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Abstract

The electrocaloric effect (ECE) is defined as the fact that the temperature of
dielectric material changes, when an electric field is applied to or removed
from the material [1]. It might be a possible solution for the increasing energy
consumption for thermal management because of its high effectiveness. Pre-
vious research on the ECE has investigated several possible methods to build a
model based on ECE and feasibilities to increase the efficiency of the model.
But there has been no study on all the factors that may affect the performance
of the device. Thus, in this paper, we designed a cooling device based on ECE
and simulated it by using the control variates method showing that a high ef-
ficiency can be reached through stated model.
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1. Introduction

Significant amount of energy has been used for thermal management all over the
world presently. In common American families, more than 30% of the power
usage is spent on space cooling and refrigeration [1]. If we assume there to be a
10% increase of efficiency in the performance of thermal management applica-
tions, 110 terawatt hours of energy would be saved in America in 1 year. This is
about the entire energy consumption of Mexico estimated annually [2]. Based on
such huge benefits from energy saving, scientists have studied four types of
cooling technologies, including the vapor compression system, thermoelectric
cooling, magnetocaloric cooling and the electrocaloric cooler [3].

Vapor Compression Refrigeration (VCR) [4], currently the most widely used

thermal management technology, was invented about two hundred years ago.
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The improvement of efficiency is limited currently. Moreover, it is not environ-
ment-friendly because the emission of Chlorofluorocarbons can cause great
Ozone depletion, and influence the climate all over the word. Also, the develop-
ment of this cooling system is restricted by its size. Over the years, there has
been little progress in the minimization of such compressors due to many phys-
ics problems. Considering that too much energy has been used for thermal
management, including but not limited to air conditioning, improvements for
cooling technology become more and more important.

Thermoelectric effects have been studied for decades. The Peltier effect is the
utilization of the physics thermoelectric cooling [5]. It is defined by the presence
of heating or cooling at an electrified junction of two different conductors. With
Peltier effect, heat is supposed to be transported from one side of an electrode to
the other side with directed motion of charge carriers. One of the most signifi-
cant advantages of a thermoelectric cooling device is that it can work under
many extremely severe conditions. For instance, Thermoelectric coolers and ge-
nerators have been used in the space. Usually thermoelectric thermal manage-
ment devices are very simply-built and can be made quite compacted, which
VCR system can’t solve. However, thermoelectric coolers often suffer from their
low efficiency. The fundamental physics requires low thermal conductance and
high electric conductance of the materials for high efficiency thermoelectric
cooling devices. While for a thermoelectric cooler, these are incompatible re-
quirements, making material exploration for high performance thermoelectric
materials challenging.

Magnetocaloric cooling utilizes the thermodynamically reversible magnetoca-
loric effect (MCE) [5], to transfer heat from cold sources to hot sources in a
manner similar to VCR system. Theoretical analyses suggest that compared with
the current best air-cooling system, the VCR system, magnetic cooling could
have a higher cooling efficiency. However, it is limited by its high magnetic field
requirement.

The discovery of the electrocaloric effect (ECE) has offered us a possible solu-
tion to the thermal management system efficiency problem [6]. Specifically, var-
iations in the electric field cause change of the dipolar state in the dielectric ma-
terials, causing the material to change from a less ordered state to a more or-
dered state, or vice versa when an electric field is removed. The entropy change
results in the temperature change. Scientists reported that a temperature change
of 12 K can be achieved by tuning the material’s composition or introducing
higher electric field [7]. This makes it promising to study the ECE, when aiming

at designing a system that can increase the efficiency for thermal management.

2. Fundamentals of Electrocaloric Effect

In 2004, Zhang predicted a large ECE in ferroelectric P(VDE-TrFE) based poly-
mers. The equation of the ECE is basically derived from the equation of Gibb’s

free energy.
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The derivation is shown below.
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G: Gibbs free energy; S Entropy of material; C_E, p: Specific heat of material,
density of material; 7¢ Temperature. [: Displacement; & Heat; £: Electric field.

From the derivation of the above equations, it could be seen that temperature
change of Electrocaloric materials arises from the entropy change, and is directly
related to the displacement under given electric fields. The higher the voltage of

the electric field is, the more the temperature changes [8].

3. Electrocaloric Cooling Device Design

Theoretically, an ECE refrigerator working under a Carnot cycle can reach the
highest possible efficiency, also named as Carnot efficiency. Figure 1 shows the
comparison between VCR and Electrocaloric cooling cycles. As shown in Figure
1 for Electrocaloric cooling system, it is started with Electrocaloric materials
under disordered state. When an external electric filed is applied, the materials
tend to be transited into ordered state, which will release the energy in forms of
heat during the transition process. After removing the electric filed, the materials
will tend to become disorder again and this process requires the materials to ab-
sorb the surrounded heat as energy to support the disorder-to-order transition
process. In this way, a Electrocaloric cooling system is achieved. And a successful
design of Electrocaloric cooling devices should form a similar cycle by utilizing
the Electrocaloric temperature changes [6].

Unlike the gaseous refrigerants of VCR systems, all Electrocaloric materials
are in solid states. This is an advantage of EC devices, since it yields more com-

pacted sizes, higher energy density, and no friction loss. However, when designing
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Figure 1. Comparison of Electrocaloric cooling cycle and “Compressor”
cooling cycle.

a functional EC system, the effeicient thermal transfer between EC materials and
thermal ends requires a good thermal switch. A thermal switch is a functional
thermal element that changes its thermal conductance in response to changes in
thermal loading, and thereby helps maintain a target device or system to stay
within desired temperature ranges. When a target device goes over a critical
temperature, the switch turns on and dissipates heat to a cold surface. When the
target device then returns to an acceptable temperature, the switch turns off. An
ideal heat switch should meet the following needs: great on/off ratio, good sensi-
tivity, and low specific heat.

Figure 2 shows the model of the cooling system using the Electrocaloric ef-
fect, coupling with a thermal switch that consists of fluid (water with high spe-
cific heat capacity as proposed). In this design, the Electrocaloric material’s
temperature changes alternatively with the application/removal of an external
electric field. The water/air gap passes through the Electrocaloric material pe-
riodically. By synchronizing the frequency of the Electrocaloric electric field and
water/air gap flow, the upper tunnel water is constantly heated and the lower
tunnel is constantly cooled. When the water in the tunnel reaches the hot/cold
side, heat exchange occurs, and the complete effect sees the heat being pumped
from the cold side to hot side, while a directional heat transfer against the tem-
perature gradient is achieved.

In this model, there are several factors that contribute to the device’s perfor-

mance. In the following section, this paper will discuss these factors in details.
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Figure 2. Design of electrocaloric cooling system.

Based on the analyses and modeling results, an optimized design of Electroca-
loric cooling device will be presented.

COMSOL 5.2a is used for Multiphysics simulation. The initial parameters are
shown as in Table 1.

The initial frequency is set at 1 Hz; thermal conductivity is at 0.12 W/m-K;
Electrocaloric temperature change of the EC material is at 5 K; the thickness of
water flow is 200 um; the thickness of the EC material is 200 um; and the liquid
used for the thermal switch is water. The model illustrated here is a 1-D model.
For simplification, let’s assume the length and height of the components to be
lcm. To quantify the quality of the model, the power of heat transfer, the change
in temperature of the liquid, and the efficiency of the model are considered.

1) Frequency

The relationship between Frequency and the efficiency of EC devices is the
first factor to be studied. The Temperature change of working fluids and cooling
power are with various frequency as shown in Figure 3. As indicated from the
Figure 3, when the frequency increases, the efficiency of the model gradually
decreases. When the frequency increases, the temperature change of water de-
creases. When the frequency increases, the power of the model increases.

The explanation behind these facts may be that when the frequency increases,
not enough time will be left for the complete transfer of heat into the liquid,
which can cause temperature changes along with efficiency decrease. However,
as the frequency increases, the time gap between each transfer decreases, which
causes the power of the model to increase. An optimal operation frequency is the
result of balanced efficiency, with temperature change and cooling power. After
taking all these factors into consideration, an operational frequency of 1 Hz is
applied.

2) Thickness of water

The second factors to be studied in this paper is the thickness of the cooling
fluid. In this second model, water is used as the cooling fluid for the reason that
it has a relatively high thermal conductivity and specific heat. Temperature
change of working fluids and cooling power are studied in relation with fluid
thickness, as shown in Figure 4. The graphs show that when the thickness of
water increases, the efficiency steeply increases at first, then its increment is

slowed down. When the thickness of water increases, the temperature change of
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Table 1. Initial parameters of simulation.

thermal conductivity

Name Expression Value Description
1_tube 20 [um] 2E-5m the length of the tube
1_water 200 [um] 2E-4m the length of water
1_air 200 [um] 2E-5m the length of air
dT 5 [K] 5K change in temperature
I_EC 200 [um] 2E-4m the length of EC material

0.12 [W/m*K]

0.12 [W/m*K]

thermal conductivity of EC

0.75

0.7

0.65

0.6

0.55

Efficiency

0.5

0.45

0.4

0.35

Efficiency vs Frequence
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Figure 3. Efficiency, temperature change and power change as a function of operation frequency.

water decreases steeply at first, then its decrement is slowed down. When the

thickness of water increases, the power of the model increases. This indicates

that the increase of water thickness, meaning the increase in the volume of wa-

ter, increases the efficiency and power, since the more water is implemented the

more heat released by the EC material can be absorbed. The temperature change

of water will decrease, when the mass of water increases.
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Figure 4. Efficiency, temperature change and power change as a func-
tion of fluid thickness.
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3) Thermal Conductivity of EC Materials
As shown in the Figure 5, while high thermal conductivity of Electrocaloric

Efficiency vs Thermal Conductivity
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Figure 5. Efficiency, temperature change and power change as a
function of thermal conductivity of EC materials.
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materials can contribute to EC device performance, the heat generated/absorbed
by the ECE requires high thermal conductivity for efficient transport. When the
thermal conductivity of EC material increases, efficiency, temperature change of
the water, and the power of the model all increases by approximately the same
degree. As the thermal conductivity of the EC material increases, more heat can
be conducted, which means the heat that transferred from the EC material to the
water may be huge, and the process can occur more efficiently. This is made
possible by higher temperature change of the liquid-water, the power, and high
efficiency of the model. Hence, it can be concluded that it is meaningful to de-
velop EC materials with high thermal conductivity to increase thermal treatment
efficiency.

4) The Electric Field Applied

The level of EC temperature change is directly related to both material prop-
erties and the voltage applied to the material. Scientists have put significant
amounts of efforts to maximize EC temperature change. It has been reported
that a temperature change of 50 K has been achieved using a composite material
of PVDF based polymer and perovskite nanoparticle. However, high voltage has
high requirement for the longevity and stability of EC materials to be used. It is
interesting to study the relation between EC device performances (including to-
tal device temperature change, power density and energy efficiency) and EC
materials temperature change. As we can see from Figure 6, when the voltage of
the electric field applied increases, the efficiency of the model generally decreas-
es. When the voltage of the electric field applied increases, the increase of the
water temperature and the power of the model is approximately linear. The in-
crease of the applied electric field leads to immediate temperature change of the
EC material. Thus, the temperature change of liquid water will increase, given
that it will absorb more heat. Also, since the water absorbs more energy, the
power and efficiency of the use water will also increase. The discrete dots in the
first graph indicates that EC temperature change may not be an influential factor
of the efficiency. Thus, some minor errors in the simulation may cause some da-
ta fluctuation. This partially explains why there isn’t a positive correlation in the
first graph above.

5) The Thickness of EC Materials

Furthermore, the performance of EC cooling devices is also related to the
mass of EC materials used. As shown in the Figure 7, When the thickness of EC
material increases, the efficiency decreases gradually. When the thickness of EC
material increases, dT of water and the power of the model increases at approx-
imately the same level. As the thickness of the EC material increases, more mo-
lecules of the material are being utilized. When this happens along with the ap-
plication of the electric field, more molecules will transform from random
movement to orderly movement, which results in an increase in the amount of
heat being released. In this way, more heat can be transferred to the water, caus-

ing an increase in water temperature and power. However, with the increase of
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Efficiency vs EC Temperature Change
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Figure 6. Efficiency, temperature change and power change as a func-
tion of temperature change of EC materials.
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Figure 7. Efficiency, temperature change and power change as a function
of the thickness of EC materials.
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Table 2. EC device performance vs cooling fluids.

liquid Temperature change (K) Power (W/cmA2) efficiency

water 1.66 0.1393 0.651610549
glycerol 1.95 0.1178 0.551038928
engine oil 2.48 0.085 0.397608734
gasoline 2.44 0.079 0.369542235

EC thickness, the percentage of heat transferred from EC materials to the cool-
ing fluid can be significantly decreased, which lowers the efficiency.

6) The Kind of Liquid Used

As shown from the Table 2 above, the use of gasoline in the place of cooling
fluid can yield the greatest change in temperature, ceteris paribus, while the
model that uses water yields the greatest power and best efficiency. The less the
value of the specific heat a liquid has, the more temperature change may occur

when the same type of electric field is applied.

4. Conclusion

In this paper, a compact cooling devices based on Electrocaloric materials has
been designed. Factors which affect the performance of the thermal device have
also been modeled and analyzed. Finite element simulation shows that a high ef-
ficiency can be reached through stated model. It is expected that this study can

be a guide for further research in the discovery of better EC materials.
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