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Abstract

Elastocaloric cooling systems, based on the reversible phase transformation of shape memory alloys, offer
significant environmental benefits over vapor-compression system by utilizing solid-state refrigerants zero
global warming potential and enabling lower energy consumption, thereby contributing to decarbonization
efforts. However, the high mechanical work input required for actuation of phase transformation limits the
coefficient of performance (COP) and remains a barrier to widespread adoption. This study investigates the
dynamic operation of an elastocaloric cooling system under resonant conditions to reduce the actuation work.
A single NiTi was cyclically tested to determine the mechanical parameters necessary for resonant frequency
and to validate the numerical model. A numerical framework was developed for dynamically operated two
NiTi tube bundles operating 180° out-of-phase in reciprocating configuration. Simulation results demonstrate
a significant reduction in the input work compared to quasi-static operation, alongside a temperature lift of
32 K and a dynamic amplification factor of 2.9. A sustained cooling performance of 195 W at a temperature
lift of 5 K with source and sink temperatures of 20 °C and 25 °C, achieved a maximum COP of 13. Dynamic
analysis confirms that resonance-driven operation minimizes energy losses due to mechanical damping,
highlighting the potential of resonance tuning as an effective strategy for improving the energy efficiency and
viability of elastocaloric cooling technologies.
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1. Introduction

The rapidly growing global demand for refrigeration and air-conditioning has contributed substantially to
greenhouse gas emissions, primarily due to the widespread use of high-global warming potential (GWP)
refrigerants, such as hydrofluorocarbons. In response, alternative cooling technologies with minimal
environmental impact and potentially higher efficiency have gained increasing attention. Among them,
elastocaloric cooling has emerged as a promising candidate, offering a zero-GWP solution [1]. Elastocaloric
cooling exploits the elastocaloric effect observed in solid-state refrigerants known as shape memory alloys
(SMAs) to produce heating and cooling [2]. This effect arises from the latent heat associated with reversible,
stress-induced phase transformation between the austenite and martensite phases of SMAs. Among various
SMAs, NiTi-based alloys are the most extensively investigated due to their high latent heat, significant
temperature change, commercial availability and giant material-level coefficient of performance (COP) [3].
However, their relatively high transformation stress necessitates a large mechanical work input, posing a
limitation to further enhancement of system-level COP.

Recent developments in compression-based elastocaloric systems have demonstrated substantial
temperature lift and promising cooling capacities [4], [5], [6]. These systems typically operate through cyclic
mechanical loading and unloading, coupled with an intermediate heat exchange process [7]. Experimental and
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numerical studies indicate that increasing the operational cycle frequency enhances the delivered cooling
power [8]. Furthermore, operating at the mechanical resonance frequency can significantly reduce the required
input work due to dynamic amplification effects, a concept that has been studied for equivalent spring systems
[9], but remains largely unexplored for elastocaloric systems. Alternatively, by effectively recovering the
kinetic energy of the actuator, enhancement in performance can be realized [10].

The present study aims to identify the resonant frequency of a compression-based SMA tube and to evaluate
the consequent improvements in thermomechanical performance. A comprehensive numerical framework is
developed to quantify the enhancement in cooling capacity and reduction in input power achieved through
resonance-assisted elastocaloric operation.

2. Methods

In dynamic analysis, the spring-mass-damper model represents one of the most fundamental mechanical
configurations. In this model, the spring characterizes the system’s stiffness, the mass embodies its inertial
properties, and the damper accounts for energy dissipation through frictional effects [11]. In the Figure 1(a),
the SMA is modeled using spring and damper elements, capturing its elastic response and internal energy
losses, respectively. The inclusion of an additional mass component, absent in earlier static configurations,
introduces an inertial term that enables the tuning of the system’s resonant frequency. The concept, schematic
and test methodology are inspired by [12], but in this configuration different SMA lengths are considered to
study its effects on resonant frequency. The effective stiffness (k) of the system can be determined from the
equivalent load-displacement curve, as shown in Figure 1(b). The dynamic behavior of this spring-mass-
damper system is governed by the balance of moments about pivot point. By applying Newton’s second law
of motion and assuming a small displacement (6), the trigonometric functions are linearized such that sin(6) =
6. The resulting equation of motion reflects the contribution of mass (m) at distance a, and damping (c) and
stiffness (k) components at distance b, expressed in Eq. (1). In this formulation, ma’ represents the equivalent
mass moment of inertia, while terms cb’ and kb’ defines the effective damping and stiffness of the
configuration, respectively. The oscillatory nature of the system is highly sensitive to those geometric
parameters, a and b, offering significant design flexibility for tuning the system’s response. Through this
configuration the applied torque can be reduced under dynamic operation as compared to static loading, defined
by dynamic amplification factor (DAF). In this study, a polycrystalline NisogTis92 (at%) tube provided by
Confluent Medical Technologies, having an outer diameter of 4.72 mm, an inner diameter of 3.76 mm, and
two lengths of 17 mm and 254 mm was employed. Compression of the tube was conducted using a 250 kN
hydraulic universal testing machine (810, MTS Systems Corp.).

1= Net force,
- - - SMA #1
- - - SMA#2

Displacement (mm)

Figure 1. (a) Schematic of two-SMA torque-based system representing equivalent spring-mass-dashpot configuration, with parameters
m=10kg, b=0.02 m and a =1 m. (b) Load-displacement behavior of two-SMA system.

T = ma%d + cb?0 + kb?0 (1

Secondly, a numerical model for a dual NiTi regenerator system operating 180° out-of-phase in active
regeneration mode was developed using finite element modeling. In active regeneration, the SMA acts as both
the primary cooling medium, utilizing latent heat associated with phase transformation and thermal storage
matrix for a temperature gradient. By synchronizing the SMA’s phase change with the oscillation of a heat
transfer fluid (HTF), the system pumps heat across a temperature lift that can be much larger than the material’s
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adiabatic temperature change [13]. The overall framework of the model followed the structure as described in
[14]. The utilization factor (V* < 1) is defined as the ratio of the fluid volume displaced through the regenerator
during heat exchange period to the total internal fluid volume. This parameter characterizes thermal coupling
between the SMA and HTF, directly influencing the regenerator’s effectiveness. The design of the simulated
system is shown in Figure 2, it consists of two tube bundles, a pump, heat reservoirs, and valves to control
flow direction. Each tube bundle consisted of 19 NiTi tubes arranged in hexagonal bundle configuration. The
heating and cooling loads were managed by a virtual thermostat based on a PID control algorithm and preset
reservoir temperatures. During operation, the two tube bundles functioned in opposite phases, while one was
subjected to loading (compression). Both processes were imposed in a sinusoidal manner. The HTF that flowed
through each tube bundle was oscillatory and synchronized with the mechanical cycle. The thermomechanical
response of the SMA was modeled using the single-crystal kinetic formulation proposed by [7]. Heat exchange
between the SMA, the HTF, and other system components was represented through one-dimensional energy
balance equations discretized along the tube length. The mass flow rate profile was also assumed to be
sinusoidal, reflecting cyclic operation.

The complete system model was implemented in MATLAB Simulink, where the discretized governing
equations were solved using ODE15 solver with a relative error tolerance of 10°. The system’s performance
parameters, including temperature lift and cooling power, were evaluated once the system reached steady-
state. The temperature lift was defined as the difference between the average temperatures of the hot and cold
reservoirs. The mechanical work input to the system was determined by integrating the stress-strain curve,
assuming kinetic energy recovery and adding pump work. In out-of-phase tube bundles, the mechanical work
released by one bundle during unloading is directly utilized to assist the loading of another bundle. This
recovery of kinetic energy minimizes the net external energy input [15]. Finally, the COP of the system was
determined as ratio of achieved cooling power to input work, providing a measure of system’s dynamic
operation performance.

Heat
source

o

Bundle #1

Bundle #2

Figure 2. Schematic of two-bundle elastocaloric system with heat sink and heat source.

3. Results and Discussion
3.1. Experimental validation of natural frequency

Experimental validation was performed to evaluate the accuracy of the numerical model in predicting the
natural frequency of the SMA. The SMA specimens were subjected to dynamic loading and unloading under
controlled boundary conditions, with a sinusoidal force applied as the input excitation. The effective spring
stiffness (k) of each specimen was determined from the ratio of the maximum force to the corresponding
maximum displacement, while the damping coefficient was estimated from the slope of the dissipated energy
versus displacement-squared curve [16]. Two SMA specimens with lengths of 17 mm and 254 mm were tested,
yielding experimental natural frequencies of 8.3 Hz and 2.4 Hz, respectively. These values show good
agreement with the numerically predicted frequencies of 8.2 Hz and 2.1 Hz, with a maximum deviation of
approximately 12%. The minor discrepancies are primarily attributed to uncertainties in material properties
and sensor measurements within the experimental setup. Furthermore, as illustrated in Figure 3, the natural
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frequency of the SMA exhibits a linear decrease with increasing specimen length when plotted on a log-log
scale. This trend highlights a distinct scaling behavior of SMA structures, providing valuable insights for
tailoring specimen geometry to achieve desired operating frequency ranges. The strong correspondence
between experimental and numerical results confirms the reliability of the developed model in capturing the
dynamic response characteristics of the SMA system.
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Figure 3. Natural frequency of the SMA tube as a function of length and validation of the numerical model with experimental data.
3.2. Dynamic simulation and performance of the two-bundle elastocaloric system

The thermo-mechanical response and overall performance of a two-bundle elastocaloric cooling system
were simulated using the numerical framework under dynamic operation. The numerical model incorporated
experimentally validated material parameters and boundary conditions to ensure consistency with the results
of the SMA specimen. Each SMA bundle was subjected to synchronized sinusoidal excitation, with the
variation in displacement and mass flow rate in the tube bundle. There is a phase lag of 27/5 radian between
the displacement and fluid’s mass flow rate curve, which ensure that the reverse Brayton cycle is efficiently
operated for the elastocaloric system. The maximum mass flow rate is determined based on the cycle frequency
and J'*.
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Figure 4. Thermomechanical performance of a two-bundle dynamic elastocaloric system with varying frequency: (a) temperature lift for
different /* values and (b) DAF for different arm lengths.

Figure 4(a) shows the variation in temperature lift of the elastocaloric system as a function of cycle
frequency at different /*. The temperature lift was defined at zero cooling load and an input strain of 3.5%. It
can be observed that the temperature lift decreases with increasing frequency for all /'*. This decline in thermal
performance is attributed to the higher thermal time constant of system, which at higher frequency is less
efficient for heat transfer. The maximum temperature lift achieved was approximately 32 K at V* of 0.4,
indicating that active regeneration can enhance the temperature lift by a factor of approximately 2.5 compared
to the material’s adiabatic temperature change. Furthermore, the two-bundle elastocaloric system exhibited a
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significant reduction in the input torque during dynamic operation relative to static conditions. As shown in
Figure 4(b), the system achieves a DAF of 2.9 at a cycle frequency of 3.1 Hz, corresponding to a 65% reduction
in maximum torque input at resonance compared to static operation. This demonstrates a substantial
improvement in the overall performance of the elastocaloric system.

Additionally, the effect of arm length (a) of the attached mass on the DAF was investigated. The results
show that decreasing the arm length leads to a hyperbolic increase in the resonant frequency. Specifically,
when a was reduced by a factor of four, the resonant frequency increased proportionally from 2.9 Hz to 11.6
Hz. As a decreases, the operational range near resonance broadens, indicating a reduction in the system’s
damping ratio. Consequently, this lower damping results in a sharper torque drop (or higher DAF) near
resonance, which can potentially lead to instability during dynamic operation.

The cooling performance of a two-bundle elastocaloric system was numerically evaluated to quantify the
potential improvement in COP under dynamic operation. As illustrated in Figure 5(a), the cooling power
increases with operating frequency, reaching a peak value of 190 W at 0.8 Hz for V* of 2. Beyond this point,
the cooling power decreases. Across all operating conditions, the source and sink temperatures were
maintained at 20 °C and 25 °C resulting in a temperature lift of 5 K. The observed rise and subsequent decline
in cooling power with cycle frequency are attributed to the thermal time constants of both the working fluid
and SMA. At higher frequencies, these time constants limit effective heat exchange, thereby reducing overall
cooling output.
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Figure 5. (a) Variation in cooling power and COP with frequency (b) Temperature lift vs cooling power performance at two frequencies.

Dynamic operation significantly influences the mechanical input requirements. Owing to resonance effects,
the input torque decreases with increasing frequency, enabling the system to achieve a DAF of 2.7 at 2.9 Hz.
However, the average work input continues to increase monotonically because work is proportional not only
to torque but also to angular velocity, which scales directly with frequency. As a result, the highest COP of
approximately 13 occurs at much lower frequency of 0.27 Hz, where the system benefits from reduces work
input despite modest cooling power. These results highlight that elastocaloric cooling systems can strategically
exploit resonance to achieve exceptionally high-performance metrics.

The cooling power-temperature lift characteristics were evaluated at operating frequencies of 0.27 Hz and
0.8 Hz. As shown in Figure 5(b), the system operating at 0.8 Hz delivers approximately 20% higher cooling
power compared to operation at 0.27 Hz. At 0.8 Hz, the elastocaloric system reaches its maximum cooling
capacity, whereas at 0.27 Hz it achieves its maximum COP. This highlights a clear trade-off between cooling
performance and system efficiency. However, the difference in optimal operating frequencies remains
relatively small, indicating that the dynamic-frequency operation can enable robust, high-performance
elastocaloric cooling.

4. Conclusions

This study demonstrates that resonant dynamic operation can substantially enhance the performance and
energy efficiency of elastocaloric cooling systems. Experimental characterization of NiTi tubes confirmed the
predictive accuracy of the developed spring-mass-damper model, with measured natural frequencies aligning
closely with numerical results. The validated dynamic model enabled the design and analysis of a two-bundle
elastocaloric regenerator configured for out-of-phase operation. The numerical results reveal several key
advantages of resonance-assisted operation. First, operating near the resonant frequency significantly reduces
mechanical input requirements, with a peak torque reduction of approximately 65% compared to quasi-static
loading. At the same time the system achieves a maximum temperature lift around 32 K in active regeneration
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mode. Secondly, the system maintains high thermodynamic performance under dynamic operation, delivering
a maximum cooling power of 190 W at temperature lift of 5 K. The analysis also highlights the inherent trade-
off between cooling capacity and COP, governed by the interaction of mechanical resonance, thermal time
constants, and flow utilization. Overall, the results confirm that resonance tuning is a powerful strategy for
improving the feasibility of elastocaloric technology. By enabling lower input work while preserving strong
cooling performance, resonant operation lays the foundation for future high-efficiency elastocaloric heat
pumps and refrigeration systems.
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