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ABSTRACT

Current and future experiments observing the cosmic microwave background require a detailed understanding of
optical performance at cryogenic temperatures. Pre-deployment analysis of optics can be performed in custom-
engineered cryogenic test beds, such as Mod-Cam, a first light camera for the CCAT project. This work presents
studies of the mechanical and thermal performance of CryoSim, a model of a generic cylindrical 4-K cryostat
cooled with a commercial pulse tube cryocooler that can be used to characterise optical components and full
reimaging optical systems. CryoSim is extensively parametrised, allowing the joint analysis and optimisation
of mechanical and thermal performance via finite element methods. Results from this model are validated
against measured cooldown data of the Mod-Cam cryostat. Due to the extensive parametrisation of the model,
significant modifications of the cryostat geometry may be implemented to be representative of any system the
scientific community may desire, and validation of thermal and mechanical performance can be carried out
rapidly.
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1. INTRODUCTION

1.1 Context
Observations of the cosmic microwave background (CMB) have had tremendous impact on the development
on modern cosmology.1 Current and future generation instruments are designed to engender deep maps of
the polarisation of the CMB across the entire sky with high-fidelity.2,3 Continued measurements at millimetre
wavelengths can provide a unique insight into fundamental physics and the early universe while constraining
extensions to ΛCDM cosmology and tracing galaxy evolution over cosmic time.4,5

Experiments mapping the CMB rely on either refracting or reflecting telescopes. Reflecting telescopes
typically use mirrors at ambient temperatures that feed into cryogenically-cooled reimaging optics,6 while
refracting telescopes house the majority of their optical elements inside an actively cooled optics tube (OT),
standardised modules composed of various optical elements such as filters, lenses, and a detector focal plane.7
Regardless of the overall design, a detailed understanding of the electromagnetic properties of cryogenically
cooled optical elements is required for upcoming experiments to achieve their science goals.8

Many cryogenic tests beds dedicated to such calibration of future CMB experiments rely on one or several
pulse tube cryocoolers (PTCs) that cool a cylindrical cryostat housing a single OT.9 An example of such a
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system is the Mod-Cam test bed built for the CCAT project.10 In recent years, large systems have been
designed to accommodate multiple optics tubes.6,11 The design phase for these cryostats often involves complex
optimization problems with figures of merit that can sometimes be difficult to quantify. This type of analysis
can involve considerations regarding thermally insulating support structures, overall system volume, cryocooler
cooling capacities, number of temperature stages, temperature gradients, thermal transients etc.

In an attempt to help speed up initial steps of this process, we have developed CryoSim, an extensively
parameterised mechanical and thermal model of a test cryostat, implemented in Solidworks and COMSOL, which
can serve to inform the design of an optical test bed for future CMB experiments. An overview of the model
considered and the iterative procedure carried out to establish a reliable design is discussed in Section 1.2. The
full process is summarised in Section 2. It starts with a preliminary mechanical study of a simplified model of the
cryostat, further discussed in Section 2.1. Once the reduced design converges on acceptable stresses and natural
vibrations, a thermal analysis is carried out to validate that temperature gradients are within a satisfactory
range, as will be shown in Section 2.2. If modifications are necessary at this stage, the procedure restarts and
the cycle is repeated until adequate performance is reached. To showcase the parametrisation capabilities of
the CryoSim model, a study on the reduction of thermally isolating mechanical supports used to link cryogenic
stages is presented in Section 3. This model will be used to advance the design of a test cryostat that will be
built and located at the University of Iceland. Preparing for the latter motivated the development of CryoSim,
but it is also hoped that this work can be useful to the wider CMB community. The COMSOL and Solidworks
model, material database, and codes use throughout this work are publicly available on the GitHub repository
of the University of Iceland’s laboratory.

1.2 Model and procedure overview
The CryoSim model is based on Mod-Cam, a single OT test bed and first light instrument for the CCAT
project’s Fred Young Submillimeter Telescope (FYST), which is currently in testing at Cornell University.10 The
preliminary temperature gradients, measured dark with the cryostat cooled down to 4K without the dilution
refrigeration (DR) extension or the OT, will be compared with the results of the thermal model in Section 2.3
as a validation step.

Figure 1 compares the Mod-Cam CAD rendering to the nominal model implemented in CryoSim. It consists
of a 300-K, 40-K and 4-K stage, surrounding the OT and connected via G10 fibreglass tabs.11,12 The OT
is initally incorporated for the mechanical analysis but is then removed for the thermal study. The cooling
power is provided by a PT420 from Bluefors-Cryomech attached on top the cryostat. On Mod-Cam, the 40-K
stage is shielded with multi-layered insulation (MLI) to absorb any stray coming through the window at the
front of the 300-K shell and mitigate radiative heat transfer from the latter. Each cooling stage of the PTC
is thermally linked via dedicated copper connections. CryoSim is fully parametrised to enable rescaling and
adjustments to accommodate for a variety of OT configurations, or help with any desired modifications. While
being representative of a real cryostat, simplified geometry is essential in generating a sensible mesh for the finite
element method (FEM) analysis being conducted. The mechanical stress and natural frequencies studies are
conducted in Solidworks (Education Edition, 2022 - 2023, SP5.0). The thermal analysis is done in COMSOL
Multiphysics (Version 6.1, Build 357, with Livelink for Solidworks and Heat Transfer modules).

The CryoSim model, shown in Fig. 1, is fully parametrised. For an optics tube of a given diameter, length
and weight, the geometry of each stage, their mechanical supports and the thermal connections can be tuned at
will. The Solidworks and COMSOL multiphysics models are linked, allowing for a joint mechanical and thermal
analysis. The iterative optimisation process is summarised as follows:

• Mechanical refinement and subsequent validation of the geometry is done in Solidworks by running static
stress and modal analysis. The model is parametrised to allow for modification of a great number of
properties, including: the number, position and dimensions of the G10 tabs, the OT length and diameter,
the clearance between each successive stage, the position of the PTC, etc.

• Once the mechanical concept is validated, a stationary thermal analysis is run in COMSOL Multiphysics.
This provides a set of cryogenic figures of merit over the full system, such as the temperature gradients,
thermal stage equilibrium temperatures, etc.
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Figure 1: (a) Rendering of the Mod-Cam cryostat. Cooling power is provided by the PTC installed atop the
cryostat and connected with thermal links at the 40-K and 4-K stages. Each shell is connected with the preceding
one through a set of G10 fibreglass tabs. (b) A split view of the the CryoSim model. The bottom half is set up in
a configuration based on Mod-Cam. The top half illustrates a different case for which a selection of parameters
(DOT, L4K, Ntab 1, etc.) are changed.

• The cryogenic figures of merit are used to guide design modifications, implemented in Solidworks, towards
improving performance.

These three steps are repeated iteratively until convergence on a design that meets all thermal and mechanical
targets. In the following section, the first and second step of the design refinement procedure will be conducted
on the CryoSim model as a preliminary design analysis, which will further demonstrate the capabilities of such
joint approach.

2. PRELIMINARY JOINT THERMAL AND MECHANICAL ANALYSIS

2.1 Mechanical analysis
2.1.1 Mechanical model and simulation setup

The CryoSim mechanical model currently encompasses all 3 stages with the thermal links to the PTC, the G10
tabs and a dummy geometry with the same form, center of mass and weight as a typical OT. The analytical
setup, depicted in Figure 2, consists of defining the external loads applied to the assembly. This includes the
fixtures connecting different thermal stages, namely the G10 tabs and bolts, and fixtures external to the vacuum
shell, bolted to a fiducial mounting frame from a protrusion on each side, modelled as a fixed geometry. The
pulse tube was removed for this preliminary analysis, and replaced with rigid connections. The definition of the
constraints and load types as specified in Solidworks can be found in the software online help.

In Solidworks, components are said to be in contact if they are physically touching and may slide against
one another under load, without penetration. Internal bolts are incorporated automatically as a distribution of
mesh nodes at the physical contact surface of the bolt’s head, coupled to a reference central node at the shank.
The sum of the forces at the coupling nodes is equivalent to the total pre-load at the reference node, leading to
accurate stress and displacement fields at the connection surfaces. Perfectly bonded contacts, for which sliding
is unauthorised, were defined for the part of the G10 tabs connected with their aluminium feet, a model that
does not incorporate the non-linear characteristics of a glued assembly. Future update will include a non-linear
static analysis of the CryoSim model, including an epoxy glue layer between the G10 tabs and their feet that
will be modelled after measurements taken in Cornell University. The rest of the assembly is setup in normal
contact at a global level, with soft spring stabilisation to help with the convergence.
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Figure 2: A cut view of the CryoSim model, displaying the stress and acoustic simulation setup, underlining
connections, contacts and loads applied to the cryostat.

The external loads considered are the ambient pressure resulting from pumping the cryostat, set at 1 atm,
and the gravity applied downwards. Solidworks has pre-defined materials properties for a variety of aluminum
alloys and copper. The G10 characteristics are compiled from various supplier datasheets. Table 1 summarises
the relevant mechanical properties of the various material constitutive of the design. For the current pre-analysis,
the meshes defined for the static loading and the acoustic analysis have the properties summarised in Table 2 of
Appendix A.1.

Table 1: Mechanical properties of Al 6063 and Al 6061 alloys, copper and G10. ρ is the density, αT is the
coefficient of linear thermal expansion, E is the elastic modulus, ν is the Poisson ratio, σy is the yield strength
and σu is the tensile strength.

Material Elements ρ[kgm−3] αT [K
−1] E[MPa] ν [%] σy[MPa] σu[MPa]

Al 6063 (T6) 40-K Stage & Tab feet 2700 2.3× 10−5 6.9× 104 33 215 240
Al 6061 (O) 300-K & 4-K Stages 2700 2.4× 10−5 6.9× 104 33 62 125
Cu Thermal links 8900 2.4× 10−5 1.1× 105 37 259 394
G10 Tabs 2440 0.9× 10−5 1.9× 104 12 276 (transverse) 310 (transverse)

2.1.2 Stress and acoustic analysis

The finite element analysis (FEA) is carried out in Solidworks using the large problem direct sparse solver,
applied to the baseline CryoSim model, where each consecutive stage is supported by its predecessor via ten G10
tabs. Fig. 3 shows the resulting Von Mises stress, σv, and displacement, d, for such configuration.

The maximal stress load, σv max = 8.14MPa, found at the contact surfaces of the bolts maintaining the G10
tab feet onto the rims of the connected cryostat stages, sits safely away from the yield strength of the Al 6063
and Al 6061 alloys. It appears clearly that the tabs themselves are not submitted to any strong loading in such
configuration, with a maximal stress of 1.84MPa mostly due to buckling. To put this in perspective, tensile tests
conducted for the Simons Observatory (SO) small aperture telescope (SAT) tabs, a design that relies solely on
the G10 material for vertical support, gave a longitudinal yield strength of about 200MPa.12 Tensile tests were
conducted on a selection of G10 tab assemblies for Mod-Cam in Cornell University. The glue joints, made with
a SCOTCH-WELD DP 2216 epoxy glue deposited with an applicator gun, did not yield as the stress was set
up to 3.77MPa. Notwithstanding the glue connections, a design using half their number for each stage-to-stage
transition will be investigated further in Section 3. Fig. 3b, shows the resultant of added displacements in all
three directions, to scale. It illustrates that the various components are not strongly moved under load. The
ambient pressured resulting from the internal vacuum results in a maximal compression of dmax = 211.5µm of
the external shell while the combined weight of the stages with the G10 attachments result in tips of order 30µm
to 70µm. The system has acceptable natural resonant frequencies, with the first mode occurring at 71GHz.
The pumping line of the PTC is the main source of mechanical vibrations, with a frequency of 1.4Hz. Ambient
vibrations in a laboratory are limited to a few Hertz and are quite low in amplitude. The CryoSim model displays
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Figure 3: (a) Cut view of the resulting Von Mises stress applied to the CryoSim model. Maxima σv max =
8.14MPa occur at the bolted connection between the G10 tab feet and the related stage interfaces. Overall, the
stress is negligible with respect to the yield strength of the test bed constituents. (b) Cut view of the resulting
displacements of the CryoSim model constituents. Maxima dmax = 211.5µm are caused at the front and back of
the 300-K shell by the ambient pressure applied outside the cryostat and do not strongly impact the design.

modes away from this low set of frequencies, ensuring no resonance propagation to sensitive detectors or readout
electronics. For comparison, the SO SATs mechanical structures are designed to maintain their natural frequency
above 60Hz.12

The FEA carried on the CryoSim model, closely resembling a simplified version of Mod-Cam, presents
acceptable mechanical performance to host an OT, with safety factors of order 10 or more, displacements below
100µm and a first mode natural resonance occurring at 71GHz. As the preliminary design is validated in terms
of stress and vibrations, the joint thermal analysis will be the subject of the next subsection.

2.2 Thermal analysis
2.2.1 Thermal model and simulation setup

The CryoSim thermal model implemented in COMSOL resembles dark cooldown testing done for Mod-Cam at
Cornell which did not include an OT. As discussed in Section 1.2 and further illustrated in Fig. 4, the dummy
OT mass is suppressed. Bolts and related holes are also removed to simplify the mesh. However, the PTC stage
plates and the thermal links connecting them to the 40-K and 4-K stages are now introduced to approach a
realistic cooldown response, further monitored by small copper block probes positioned where thermometers are
placed on Mod-Cam.

PTC - 40K Stage

G10 Tabs Thermometers

Tab Feet

300K Shell

40K Shell

4K Shell

PTC - 4K Stage

Thermal links

Heat Rate
+

Temperature Limit

MLI Heat Flux Equivalent
Figure 4: A cut view of CryoSim, underlining the domains defined in COMSOL Multiphysics, listed on the left,
and contraptions thermally linking them, shown in the insert. Various copper blocks (green boxes) are placed in
the same position as the thermometers used on Mod-Cam to monitor the simulated cooldown.

The aluminium alloys, copper and G10 materials present non-linear thermal characteristics with temperature
and frequency. As a preliminary approach, the present analysis focuses on dark testing. Namely, the OT is
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removed and the cryostat windows are shut. In this context, optical loading is not considered and the cooldown
and base temperatures of the cryostat can be checked. The heat conductivity, capacity and surface emissivity of
each material were compiled in a database, shown in Figure 9 in Appendix B. The characteristics compiled were
either borrowed from external sources13–16 or compiled analytically.17,18 In the present context of a dark setup,
the relationship between material properties and wavelengths is not incorporated to the model.

The surface-to-surface radiative coupling is performed with COMSOL Multiphysics based on a given mesh
surface element view factor. It combines ambient contributions, the portion of the view from each point that is
covered by the 300-K ambient condition, and mutual irradiation, determined from the surrounding geometry and
their local temperatures. Here the ambient contributions are not at play but would add up in a non-dark setup.
The radiative coupling effectively extends the computation load drastically, especially for small features such as
the copper thermal links. These links are defined as transparent bodies and the shells as opaque, meaning that
no radiation is transmitted through. We believe this simplification is justified as the impact of radiative coupling
is small compared to the heat flow via conduction as these components are directly fed by the PTC.

The PTC plates are set up with a heat rate boundary condition inputting their cooling power response.19
These rates are function of the temperatures TPTC

40K and TPTC
4K at the 40-K and 4-K plate, respectively, as depicted

in Fig. 10 in Appendix C. The associated data are available in the CryoBeam repository.

The MLI is set as a heat flux boundary condition on the 40-K outer walls. Only the conduction contributions
can be accounted for as a first order evaluation. The total flux, qMLI, is given by Equation (1),20,21 where NMLI

is the number of layers, Th is the high temperature seen above the MLI and Tc is the cold temperature at the
covered surface. The heat conductivity of the MLI is given by k0κ(T ), where k0 is a scale factor and κ is the
relative heat conductivity of the constitutive spacer material:

qMLI ≃ k0κ(T )

(
Th − Tc

NMLI

)
(1)

These parameters are defined accordingly to the Mod-Cam setup.10,22

For both the time domain and stationary analysis, the FEA is carried in COMSOL by a direct solver relying
on a Newtonian approach modified for highly non-linear problems with the conduction heat transfer in solids and
surface-to-surface radiation fully coupled. An iterative approach is used on the mesh construction, where each
geometry of comparable sizes are grouped together, groups of small elements are meshed first, and the process
continues further with connected groups of larger geometries.

2.2.2 Cooldown and stationary analysis

The thermal analysis conducted on the CryoSim model is decomposed in two steps in the current work: a time
domain study and a stationary run. The former provides a modelled cooldown response while the latter gives
the stable temperature gradients. These combined results are qualitatively compared to measured data of a
Mod-Cam cooldown dark as a validation of the thermal analysis of CryoSim.

The Mod-Cam cooldown temperatures were measured with cryogenic thermometers positioned at the edge
of the front and back plates of each shell, and at or near the PTC cold plates. Simulated cooldown temperatures
are computed as the average temperatures, at any given time step, throughout small copper blocks positioned
similarly to Mod-Cam thermometers. The model is highly non-linear as the material and MLI thermal properties
and PTC cooling powers vary as a function of temperature states. As a result, the solver does not reach
convergence in the transition state to the stationary temperature gradients at the 4-K stage and stops at around
40h cooldown time. The extracted temperature responses have been fitted to an inverse logistic function Tl,
described by Equation (2), where Ti is the temperature at the beginning of the cooldown, Ts is the base
temperature reached at the stationary stage, τl is the time when the mid-point of the slope is reached and
kl is the logistic growth rate:

Tl =
Ti − Ts

1 + ekl(t−τl)
+ Ts (2)
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The fitted response is then extrapolated to the time when the cryostat shows a stationary response, taken from
Mod-Cam cooldown data. The base temperatures Ts are extracted from CryoSim stationary analysis.

The modelled cooldown compares relatively well to the measurements, as is shown in Fig. 5. The base
temperature for the simulated and measured temperatures at the 4-K stage are reached around 20h50min. For
the 40-K PTC stage, the measured temperatures are taken down the thermal links whereas the simulated probe
is placed at the PTC plate. The measured and simulated temperatures for the thermometers installed on the G10
tab foot linking the 40-K and the 300-K stages, and the thermometers at the front and back plates also display
a similar trend. The slight deviation of the slope is due to slightly different material thermal characteristics.
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(a) Temperature responses at the 40-K stage
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(b) Temperature responses at the 4-K stage
Figure 5: Responses of the measured (plain) and simulated (dashed) temperatures of Mod-Cam and CryoSim
during a dark cooldown on (a) the 40-K and (b) the 4-K stages. Whilst the model is simplified, the trend is
comparable with that of the real cryostat, demonstrating the capabilities of the thermal analysis conducted.

Figure 6 shows the temperature gradients for the entire cryostat, with isolated views on the 40-K and the
4-K stages in the stationary state. Such view enables a direct assessment of critical components and potential
problems that may arise during the cryostat design. For instance, it appears clearly that the G10 tabs are a
direct conductive heat bridge between the connected stages.
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(c) Full CryoSim Model
Figure 6: Temperature distribution of (a) the 4-K stage, (b) the 40-K stage and (c) the full CryoSim model.

2.3 Discussion
The preliminary joint mechanical and thermal analysis conducted in this section showcases how CryoSim offers
a viable tool for prototyping a cryostat capable of hosting the OTs of upcoming CMB experiments. The
parametrisation allows one to vary the lengths, diameters, MLI lay-over or number of G10 tabs connecting
two consecutive stages together, for instance, enabling the prototyping of a plethora of configurations. This
approach further provides preparatory information on the stress, the natural frequencies and the thermal state
of the selected system. The model presented in this work successfully compares to Mod-Cam measured data in
a dark test configuration, indicating that CryoSim provides reliable stationary temperature gradients over the
full cryostat under study, that can be cross-checked with a time domain analysis to asses the adequate tolerance
on the convergence setup in COMSOL. To further illustrate the model capabilities, an example application will
be carried in the next section, where the impact on reducing the number of G10 tabs will be discussed.
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3. CASE STUDY: LOWERING THE NUMBER OF G10 TABS

It was shown in Section 2.1.2 that ten G10 tabs is mechanically conservative. This section will use CryoSim
capabilities to investigate the reduction of the number of G10 tabs by a factor of two. Figure 7 shows the static
stress for CryoSim with five G10 tabs at each stage transition.
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(b) Displacements
Figure 7: (a) Cut view of the resulting Von Mises stress applied to the CryoSim model. Maxima σv max =
25.69MPa occur at the bolted connection between the G10 tab feet and the related stage interfaces. (b) Cut
view of the resulting displacements of the CryoSim model constituents. Maxima dmax = 209.3µm are caused at
the front and back of the 300-K shell by the ambient pressure applied outside the cryostat.

Similarly to the ten G10 tabs case, the maximal stress load σv max = 25.69MPa occurs at the bolts contact
surfaces. Whilst it is 3 times higher than the initial case study, it remains safely lower than the yield strength
of the Al 6063 and Al 6061 alloys. The maximal stress resulting from buckling on the tabs themselves now sits
at 2.76MPa, whilst measurements carried in Cornell University gave no yield of the glue joints when submitted
to stresses up to 3.77MPa. The resulting displacements, shown to scale in Fig. 7b, are doubled from what they
were for ten G10 tabs, resulting in tips of order 60µm to 120µm. The first vibration mode occurs at a natural
frequency of 63GHz.
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(a) Simulated temperatures at the 40-K stage
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Figure 8: Compared responses of the simulated temperatures distributed on CryoSim for the baseline scenario
with 10 tabs per stage transition against the 5 tabs case for the (a) 40-K and (b) 4-K stages.

A thermal analysis of the CryoSim model with only five G10 tabs, leads to the simulated cooldown presented
in Fig. 8, showing an appreciable reduction in cooling time, nearly halved. The stationary analysis displays
similar results as the ones presented in Figure 6. The joint mechanical and thermal analysis performed for this
scenario would tentatively encourage a design with fewer G10 tabs, notwithstanding the glue joints, showcasing
the efficiency of the method proposed.

4. FUTURE WORK

The CryoSim model will inform the design of a test cryostat that will be assembled at the University of Iceland,
which will be dedicated to the optical characterisation of OTs for upcoming CMB experiments. With its geometry
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fully parameterised, it is hoped that the CryoSim model will help the wider CMB community in designing
similar systems in an intuitive and efficient manner. Whilst facilitating a coarse preliminary cryostat design, the
CryoSim model may be improved to provide more realistic thermal and mechanical characteristics, particularly
by incorporating optical components into the analysis.

The mechanical studies carried in Solidworks can incorporate non-linear material responses as a function
of temperature. A simplified OT, the PTC and the thermal links may be added to increase the accuracy of
the stress and acoustics analysis, giving insights on thermal contractions for fore-optics components such as
filters and lenses. The effect of the glue in the area where the G10 tabs are connected to their feet needs to be
incorporated as this is likely the most fragile element. Alternative tab designs such as the one adopted for SO
SATs12 may also be worth implementing so as to accommodate for any option preferred by the CMB community.

Concerning the thermal analysis, incorporating the OT is an essential evolution of the current model. It
is important to note that this will increase the thermal analysis complexity as the non-linearity in material
properties will extend to the frequency domain. In particular, each node of the constitutive mesh of optical
components will exhibit a grey body radiative response, resulting from the absorption of incoming rays, that
will then scatter within the node cone of sight. The effect of heat conduction through RF coaxial and DC lines
can also be included. Incorporation of the DR will likely be another desirable feature for the CMB community.
Implementing this further implies more profound changes to the currently simple approach taken, although
provision is left on the geometry to implement such changes.

5. CONCLUSION

To reach the high throughput and large bandwidth of observation required to detect the faint temperature and
polarisation CMB signals, upcoming instruments designs scale up in terms of detector count, requiring larger
focal plane units and more OTs in larger cryogenic receivers. These experiments will depend on pristine optical
characterisation to ensure the polarisation purity of the measured data and the implementation of relevant
correction of optical defects. Such verification needs to be carried on each individual OT in a cold environment
mimicking that of the telescope receiver. With dedicated cryogenic test beds, such optical validation can be
carried in an efficient manner. CryoSim, the set of parametrised simulation tools presented in this work, enables
a straightforward preliminary design for such facilities. The reliability of the thermal model was shown in
Section 2, where simulated time domain temperature gradients were compared against Mod-Cam, an example of
such cryogenic test bed. The CryoSim model offers a plethora of parameters one can tune, as demonstrated via
a case study on the number of G10 tabs carried in Section 3. CryoSim may further be used to analyse potential
problems that may arise with such cryostats, such as thermal leakages. Future increments of this model may
incorporate a more accurate mechanical description of the materials, an OT and a DR, offering an efficient mean
of prototyping a cryogenic test facility dedicated to the optichal characterisation of future CMB OTs.
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APPENDIX A. JOINT MECHANICAL AND THERMAL ANALYSIS - MESH
PROPERTIES

A.1 Mesh statistics - stress and acoustic analysis

Table 2: Mesh statistics for the stress and acoustic FEAs conducted in Solidworks.
Static Load Acoustic

Mesh type Blended curvature-based mesh Mixed Mesh
Max/Min element size [mm] 215.09 / 10.75 216.34 / 10.82
Total nodes / elements 105817 / 55424 162926 / 86350
Max aspect ratio 4413 NA
Elements with aspect ratio > 10 [%] 19.1 NA
Elements with aspect ratio < 3 [%] 54.5 NA
Number of degrees of freedom (DOF) 318981 501129

A.2 Mesh statistics - thermal analysis

Table 3: Mesh statistics for the thermal FEA conducted in COMSOL Multiphysics.
Mesh type Min element quality Avg element quality Total elements Element volume ratio
Free Tetrahedral 1.877× 10−3 267.4× 10−3 33021 3.492× 10−6

A.3 Computation capabilities - Joint mechanical and thermal analysis
The system configuration used to run the joint mechanical and thermal FEA is as follows:

OS - Microsoft Windows 11 Education Version 10.0.22631 Build 22631

Processor - 12th Gen Intel(R) Core(TM) i9-12900K, 3200 Mhz, 16 Core(s), 24 Logical Processor(s)

Physical Memory - 31.8 GB

Virtual Memory - 81.8 GB

GPU Resources - NVIDIA Quadro P400 & Intel(R) PEG10 - 460D

Considering the meshes depicted in Appendix A, the subsequent performance was reached:

Mechanical FEA - Static analysis run time: 00:07:25; Frequency analysis run time: 00:00:43

Thermal FEA - Time Domain for t ∈ [00:00:00; 21:40:00] with 10min increments and a tolerance factor
for convergence set at 0.01 - Run time: 00:26:20; Stationary with a tolerance factor for convergence set at
0.01: 00:35:18.
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APPENDIX B. MATERIAL PROPERTIES DATABASE
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Figure 9: (a) Heat conductivity, (b) heat capacity and (c) surface emissivity of a sample of materials used for
the CryoSim model, showcasing their thermal non-linearity.

APPENDIX C. POWER SURFACES OF THE PTC 420

(a) Cooling Power of the 1st stage (b) Cooling Power of the 2d stage
Figure 10: Cooling power surfaces of the (a) 1st and (b) 2d stages of the Bluefors-Cryomech PTC 420, function
of the temperature of each stage.
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