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ABSTRACT

Solid-state caloric cooling cycles are considered to be a promising alternative to conventional cooling technology.
Theoretically, they can compete with the conventional vapor compression cycle and are much more efficient.
However, this technology does have one problem: its performance decreases rapidly if the temperature difference
between the condenser and evaporator gets larger. The environment where cooling technology is used often has large
temperature differences between condenser and evaporator. For instance, in a typical automotive system, the
condenser operates at 45°C and the evaporator at 5°C. Thus, the temperature difference between the condenser and
evaporator reaches 40°C. The cooling load of the caloric cycle decreases by 86% when the temperature difference
increases from 5°C to 20°C. This weakness prevents the magnetic refrigeration cycle from becoming commercialized
and competing with vapor compression cycle.

To solve this issue, the authors have applied two-phase zeotropic blends as heat transfer fluid in the caloric cycles.
There are two reasons. First, using two-phase flow can increase the Nusselt number. The flow is laminar when the
system uses single phase water, so the Nusselt number cannot be improved in the regenerator. Second, two-phase
zeotropic mixture can generate a temperature gradient in the regenerator to overcome the large temperature difference.
Therefore, an ethane/isobutane mixture has been chosen due to its high temperature glide (~ 40°C). This selection is
different from that of the vapor compression cycle which normally prefers small glide zeotropic mixture.

This paper shows that using two-phase zeotropic mixture through the entire regenerator has much better performance
than using single and two-phase flow together in the caloric cooling cycle. Optimized zeotropic refrigerant system
was chosen to compare with a water system. As a result, the system using two-phase zeotropic blend can increase
temperature difference between cold and hot side of the regenerator because Nusselt number increases and lower mass
flow rate is required to reach the optimal displacement ratio. Therefore, the amount of heat transfer in the cold heat
exchanger significantly increases and the system's efficiency ultimately gets much better.

This is first time to use two-phase flow zeotropic mixture in the caloric refrigeration system and this paper expands
the application of two-phase zeotropic blends to caloric cooling systems.

1. INTRODUCTION

Solid-state caloric cycles are the most promising technologies to replace current cooling cycles because this advanced
technology can overcome the various environmental issues air conditioning systems cause. The technology does not
use the refrigerant that causes ozone depletion and global warming effects, which are the biggest problems occurred
in the vapor compression cycle. Furthermore, it started getting recognitions by many researchers because of its high
efficiency. For the past few decades, numerous researchers and companies have been actively developing solid-state
cooling technology. However, the study on heat transfer fluids used in caloric regenerators is somehow neglected,
even though heat transfer phenomena in the regenerator is important to determine system performance. Heat transfer
fluid has a great effect on the performance of solid-state caloric cycles. In general, high thermal conductivity and
thermal diffusivity and low viscosity of the fluid generates good cooling performance (Kitanovski, 2015).

Most of the magnetic regenerator prototypes has used water or water with alcohol additives as a heat transfer fluid
because it has good thermohydraulic properties and characteristic of nontoxicity and simplicity of use. Petersen (2008)
numerically and experimentally compared water, ethanol, glycerin and mercury. Mercury has the highest temperature
span in regenerator because of its thermal conductivity. Wu et al. (2014) analyzed the impact different heat transfer
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fluids in active magnetic refrigeration. This paper shows mercury can increase the cooling capacity by 600% compared
to water and a fluid with high conductivity, high density and low specific heat is suitable as heat transfer fluid in active
magnetic refrigeration. Kitanovski et al. (2012) showed that Galinstan is more efficient coolant fluid compared to
water. These papers showed that liquid metals are most suitable as a heat transfer fluid but it is highly toxic. Among
other fluids pure water is the best fluid for solid-state caloric cycles.

This paper has applied different working fluids to a solid-state caloric cooling system and compares the performance
achieved to a baseline system using water. When single phase water is used as heat transfer fluid in the solid-state
caloric cooling system, the flow is found to be laminar. Therefore, the heat transfer coefficient cannot be improved
for a fixed regenerator hydraulic diameter, because the Nusselt number is constant for fully developed laminar flow.
However, when a zeotropic blend is used as the heat transfer fluid, it is expected that Nusselt number increases and
temperature gradient appears in the regenerator. Therefore, an ethane/isobutane mixture (50/50% by mass) has been
chosen as heat transfer fluid due to its high temperature glide during condensation and evaporation. Unlike in
conventional vapor compression systems that aim to use blends with low temperature glides, the higher glides in
caloric system can be helpful in increasing the temperature lift of the system

2. NUMERICAL MODEL

2.1 Schematic of solid-state caloric cooling cycle

Figure 1 represents the schematic of the model for solid-state caloric cooling cycles. The system comprises a
permanent magnet, a regenerator and two heat exchangers. The regenerator is filled with circular type of MCM through
which heat transfer fluid (water or ethane/isobutane mixture) passes. The regenerator is magnetized and demagnetized
repeatedly by entering and exiting a magnetic field caused by a moving permanent magnet. The performance of this
cycle using 2 Tesla of magnetic field is investigated using 1D model.

2.1 Correlations of heat transfer coefficient and pressure drop in circular tube

Extended Gnielinski’s correlation has been used to calculate heat transfer coefficient for single phase flow (Abraham
etal., 2011). Chen’s correlation (1966) and Cavallini’s correlation (2006) have been applied into model to calculate
the heat transfer coefficient of evaporation and condensation, respectively, in this paper. Bell and Ghaly developed
below approximate correlation of condensation heat transfer for mixture to consider mass transfer resistance due to
zeotropic refrigerant(1973). However, this correlation has been used for evaporation heat transfer for mixture.
Therefore, Bell & Ghaly correlation has been used in the model to calculate the heat transfer coefficient of evaporation
and condensation of mixture for simplification of model and computational speed. Homogeneous model (McAdams
et al., 1942) has calculated the pressure drop of mixture in the model.

1 1 Z
=t (1)
a a ag

ay . Coefficient of the condensation layer film

ag: Vapor heat transfer coefficient

Z; = qSiT"'G: Ratio of the local vapor sensible heat flux to the local total heat flux

Magnet

Piston Piston

/

) Regenerator )

Magnet

Figure 1: Schematic of modeled solid-state caloric cooling cycle
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3. RESULTS AND DISCUSSION

3.1 Mass flow rate

Table 1 shows operating conditions. Figure 2 shows COP and cooling and heating capacity along mass flux. General
trend of the cooling capacity, heating capacity and COP are similar to those of AMRRC using water. The COP
decreases with the increase in mass flux. The cooling and heating capacity increase with the increase in mass flux.
However, when mass flux is about 800 kg s* m-2, cooling and heating capacity is maximum and after mass flux reaches
800 kg s m, cooling and heating capacity decrease. This is mainly because when mass flux is low, cold fluid near
the cold side of the regenerator or hot fluid near the hot side of the regenerator only enter the cold heat exchanger or
hot heat exchanger, respectively. When mass flux increases, colder fluid or hotter fluid enter the cold heat exchanger
or hot heat exchanger, respectively, with high velocity, so the cooling and heating capacity increase. The other reason
is the increase in heat transfer coefficient as mass flux increases. However, if mass flux more increases, relatively hot
fluid finally enters the cold heat exchanger and cold fluid enters the hot heat exchanger. Therefore, the cooling and
heating capacity decrease. In addition, higher mass flux causes higher pressure drop. Therefore, COP is a function of
heat transfer coefficient, pressure drop and displacement ratio. Higher heat transfer coefficient, lower pressure drop
and the optimal displacement ratio can generate higher COP in magnetocaloric refrigeration cycle. In this graph,
heating capacity increases faster than cooling capacity when mass flux is low. This is because refrigerant in hot side
is two-phase so its heat transfer coefficient linearly increases with mass flux, but refrigerant in cold side is single phase
so its heat transfer coefficient stays constant with mass flux, when mass flux is low as shown in Figure 3.

Figure 3 represents average heat transfer coefficients of single phase and two-phase flow versus mass flux. The heat
transfer coefficient of two-phase flow increases with the increase in mass flux, but the slope gradually decreases. The
heat transfer coefficient of single-phase flow is almost constant when the Reynolds number is less than 2300. The heat
transfer coefficient significantly increases after the Reynolds number reaches 2300 because the flow turns from
laminar flow into transition flow. Average heat transfer coefficient and pressure drop per unit length versus mass flux
calculated from the entire regenerator are shown in figure 4. In this graph, the pressure drop per unit length
exponentially increases. However, the slope linearly increases the final region (800 ~ 1000 kg s™* m™). It is because
the temperature of heat transfer fluid in the hot side of regenerator decreases compared to that of other regions (100 ~
800 kg st m?). The changing trend of the average heat transfer coefficient of two-phase flow in Figure 3 is similar to
that of the average heat transfer coefficients in Figure 4 because over 90% of heat transfer fluid in regenerator is two-
phase flow. The average heat transfer coefficient flow slightly more increases when mass flux is between 700 ~ 800
kg st m2 compared to other regions. This is because of the effect of the increase in heat transfer coefficient in single
flow region.

Table 1: Operating conditions

Total volume 3.3L
Temperature span 20°C(5-25°C)
frequency 5Hz
Porosity 0.5
Hydraulic diameter 0.0003m
4.5
- COP

—e-cooling capacity

—=— heating capacity

Cooling & heating capacity (kW) / COP (-)
b
J

__________________
.................

0 200 400 600 800 1000 1200
mass flux (kg s'm?)

Figure 2: COP, cooling & heating capacity versus mass flux
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Figure 4: Average heat transfer coefficients and pressure drop per unit length versus mass flux

3.2 Aspect ratio and frequency

Figure 5 represents the effect of aspect ratio on cooling capacity. In the graph, as aspect ratio increases maximum
cooling capacity increases. This is because the regenerator with higher aspect ratio needs higher mass flux to reach
the optimal displacement ratio, which causes an increase in heat transfer coefficient. Therefore, the regenerator with
higher aspect ratio can generate higher cooling capacity compared to the regenerator with lower aspect ratio. Figure 6
shows the COP versus cooling capacity for various aspect ratio. There is the optimal aspect ratio which can generate
certain cooling capacity. (e.g. Aspect ratio of 4 is optimal to generator cooling capacity of 0.87 ~ 1.17 kW.) In this
condition, aspect ratio of 8 is optimal to generate the cooling capacity of 1.3kW (100W/1kg of MCM).

Figure 7 and Figure 8 show cooling capacity versus mass flux and COP versus cooling capacity for various frequency,

transition flow region
L6 N

" . - aspect ratio 2

Cooling capacity (kW)
N
4
I

N --- - aspect ratio 4
———aspect ratio 8

o — —aspect ratio 16

0 200 400 600 800 1000 1200
mass flux (kg m?s?)

Figure 5: Cooling capacity versus mass flux for various aspect ratio
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respectively. When frequency increases (cycle time decreases), the optimal mass flux to generate maximum cooling
capacity increases as shown in figure 7, which is related to displacement ratio. When frequency increases, maximum
cooling capacity increases because only coldest fluid can enter into the cold side heat exchanger. If frequency further
increases, time is limited for heat transfer and temperature of HTF cannot be decreased enough. The COP to generate
maximum cooling capacity increases with an increase in cycle time. The system with frequency of 1.67Hz can generate

1.3kW cooling capacity with COP of 1.4.

3.3 Effect of pressure and composition on system performance
Table 2 represents boiling point, dew point and temperature glide as a function of operating pressure and mass fraction
of ethane calculated by REFPROP program. Combination of operating pressure and composition of mixture
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Table 2: Boiling point, dew point and temperature glide as a function of operating pressure and mass fraction of

ethane
Pressure 1300 kPa 1500 kPa 1700 kPa
s af:?(f:l of boiling point| dew point temperature boiling point| dew point temperature boiling point| dew point temperature
ethame (°C) (°C) glide (°C) (°C) (°C) glide (°C) (°C) (°C) glide (°C)

0.1 47.4 69 21.6 55 75.5 20.5 61.9 81.4 19.5
0.2 25.9 60.4 34.5 33.3 66.5 33.2 40 72 32
(K] 11.6 52851 40.5 18.5 57.9 394 24.9 63 38.1
0.4 1.7 44 42.3 8.2 49.5 41.3 14.2 54.4 40.2
0.5 -5.3 35.9 41.2 0.8 41.1 40.3 6.5 457 39.2
0.6 -10.6 27.5 38.1 -4.8 32.4 37.2 0.6 36.8 36.2
0.7 -14.8 18.4 332 -9.1 23.1 322 -4 273 31.3
0.8 -18.1 8.2 26.3 -12.7 12.7 25.4 -7.7 16.8 24.5
0.9 -20.9 -4.5 16.4 -15.6 0 15.6 -10.8 4 14.8

determines boiling point, dew point and temperature glide. Based on these results, we can get zeotropic mixtures with
different boiling points and same temperature glide or zeotropic mixtures with different temperature glide and same
boiling point by controlling the combination. These characteristics are very important in zeotropic magnetocaloric
refrigeration system because they can change the ratio of single phase and 2-phase of mixture and quality of 2-phase
flow in regenerator as shown in Figure 9. The change could affect heat transfer coefficient and pressure drop of 2-
phase flow as well as the amount of energy that must be added to the heat transfer fluid in order to increase 1°C.
Therefore, it has a significant effect on system performance.

Firstly, to simplify model and see the effect of changing boiling temperature, boiling temperature of zeotropic mixture
has been changed at the fixed temperature glide. Also, properties, such as internal energy, enthalpy, density, specific
heat, etc, change together with boiling temperature. For example, if boiling temperature increases by 5°C, properties
move to right side by 5°C as shown in Figure 10. By doing this, the only effect of boiling point on system performance
can be investigated.

Figure 11 shows cooling capacity versus mass flux and Figure 12 represents COP versus cooling capacity for different
boiling point. As boiling temperature decreases, cooling capacity and COP increases. When boiling temperature is -5
°C, the COP of system reaches almost 5.9 to generate 1.3kW cooling capacity. This is because an increase in 2-phase
region causes an increase in average HTC and using higher quality region causes an increase in average HTC. Lastly,
higher heat capacity of 2-phase causes higher heat transfer between HTC and MCM during blow periods.

The initial and final temperatures of HTF and MCM during hot to cold blow period for 0°C and -5°C boiling points
are shown in Figure 13 (mass flow rate = 0.2kg s1). In case of the system using the zeotropic mixture with 0°C boiling
point, single and 2-phase flow of mixture exist together in regenerator. There are single phase flow in cold side of
regenerator and 2-phase flow in hot side of regenerator. MCM and HTF in cold side of regenerator are in thermal
equilibrium state at the final of hot to cold blow period, which means that there is no heat transfer between MCM and
HTF and MCM cannot cool down HTF further over long period of time. On the other hand, in case of the system
using the zeotropic mixture with -5°C boiling point, only 2-phase flow of mixture exists in regenerator. Therefore,
average heat transfer coefficient of HTF with -5°C boiling point is higher than average heat transfer coefficient of

30

3
th

(%]
=]

Single phase | 2-phase

=
n

=
(=1

Single phase 2-phase

Temperature (°C)

S

MCM

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimensionless longitudinal position

Figure 9: Ratio change of single phase to 2-phase of zeotropic mixture in regenerator under different boiling point
(0°C (Green), 5°C (Red))
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Figure 10: Enthalpy and density change under different boiling point (0°C (Green), 5°C (Red))
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Figure 11: Cooling capacity versus mass flux for different boiling point

HTF with 0°C boiling point. In addition, for -5°C boiling point, temperatures of MCM and HTF in cold side of
regenerator is just about to meet at the final of hot to cold blow period, which means that heat transfer between MCM
and HTF occurs during the whole period of hot to cold blow so heat transfer rate increases. This is mainly because 2-
phase of zeotropic needs more energy to increase its temperature.

The initial and final temperatures of HTF and MCM during cold to hot blow period for 0°C and -5°C boiling points
are shown in Figure 14 (mass flow rate = 0.2kg s1). In case of the system using the zeotropic mixture with 0°C boiling
point, the temperature change of HTF is similar to that of MCM during cold to hot blow period. On the other hand,
the temperature change of HTF in cold side of regenerator is less than that of MCM during cold to hot blow period in
the system using the zeotropic mixture with -5°C boiling point, because more energy is needed to increase temperature
of 2-phase flow due to latent heat. Therefore, MCM and HTF are in thermal equilibrium at lower temperature at the
final of cold to hot blow period and MCM has lower temperature after demagnetization process than that of MCM in
system using the zeotropic mixture with 0°C boiling point.

6

boiling temp erature -5 °C
----- boiling temperature +0 °C

= : =Dhoiling temperature +5 °C

COP

-

e

Cooling capacity (kW)

Figure 12: COP versus cooling capacity for different boiling point
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Figure 13: Initial and final temperatures of HTF and MCM during hot to cold blow period for 0°C and -5°C boiling
points (mass flow rate = 0.2kg s?)
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Figure 14: Initial and final temperatures of HTF and MCM during cold to hot blow period for 0°C and -5°C boiling
points (mass flow rate = 0.2kg s)

In conclusion, using only two-phase flow in regenerator causes an increase in heat transfer between MCM and HTF
in cold side of regenerator during hot to cold blow period and a decrease in the temperature of MCM at the final of
cold to hot blow period. In particular, this effect mostly concentrates on the cold side of regenerator which leads to a
decrease in temperature of cold reservoir tank by 2.5°C though the temperature of hot reservoir is increased by 1.1°C.
This is the reason why COP significantly increases when using the zeotropic mixture with -5°C boiling point.
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Table 3: Optimized conditions and system performance for the AMRRC using zeotropic mixture and water

Water system Zeotropic system
Aspect ratio (-) 2 8
Frequency (Hz) 1 1.67
Mass flow rate (kg s?) 0.75 0.15
Nu (-) 3.6 8.6
Mass flux (kg m2s?) 184 92
Cooling capacity (kW) 1.43 1.75
COP () 4.7 6.3
Pressure drop (kPa) 8.3 125
Temperature of
cold / hot reservoirs (°C) 15/296 3.2/309
7 9.6%1 35
0 Water 34%1 20

% Zeotropic .
“s 25 ~
o s
24 20 E
33 15 §
5 22%1 10 &

§ 1 5

0 0

Cooling capacity COP Temp. diff.

Figure 15: System performance comparison of zeotropic system with water system

3.4 Comparison of the AMRRC using zeotropic mixture with the AMRRC using single phase water
To compare the AMRRC using zeotropic mixture with the AMRRC using single phase water, optimized conditions
are chosen for both cases. Optimized conditions and system performance for both cases are shown in Table 3. Figure
15 represents system performance comparison of zeotropic system with water system.

Using zeotropic mixture in caloric system as HTF increases Nu 2.4 times and temperature difference between hot and
cold reservoir tanks by 9.6%. Cooling capacity and COP are increased by 22 and 34%, simultaneously. This is mainly
because zeotropic system needs lower mass flow rate compared to water system to reach the optimal displacement
ratio due to the difference of density between both HTFs and optimized aspect ratio. So, smaller heat capacity of HTF
enters and exits regenerator during one blow period in zeotropic system. Total heat transfer between MCM and HTF
can further increase and decrease the temperature of HTF during hot and cold blow periods, respectively, in zeotropic
system. Therefore, this effect can increase temperature difference of HTF between cold and hot side in regenerator,
cooling capacity and COP.

4. CONCLUSIONS

An ethane/isobutane zeotropic mixture (50/50% by mass) has been chosen as heat transfer fluid due to its high
temperature glide during condensation and evaporation. Unlike in conventional vapor compression systems that aim
to use blends with low temperature glides, the higher glides in caloric system can be helpful in increasing the
temperature lift of the system.

The COP of the optimized system with 8 aspect ratio, 1.67 Hz and -5°C boiling point is almost 5.9 to generate 1.3kW
cooling capacity. This optimized zeotropic system has been compared with the optimized water system. In conclusion,
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using the zeotropic mixture increases the Nusselt number 2.4 times and the temperature difference between hot and
cold reservoir tanks by 9.6%. In return, cooling capacity and COP increased by simultaneously by 22 and 34%.

No prior study has described the application of two-phase zeotropic blends to a caloric refrigeration system before.
The results are intriguing and demonstrate that it is possible to expand the application of caloric cooling systems due
to the use of high-glide zeotropic mixture.

REFERENCES

Abraham, J. P, Sparrow, E. M., & Minkowycz, W. J. (2011). Internal-flow Nusselt numbers for the low-Reynolds-
number end of the laminar-to-turbulent transition regime. Int. J. Refrig., 54, 584-588.

Aprea, C., Greco, A., & Maiorino, A. (2013). The use of the first and of the second order phase magnetic transition
alloys for an AMR refrigerator at room temperature: A numerical analysis of the energy performances. Energy
Conversion and Management, 70, 40-55.

Barclay J. A., Steyert W. A. (1982). Active magnetic regenerator. US Patent No 4.332.135

Bell, K. J., and Ghaly, M.A. (1973). An approximate generalized method for multicomponent partial condenser.
American Institute of Chemical Engineers Symposium Series 69, 72-79.

Brown, J. S., & Domanski, P.A. (2014). Review of alternative cooling technologies. Applied Thermal Engineering,
64, 252-262.

Cavallini, A., Col, D.D., Doretti, L., Matkovic, M., Rossetto, L. & Zilio, C. (2006). Condensation in horizontal smooth
tubes: a new heat transfer model for heat exchanger design. Heat Transfer Engineering 27(8), 31-38.

Chen, J. C., (1966). Correlation for Boiling Heat Transfer to Saturated Fluids in Convective Flow. Ind. Eng. Chem.
Process Des. Dev. 5(3), 322-329.

Dixon, A. G., & Cresswell, D. L. (1979). Theoretical predictions of effective heat transfer mechanisms in regular
shaped packed beds. AIChE Journal, 25, 663-676.

Engelbrecht, K. (2004). A numerical model of an active magnetic regenerator refrigeration system. (Masters
dissertation), The University of Wisconsin-Madison.

Kitanovski, A., Egolf, P. W., & Poredos, A., (2012). Rotary magnetic chillers with permanent magnets. Int. J. Refrig.,
35(4), 1055-1066

Kitanovski, A., Tusek, J., Tomc, U., Plaznik, U., Ozbolt, M., & Poredos, A. (2015). Magnetocaloric energy
conversion. New York: Springer

McAdams, W. H. (1942). Heat Transmission, Second ed. McGraw-Hill, New York, NY, USA.

Petersen, T. F., (2007). Numerical modelling and analysis of a room temperature magnetic refrigeration system. (PhD
thesis), Technical University of Denmark, Department of energy conversion and storage, Denmark

Petersen, T. F., Pryds, N., Smith, A., Hattel, J., Schmidt, H, & Knudsen, H. H. (2008). Two-dimensional mathematical
model of a reciprocating room-temperature active magnetic regenerator. Int. J. Refrig., 31, 432-443.

Steyert W. A. (1978). Stirling-cycle rotating magnetic refrigerators and heat engines for use near room temperature. J
Appl Phys, 49, 1216-1226

Tishin, A. M., Gschneidner, K. A., & Percharsky, V. K. (1999). Magnetocaloric effect and heat capacity in the phase-
transition region. Physical review B, 59(1), 503-511

Wakao, N., & Kaguei, S. (1982) Heat and Mass Transfer in Packed Beds, New York: Gordon and Breach.
Engelbrecht, K. (2008). A numerical model of an active regenerator refrigerator with experimental validation
(Doctoral dissertation). The University of Wisconsin-Madison.

Wu, J., Liu, C., Hou P., Huang, Y., Ouyang, G., & Chen, Y. (2014). Fluid choice and test standardization for magnetic
regenerators operating at near room temperature. Int. J. Refrig., 37, 135-146

ACKNOWLEDGEMENT
The authors would like to thank the member companies of the Air Conditioning and Refrigeration Center at the

University of Illinois at Urbana-Champaign for their financial and technical support. The authors would like to thank
Creative Thermal Solutions, Inc. (CTS) for providing technical support and equipment.

18" International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021



	Applying Two-phase Zeotropic Heat Transfer Fluids to Solid-state Cooling Cycle and Comparison with Baseline using Single Phase Water
	

	21ST INTERNATIONAL CONGRESS OF REFRIGERATION

