warm-up time. Due to this, the warm-up time of a
copper thermal mass is nearly 150% longer than that of
an aluminum thermal mass with an identical geometry.

e In our experimental studies, heating occurs not only
in the thermal mass attached to the second stage but
also in the first stage of a cryocooler. However, this
additional heating is not accounted for in the ANSYS
simulations. Consequently, the experimental warm-up
times are longer than those estimated theoretically. The
factor “F,” defined as the ratio of Tg,,erimenta/ Ttheoreticals
has been determined using the thermal capacities of
the experimental and theoretical masses. This analysis
provides useful insights into thermal masses of various
geometries and different metals.

e Our study demonstrates that the warm-up times of ther-
mal masses, regardless of their arbitrary shapes and
sizes (characterized by larger specific heat and thermal
conductivity), can be estimated based solely on their
thermal capacities, independent of their geometries.

e This finding is particularly valuable for estimating the
warm-up times of superconducting magnets, assuming
they are primarily composed of metals such as copper
and aluminum (excluding plastic components). This
could have potential applications in future projects,
such as the development of portable MRI systems.
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