Front. Energy 2023, 17(4): 504-515
https://doi.org/10.1007/s11708-022-0855-3

RESEARCH ARTICLE

Yian LU, Suxin QIAN, Jun SHEN

A fully solid-state cold thermal energy storage device for car
seats using shape-memory alloys

© Higher Education Press 2022

Abstract Thermal energy storage has been a pivotal
technology to fill the gap between energy demands and
energy supplies. As a solid-solid phase change material,
shape-memory alloys (SMAs) have the inherent
advantages of leakage free, no encapsulation, negligible
volume variation, as well as superior energy storage
properties such as high thermal conductivity (compared
with ice and paraffin) and volumetric energy density,
making them excellent thermal energy storage materials.
Considering these characteristics, the design of the shape-
memory alloy based the cold thermal energy storage
system for precooling car seat application is introduced in
this paper based on the proposed shape-memory alloy-
based cold thermal energy storage cycle. The simulation
results show that the minimum temperature of the metal
boss under the seat reaches 26.2 °C at 9.85 s, which is
reduced by 9.8 °C, and the energy storage efficiency of the
device is 66%. The influence of initial temperature,
elastocaloric materials, and the shape-memory alloy
geometry scheme on the performance of car seat cold
thermal energy storage devices is also discussed. Since
SMAs are both solid-state refrigerants and thermal energy
storage materials, hopefully the proposed concept can
promote the development of more promising shape-
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memory alloy-based cold and hot thermal energy storage
devices.
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1 Introduction

Technological advancement and economic development
rely on energy for society to progress. The depletion of
non-renewable fossil fuels and the escalating global
warming crisis call for developing sustainable and
renewable energy sources [1, 2]. Considering the unstable
and discontinuous nature of renewable energy sources
such as solar energy, thermal energy storage (TES) has
been a pivotal technology to fill the gap between energy
demand and renewable energy sources [3, 4], which has a
great application potential in the future. Phase change
materials offer a promising high-energy density solution
to store cold thermal energy. Compared with solid-liquid
phase change materials, such as paraffin or ice, solid-
solid phase change materials have the inherent advan-
tages of leakage free, no encapsulation, and negligible
volumetric variation [5-7]. Shape-memory alloys
(SMAs), which are typical solid-solid phase change
materials, also have merits of high thermal conductivity
(compared with ice and paraffin), colossal volumetric
energy density, and superior discharge rate [8, 9], making
them excellent thermal energy storage materials.

The elastocaloric effect (eCE) in SMAs is a pheno-
menon in entropy and temperature change when
mechanical stress is applied or released. During the
mechanical loading and unloading process, the strain
experiences a significant change, indicating a first-order
phase transition [10], and such nominally reversible
loading and unloading characteristics have been known
as the superelastic effect. A refrigerator based on this
principle has been recently reported [11]. Most impor-
tantly, the principle of shape-memory phase transfor-
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mation as a class of metallic solid-solid phase change
materials has been proposed by the US Army Research
Laboratory [8]. NiTiHf, an SMA thermal energy storage
material, features an energy density of 260 MJ/m3, which
is comparable to some of the typical liquid-solid phase
change materials such as paraffin and hydrated salts, but
with much higher thermal conductivity at more than
10 W/(m'K) [12]. A water-based SMA thermal energy
storage device using commercial NiTi has been construc-
ted and tested by the same research group, where a 1.7 —
3.3 improvement in volumetric energy density was experi-
mentally achieved when compared with the baseline
sensible energy storage device [13]. However, these
efforts have been made only to investigate the storage of
thermal energy by leveraging the stress-free heat driven
phase transition. Thus, more efforts have to be made
toward the storage of cold thermal energy using stress-
induced phase transition or a combination of heat driven
phase transition and stress-induced phase transition.

Although SMAs have been identified and demonstrated
as ultra-high performance metalic solid-solid phase chan-
ge materials for cyclic energy storage [8, 13], most stud-
ies have been focusing on the energy storage properties
of SMAs [9, 14-16]. Although these studies demonstrate
the feasibility of SMA-based energy storage, it is still not
clear how to design and construct a TES device based on
this concept. On the other hand, there are a few develop-
ed elastocaloric cooling and heat pump prototypes [17-20]
that are continuously operated. The ingredients in the
elastocaloric cooling systems can inspire the SMA-based
TES devices, yet additional efforts are needed to comple-
ment their unique discontinuous operation characteristics.

Aiming to fill the gap in cold thermal energy storage
using SMA, this paper first introduced the concept of
cold thermal energy storage using SMA. Then, based on
eCE, in the design of the cold thermal energy storage
device, and the theoretical analysis of the device, it
considered the high thermal conductivity of SMAs and
the challenge of designing a heat transfer surface suitable
for both discharging the stored cold thermal energy and
the release of heat during the charging process. Next,
considering these characteristics, it introduced the design
philosophy of the SMA-based cold thermal energy
storage system for car seat application. Finally, it
discussed in detail the energy discharge characteristics of
the SMA cold thermal energy storage device based on a
transient simulation model. This study will be a first step
toward developing real SMA-based cold thermal energy
storage devices.

2 Theoretical cycle of SMA-based cold
thermal energy storage

At ambient temperatures, such as in this paper, the SMA
should be initially fully austenite. That means that the

transformation temperature (7',,) should be lower than the
minimum operating temperature of the overall system,
essentially the premise of the stress-induced phase
transformation process [21].

According to Fig. 1, phase transition occurs when the
stress on SMA exceeds the critical stress of phase transi-
tion (oc*™). Upon loading, the SMA changes from the
parent phase austenite to the high-pressure martensite
phase, and after that, it is stored at ambient temperature.
Meanwhile, the latent heat is first transformed into inter-
nal energy and then released to the ambient. A radiator is
usually required to assist with the dissipation of latent
heat. After releasing the latent heat, the SMA is fully char-
ged and is ‘frozen’ in the high-pressure martensite phase
until the discharging process. The ‘frozen’ state is held on
until triggered by the control command for discharging.

The load is instantly removed when cooling capacity is
needed, which is the abovementioned triggering signal.
Once the applied stress decreases below the critical stress
(o™*), the reverse phase transition from martensite to
austenite takes place, which causes the entropy of SMA
to increase, thereby permitting it to absorb the heat from
the cooling target.

Compared with the continuous elastocaloric cooling
cycle in a refrigerator [11], the cold thermal energy
storage cycle is discontinuous and operates on demand.
Figure 1 shows the theoretical cycle of cold thermal
energy storage. The two processes, i.e., the charging
process and the discharging process, include six stages
with shape and color variations to differentiate phase
states and temperature states, respectively. The charging
and discharging processes are triggered upon receiving
the control signal, which varies in different applications.

The cold thermal energy storage cycle is plotted in the
temperature-stress diagram and temperature-entropy diag-
ram in Fig. 2, in which the red line and blue line respec-
tively represent the charging process and the discharging
process, which is the same as those in Fig. 1. The num-
bers in Fig. 2 also correspond to the same state of SMA
as those in Fig. 1. The red shaded area in Fig. 2 repre-
sents the boundary of all possible charging processes.

2.1 Charging process

When loading the stress-free SMA, the stress increases at
isothermal temperature since the martensitic transfor-
mation has not yet occurred, which corresponds to states
1 to 2 in Fig. 2. Upon exceeding the minimum stress
(o*™) required to undergo martensitic transformation at
the temperature of state 2, the SMA begins to transform
from the parent austenite phase to the high-pressure
martensite phase, as shown in states 2 to 3 in Fig. 2. The
temperature of SMA increases with increasing stress after
that. By reaching state 3, the temperature of SMA reaches
the maximum among the cold thermal energy storage
cycles. The slope of 2—3 depends on the loading and
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Fig. 2 SMA cold thermal energy storage cycle.

(a) Stress—temperature diagram; (b) temperature—entropy diagram.

charging rate, where infinitely slow loading may result in
isothermal loading while infinitely fast loading leads to
isentropic loading, which dictates the boundary of the
red-shaded area in Fig. 2. Generally, at state 3, the SMA
will be further compressed to 3’ to ensure being fully
martensite. Meanwhile, the SMA, whose temperature is
higher than the ambient temperature, dissipates heat to
the environment until it is in equilibrium with the
ambient temperature, as can be observed in Fig. 2 (3-3'-
4). This process can be maintained for any time until a
discharging signal triggers the discharging process, which
is the most significant difference between the proposed
SMA-based cold thermal energy storage cycle and the
conventional eC cooling cycle (the difference in the time
scale is not shown in Fig. 2).

2.2 Discharging process

In the unloading process, the SMA maintains a 100%

martensitic phase at first until the stress on it is reduced
below the critical stress (o™*). After that, the phase
transformation from the high-pressure martensite phase
to the parent austenite phase starts, which corresponds to
states 5 to 6 in Fig. 2. The SMA reaches its lowest
temperature at state 6 when it has completed the reverse
transformation, which also indicates that the SMA
transforms into the austenite phase entirely. The SMA
then absorbs the heat from the cooling target,
corresponding to the endothermic process 6 to 1 in Fig. 2.
Through this process (6 to 1), the cooling from SMA is
transferred to the cooling target.

3 Mechanical design of car seat cold
thermal energy storage device

Now consider applying the SMA cold thermal energy
storage cycle to precool the car seats. On a sunny day, the
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cabinet temperature and seat temperature may exceed far
beyond ambient temperature, and at least a few minutes
of ventilation and air conditioning are needed to cool the
car seats. When detecting the entrance of the driver and
the passengers, the SMA-based cold thermal energy
storage device can discharge the stored cold thermal
energy and instantly cool car seats before the air
conditioning system starts, thus improving the thermal
comfort for the driver and passengers. The SMA cold
thermal energy storage system only needs to cool the car
seat once and the vehicle air conditioning system will
handle the cooling for the rest of the trip. The SMA will
be charged again once the driver and passengers leave the
vehicle after the trip ends.

The car seat cold thermal energy storage device is
installed under the car seat. Figure 3(a) illustrates how the
SMA is loaded and unloaded wusing the shape
characteristics of the V-pattern slide track (1), and the
motor is controlled by the seat pressure sensor (4) to
indicate if seat cooling is needed. The strain of the SMA
changes when it moves up and down in the V-shaped
slide track (1), which causes martensitic transformation
upon loading and reverse transformation when stress is
released. The motor and pulley (3) are fixed on the
bottom of the frame. As this motor starts, the steel cable
(5) can be tensioned; as it stops, the restraint on the steel
cable (5) disappears, allowing it to be freely extended.

At one end, as the driving medium, the SMA clamp (2)
is connected to the motor shaft, while the other is connec-
ted to the steel cable (5). Constrained by the pulling
action of the steel cable (5) and the inclined slide track
(1), the SMA is compressed as it moves downward, thus
driving it to undergo martensitic phase transformation.

Metal boss

E

—

Heat sink

(® (d)

SMA

As demonstrated in Fig. 3(b), the SMA is in contact with
the heat sink in the compressed state when it releases
latent heat. When the SMA is unloaded, it absorbs heat
when it is in contact with the metal boss under the seat to
cool the seat, as displayed in Fig. 3(c). A pressure sensor
(4) on the seat controls the start and stop of the motor; if
the sensor detects no pressure, i.e., when no one is seated
in the seat, the motor runs to store the cold thermal
energy; if it detects pressure, i.e., when the driver or
passenger sits in the seat, the motor stops and the stored
cold thermal energy is released.

A set of linear bearings can make the slide track (1)
slider stay in the horizontal plane by adding pressure
uniaxially, as depicted in Fig. 3(d). A clamp that prevents
SMA from bending and buckling is used to hold it in the
middle of the horizontal slideway, as illustrated in Fig.
3(e). The anti-buckling clamp has a more extended lower
clip, the middle of which is connected to a spring,
making it convenient to fold and unfold during loading
and unloading. As a result of the presence of the lower
clip, the freedom in the lateral direction can be decreased,
and the buckling deformation of the SMA can be
significantly reduced.

4 Simulation model

The core of the cold thermal energy storage system is the
SMA with eCE. Based on the energy equation applied in
Ref. [22], this paper adopts its variation in the two-
dimensional form. In Eq. (1), the left-hand term
represents transient energy storage, while the right-hand
terms correspond to diffusion and eCE, respectively.
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Fig. 3 Illustration of the car seat cold thermal energy storage device ((1) slide track, (2) clamp, (3) pulley, (4) pressure sensor, and

(5) steel cable).

(a) Overall appearance; (b) final status of the charging process: releasing heat to the ambient via the heat sink; (c) final status of the
discharging process: cooling the metal boss under the seat; (d) horizontal and vertical slides; (e) anti-buckling clamp.
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where the subscript m represents the SMA, and due to
the large difference between the austenite phase and
martensite phase, k(£) denotes a phase-dependent thermal
conductivity, which is calculated locally based on k, and
kv as
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The energy equation of the metal boss under the seat is
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=a, .
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Equation (1) emphasizes the importance of the eCE,
which is determined by the martensitic phase
transformation rate as expressed in Eq. (4) [23].

g”’ :memAs'é:M- (4)
In the MAS-PF model developed by Wendler et al.
[24], the coexisting phases are austenite A, tension
martensite phase M,, and compression martensite phase
M_. This paper does not distinguish between the densities
of austenite and martensite, which are collectively
referred to as phase fractions since they have the same
density and the mass-based phase fraction is numerically
equal to the volume-based phase fraction. Since the
compressive pseudoelastic characteristics of elastocaloric
cooling is focused on, where only the compressed
martensite and austenite coexist, the compressed
martensite phase fraction (&) is abbreviated as &.
Based on the transition kinetic model, rate equations for
the phase fractions of austenite (£,) and compression
martensite (&) are formulated as

é:M = _é‘:M'pMA(Tm9O—)+§A'pAM(TmaO—)9 (5)
where the conservation constraint applies to both the
austenite phase fraction and the martensitic phase
fraction,

2
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The approximation formula for phase transition rate
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Equations (9) and (10), which show the most widely
adopted linear correlation, can be used to determine the
transformation stress.

O—AM (Tm) = CAM(Tm - TMs)» (9)

O-MA (Tm) = CMA(Tm - TAs)~ (10)
The linear constitutive relation between stress and
strain is adopted, as expressed in Eq. (11).

dmh@h@§+@@+§) (11)

M

The unloading control strategy is to control the SMA
deformation during the wunloading process, which
determines the transformation evolution of the SMA.
Under the premise of simplification and without loss of
generality, this part adopts a linear model for the strain
variation model of SMA in the unloading process.

& = const, (12)
Elizo = Emax- (13)
All equations mentioned are coupled together,

including the energy equations, the transformation kinetic
equations, the constitutive equation, the unloading
control equations, and the energy equation of the metal
boss. These couplings can be seen in Fig. 4. The
evolution of the martensite component of the SMA and
the temperature change of both the metal boss and the
SMA can be simultaneously solved.

| SMA

Metal boss |

Kinetic
equations

Energy
equations

N A,

m

Constitutive

Energy
equation

Unloading

equations

strategy

Fig. 4 Block diagrams of simulation model.



Yian LU et al. Cold thermal energy storage device using shape-memory alloys 509

The cooling capacity of a single discharging process
Qo> the cooling TES efficiency #, and the cooling COP
of the TES device are used as performance evaluation
criteria. Q,, is defined as the latent heat storage of the
SMA due to the martensitic transformation, which is
calculated by Eq. (14).

0u=3 [Vursar

n is defined as the ratio of the actual discharged cooling
capacity to the maximum stored cooling capacity in one
cycle, which is expressed in Eq. (15).

Oue Z cm;AT;
0. Opo + Z ey (T = Thy) ’

where the second term in the denominator is the sensible
heat stored in the SMA, as manifested by the temperature
difference between the SMA and the cooled object before
the transformation.

COP is the ratio of the actual discharged cooling
capacity to the primary power consumption of the device
in each charging-discharging cycle, which is expressed in
Eq. (16).

(14)

n= (15)

QUSC

Z\/,fa',-ds’

where the power consumption is calculated by the
material properties and the predicted stress-strain
characteristics.

In this paper, it is assumed that the temperature of the
SMA and the metal boss is uniform along the z axis.
Therefore, the temperature distribution in the x—y plane
is discretized into n control volumes of 1 x 1 (mm x
mm). A cold thermal energy storage cycle in the car seat
cold thermal energy storage device can be divided into
four stages, i.e., the slow loading stage, the stationary
heat exchange stage I, the rapid unloading stage, and the
stationary heat exchange stage II. The cooling eCE is
only involved during the rapid unloading stage and the
stationary heat exchange stage II. Table 1 presents the
meshing of the numerical model and its boundary

COP = (16)

conditions of the rapid unloading stage and the stationary
heat exchange stage II, respectively. The solid-solid heat
exchange between the metal boss and the SMA is
modeled using a constant heat transfer coefficient in the
stationary heat exchange stage II.

It is assumed in the model that there is no air between
the SMA and the metal boss; the change in ambient
temperature is neglected in the calculation time; only the
z-direction deformation occurs in the SMA; and the
segments of the SMA are treated as single-crystals with
local phase fractions, and the polycrystalline
characteristics are disregarded [22].

Ni-Ti alloy is selected as the SMA material while
copper with a high thermal conductivity is chosen as the
metal boss material. The parameters of the simulation
model are listed in Table 2. With the above assumptions

and formulations, this simulation model was
implemented in MATLAB Simulink. The
aforementioned model with the same governing

equations and similar boundary conditions has been
experimentally validated in Ref. [11], and the full-scale
validation of the theoretical predictions will be reported
in the future, once the prototype SMA-based TES device
is properly functioning.

5 Results and discussion

Here, the performance during the discharging of cold
thermal energy is mainly discussed. It is assumed that the
cold thermal energy is fully charged.

5.1 Transient characteristics of discharging process

The temperature variation of the upper surface midpoint
of the metal boss within 50 s and the breakdown of
cooling capacity are plotted in Fig. 5(a). The formulas for
each component in Fig.5 are calculated by Egs.
(17)—(19). Figure 5(b) shows the transients of stress, heat
exchange rate, and specific entropy. The heat exchange
rate (Gexchange) refers to the amount of heat absorbed by
NiTi. The specific entropy is formulated as Eq. (20)

Table 1 Introduction of meshing details and the boundary conditions
Meshing details Boundary conditions
A 150
TTTT T T AT T T T T T T T T T T T TT T TTTTT
‘ (  Metalboss| . .
mT; o :ka; =h(Ts—Tm)
A=U5 X=Xmax y=U; Y=Ymax
 EEEEEEEEEEEEEEEEy /PR SAH -
y . .
The rapid unloading stage
B aT, oT,
TTTTTTTT TTTTTTT7 L1171 TTTTTITTT I T T p— K X :kK o =h(Tr_TK)
e, e M ctal boss 6ax x=0; x=Xmax gy y=0; y=Ymax
11 111 I A YO B I N A T T
¥ / HSMA o =k S = h(T~Tw)
I >y Ox x=0; x=Xmax ay y=0; y=ymax
. 0T 0Ty -
The stationary heat exchange stage Il kg —2 =k, =¢ =UTm-Ty)
OX x=ximax dy l=o
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(s=1 at 300 K 100% austenite, where s, is this pre-
defined unity point).

Qmelal boss — ZIJ‘OI (pC)Cu ch’,' . TCu,idt9 (17)

Osma = ZJ‘O) (Pc)m Vm,,- : Tm,idt’ (18)

Qair loss — ZiJ‘O?Stransfer,ihf(Tf - Tm,i)dt’ (19)
T,

§— 8= cp,mlnT — Aséy. (20)

0
For the sake of description, the upper surface midpoint
of the metal boss is noted as point Q. The temperature at
point Q drops rapidly from 35 °C to 27.7 °C in the first

Table 2 Thermomechanical, model-specific, process-related
parameters, and initial conditions used the simulations [22, 24-26]

Symbol Value Symbol Value
Cam/(MPa-K1) 104 || k/(W-(mK)™) 8.6
Cyma/(MPa-K™1) 14.0 || ke/(W-(m-K)™) 400
Tas’K 283.15 || 7/s 1.0x1073
Tus/K 273.15 || Vi/m3 5x10723
er 0.025 || h/(W-(m2K)™) 10
EA/GPa 359 || U(W-(m2K)) 10000
Enm/GPa 32 Lxbxl3/mm? 350 x 150 x 3
pul(kg-m™3) 6500 || &/s7! 0.01
com/(J-(kgK) ™) 450 || TwK 313.15
peu/(kg-m3) 8900 || Tmo/K 308.15
epc/(J-(kg'K) ™) 390 || Teuo/K 308.15
As/(J- (kg K)™) 40 Emax 0.05
ka/(W-(m-K)™1) 18
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5 s and then it takes 4.85 s to drop from 27.9 °C to the
lowest temperature 26.2 °C at a slower rate. After 9.85 s,
the SMA absorbs the heat from the environment together
with the metal boss, causing both temperatures to rise,
indicating the end of the discharge process.

The total stored cooling capacity of the SMA is
11204.1 J, of which 66% plays a fundamental role for
cooling the metal boss by an average temperature drop of
8.8 °C, leaving 33% trapped in the SMA itself and 1%
heat loss to the cabinet air. The effective volume-based
energy storage density of the SMA is 11.97 J/g, and the
energy storage efficiency and COP are 66% and 1.78,
respectively.

5.2 Impact of initial condition

When setting the simulation parameters, the operating
environment of the device is a constant 40 °C cabin.
However, the temperature of the car cabin also varies
non-uniformly and dynamically due to the uneven
irradiation of the sunlight on the cabin and the continuous
dynamic change of the sunlight intensity during the day,
which may affect the cooling capacity of the car seat
storage device. Figure 6 shows the results obtained by
varying the initial temperature of the SMA and the metal
boss before the discharging process, with all other
conditions remaining constant.

The maximum temperature drop of the metal boss at
35 °C, 37 °C, and 40 °C varies little, only 0.3 °C, and the
time it takes for the metal boss to reach the minimum
temperature was not significantly different under the
three conditions, which is within (10.0+0.2) s. As can be
seen from Fig. 6 that the three curves are relatively stable,
indicating that the cooling capacity of the device is
relatively stable at different initial temperatures, with a

Stress/MPa
N B o ®

qc.\chungc/ 10 W

s/ K))

(=]
—
(=]

20 30 40 50
Time/s

(b)

Fig. 5 Transient characteristics of discharging process.

(a) Temperature evolution of point Q and the breakdown of cooling capacity at timestamps (a) and (b); (b) transients of stress, specific

entropy, and heat exchange rate.
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maximum temperature drop AT, of about 9 °C.
However, although AT, increases slightly at the high
initial temperature, the cooling capacity of the car seat
cold thermal energy storage device is limited. Therefore,
the cooling result may not be in the acceptable comfort
temperature range at higher initial temperatures.

5.3 Impact of geometric parameters

Aside from the planar SMA, there are also circular
tubular and cylindrical SMAs. This paper also simulated
the performance of the cold thermal energy storage
device for three SMA geometric schemes (one cylindrical
scheme named Case B, and two circular tubular schemes
referred to as Case C and Case D). The total cross-
sectional area of the above geometric solutions is
controlled within 3 x 107 - 4x 10*m?, which makes the
motor used in the baseline scenario applicable to all three
cases.

For the cylindrical and tubular SMA, the second
dimension is the number of tubes. The circular tube or
cylinder is identical. They are arranged at equal intervals
under the metal boss. In this case, cylindrical coordinate
should be used for the energy equation of SMA, as
expressed in Eq. (21).

OTws k@ 8 (9Tw)
"o 2 dp\ dg )8

The simulated results for the other three schemes are
sketched in Fig. 7. Of all schemes, Case A (original plate
solution) has the lowest average temperature of 26.2 °C
and the shortest time required to reach the lowest
temperature of 9.85 s, while Case D has the highest
average metal boss temperature of 29.4 °C and it takes
the longest time to reach the minimum temperature of
53.52 s. The average minimum temperatures of the metal
bosses in Cases B and C have a trivial difference at 28.2 °C
and 28.0 °C. Obviously, as the contact area between
SMA and the metal boss increases, the cooling rate

(o) 2
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Fig. 6 Impact of initial temperature of discharging

characteristic.

increases. Furthermore, the compact SMA geometry
scheme effectively facilitates the improvement of the
cold thermal energy storage efficiency because less cold
remains in the SMA, and the reduced heat transfer area
also leads less heat loss into the air. For instance, at the
lowest temperature, Case B has the highest energy
storage efficiency (66.8%), followed by Cases A (65.7%)
and D (48.1%).

Although the thermal properties of the tubular SMA are
inferior to those of cylindrical and plate SMAs, the
mechanical properties of the tubular SMA are superior to
those of the other two, which have a large moment of
inertia and are slightly more resistant to buckling,
decreasing the degree of deformation outside the
horizontal direction during compression.

5.4 Different SMA materials

Ni-Ti SMAs have an excellent eCE, but nickel and
titanium are expensive, while Cu-based SMAs are
inexpensive and abundant. Compared with Ni-Ti SMAs,
Cu-based SMAs usually have less transition strain and a
lower critical transformation stress, although their eCE is
inferior to Ni-Ti SMAs. At 4% strain, the maximum
compressive stress of Ni-Ti alloy is 870 MPa, while that
of CuAlZn is 450 MPa (nearly half that of Ni-Ti alloy)
and that of CuAIMn is 130 MPa (about 1/7 that of Ni-Ti
alloy) [27, 28].

Three SMA materials are selected for simulation
comparison, which are Ni50~4Ti49_6, Cu68A1162n]6, and
Cuy; 5Al175Mny;. Based on the properties of material, the
maximum strain of Cuy;sAl;75Mny; is set to 0.04.
Figures 8(a) and (b) respectively show the temperature
variation of the metal boss for a simulation time of 50 s
under the constraint of fixed SMA geometry and motor
power. The calculation results are summarized in
Tables 3 and 4.

In the case of fixed SMA geometry, the cooling
capacities of CuegAljsZnie and Cuy;sAlj7sMn;; are
4056.9 and 4535.6 J, respectively, about one-third of
Nisg4Tia96. In addition, the energy storage efficiency is
not much different from the above cases, which is 62%
and 63% for the former two and 66% for the latter. In the
simulation of this section, the maximum stress and the
compression power of CuggAljgZn;¢ are 380 MPa and
6.1 W, respectively, while those of Cuy; sAlj75Mn;; are
160 MPa and 2.6 W, respectively, indicating that Cu-
based SMAs may have a higher cold thermal energy
storage capacity than Ni-Ti SMA due to the fact that
more masses of Cu-based SMAs can be compressed to
store cold thermal energy under the same loading power.

In the case of fixed motor power, the cooling capacity
of CuégAh(,an(, and CU71.5A117‘5MH11 are 18865.7 and
43213.6 J, respectively. Although both are higher than
that of Nisg4Tia96 (11204.1 J), which is consistent with
the analysis above, the thickness is increased to 12 and
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27 mm, and the volume is expanded by 4 and 9 times,
respectively. The bulker Cu-based materials lead to a
much lower energy storage efficiency than that of
Nisg4Ti496 because more cooling capacity generated by
the SMA remains in the SMA at the moment when the
average temperature of the metal boss reaches the
minimum. In terms of thermal conductivity of the SMAs,
Cu-based SMAs have a thermal conductivity of 5-10
times greater than that of Ni-Ti SMAs, which
compensates for the possible delay in reaching the first
co-temperature (the average minimum temperature that
the metal boss can reach) due to the increase in volume.
Figure 8(c) shows the temperature change of the SMA
during the unloading process, and the spot with the most
significant temperature change on the upper or lower
surfaces of the SMA is selected for visualization. It can
be seen that the maximum temperature change of
Nisp4Tis96 is 17.8 °C, while those of CuggAlj¢Zn;e and
Cu715Al175Mny; are 9.9 °C and 10.7 °C, respectively.

The driving force for temperature drop comes from the
temperature difference between the metal boss and the
SMA. When the initial temperature of the metal boss and
the SMA is similar to each other, the temperature change
of the SMA during the unloading process will limit the
first co-temperature, which also limits the amount of cold
thermal energy that the car seat receives, and eventually,
leads to a lower energy storage efficiency. The cooling
capacity distribution of the three elastocaloric materials at
the minimum temperature of the metal boss at a fixed
power is specifically illustrated in Fig. 8(d). Taking
Cuy;5Al175Mny; for example, only 16.7% of the huge
cooling capacity generated by the SMA is used on the
metal boss, while 82.3% of that is left in itself, causing a
low cooling utilization efficiency.

Even though Cu-based SMAs are inexpensive and
readily available, all Cu-based SMAs must face the
problem of the low fatigue performance associated with
brittleness. Moreover, the latent heat of the two Cu-based
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(c) temperature change of three memory materials; (d) distribution of cooling capacity at the lowest temperature of metal boss.

Table 3 Results for the case of fixed SMA geometry

Nis.4Tis0.6 CuggAljsZnis Cu715Al17.sMnyy
Opro/d 11204 4056.9 4535.6
% 66 62 63
Tcu,min/°C 26.2 31.7 32.0
WIW 23.0 6.1 2.6
Emax 0.05 0.05 0.04
O max/MPa 800 380 160

Table 4 Results for the case of fixed motor power

Niso4Tis9.6 CugsAlieZnie Cuzy5Al17.sMnyy
OprolJ 11204 18865.7 43213.6
/% 66 30 17
Tcumin/°C 26.2 28.2 26.2
WIW 23.0 24.4 23.4
COopP 1.78 1.30 1.71

SMAs used in the simulation is less than 50% of that of
the existing Ni-Ti SMAs, which limits their practical
applications.

6 Conclusions

This paper presents the principle of using SMAs for cold
thermal energy storage applications. SMAs are not only
solid-state refrigerants but also good candidates for
thermal energy storage materials. The design of a car seat
cold thermal energy storage device is presented based on
the proposed theoretical SMA cold thermal energy
storage cycle. The device leverages the shape
characteristics of the inclined slide track to load or unload
the SMA, and the motor is controlled by a pressure
sensor to drive the cable to pull the SMA up and down.
Besides, transient variations of temperature, stress,
specific entropy, and discharging rate are presented. The
simulation results indicate that the minimum temperature
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of the metal boss under the seat reaches 26.2 °C at 9.85 s
after the discharging process initiates, which
demonstrates a temperature reduction of 8.8 °C in the car
seat. In addition, the energy storage efficiency of the
device is 66%; the time-averaged compression power for
a 5-min loading process is 20.4 W, corresponding to the
COP of 1.78. Furthermore, this paper discusses the
effects of initial temperature, elastocaloric material, and
geometry scheme of SMAs on the performance of the car
seat cold thermal energy storage device. It can be
concluded that

1) The cooling capacity of the cold thermal energy
storage device for car seat based on SMA is relatively
stable with a temperature drop of about 9 °C.

2) A positive correlation exists between the cooling
rate and the contact area between the SMA and the metal
boss under the seat, and the compact SMA geometry
facilitates more efficient cooling of the device.

3) Although Cu-based SMAs are cheaper and have a
smaller phase transition stress, which contributes to a
large cooling capacity of the device at the same
compression power, they have a lower latent heat value
and a smaller SMA temperature drop, which limits the
amount of cooling that is extracted by the metal boss.
Thus, the performance of Cu-based SMAs is generally
worse than that of Ni-Ti SMA.

Increasing the thermal conductivity of SMAs can
facilitate the discharging process, while reducing phase
change stress and increasing latent heat value can
effectively improve the energy storage efficiency. It is
hoped that this work is a starting point to attract more
ambitious multidisciplinary researchers with different
backgrounds to work together on the new concept that is
proposed in this study.
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Notations

a Thermal diffusivity/(m2-s1)

Coefficient of performance

C Clausius-Clapeyron coefficient/(MPa-K)

Cp Specific heat/(J-(kg'K)™!)

eCE Elastocaloric effect

E Young’s modulus/MPa

g Generation term in energy equation/(W-m3)
h Heat transfer coefficient/(W-(m2-K)™!)

k Thermal conductivity/(W-(m-K)1)

! Length/m

0 Heat transfer/J

N Surface area/m?

As  Entropy change/(J-( kg'K)™)
SMA Shape-memory alloy

s Specific entropy/(J-( kg'K)™1)

T Temperature/K

U Solid-solid heat transfer coefficient/(W-(m2-K)™1)
V

Volume/m?3
43 Transforming layer volume/m?3
Greek symbols

Strain

Strain rate/s™!

Energy storage efficiency

&

&

n

f Phase fraction
P Density/(kg:m™)

T Relaxation time constant/s
(o Stress/MPa

Subscripts

A Austenite

As Austenite start

Af Austenite finish

Cu Copper
c Cooling capacity in one cycle
f Air

M Martensite

Ms Martensite start

Mf  Martensite finish

max  Maximum

m SMA

Superscripts

AM  Austenite to martensite transformation

MA  Martensite to austenite transformation
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