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Thermo-hydraulic evaluation of oscillating-flow shell-and-tube-like 
regenerators for (elasto)caloric cooling 
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A B S T R A C T   

The development of novel regenerators for caloric cooling applications requires a detailed evaluation of their 
thermo-hydraulic properties. Structures similar to shell-and-tube heat exchangers are one of the most promising 
geometries for elastocaloric technology since they exhibit high thermal performance and can be applied under 
compressive loading to overcome the limited fatigue life of elastocaloric materials normally experienced in 
tension. However, thermo-hydraulic properties of shell-and-tube-like structures at the conditions relevant for 
caloric cooling applications (oscillating counter-flow regime at low Reynolds numbers (<2000) and water as a 
heat transfer fluid) have not yet been characterized. In this paper, comprehensive oscillating-flow passive 
experimental characterization and numerical modeling were used to determine their thermo-hydraulic perfor-
mance. By varying the tube wall thickness, the tube/rod diameter, the spacing between the tubes/rods, and the 
channel height (baffle distance), nine different regenerators were assembled and analyzed for their thermal 
effectiveness, convective heat transfer and friction losses. New Nusselt number and friction factor empirical 
correlations were developed and compared with packed beds and parallel plate regenerators (as two most widely 
applied regenerator geometries in caloric cooling). We show that shell-and-tube(rod)-like regenerators can reach 
relatively high effectiveness (up to 0.92) and can present an excellent compromise between heat transfer and 
pressure drop properties. The shell-and-tube-like geometry can serve as a highly efficient (elasto)caloric 
regenerator, but dense packing with a small(er) hydraulic diameter is required to further increase the convective 
heat transfer coefficients and the NTU values. The obtained results should serve as guidelines for overall opti-
mization of compression-loaded shell-and-tube-like elastocaloric regenerator.   

1. Introduction 

Heat regenerators are widely applied in thermal engineering [1–3]. 
They are indirect storage type heat exchangers, where the heat from the 
hot fluid is temporarily stored in a thermal storage medium (regenera-
tive material) and later transferred to the cold fluid and vice versa. To 
perform the process as efficiently as possible, heat regenerators with 
large heat transfer area and sufficient thermal mass are favorable. Heat 
regenerators can be found in several applications, such as heat recovery 
in buildings, furnace exhaust, Stirling engines, thermoacoustics, and 
cryogenics, where a gas (air, helium) is typically used as the heat 
transfer fluid. In the last decades, heat regenerators have become an 
indispensable element of novel refrigeration technologies – caloric 
cooling [3]. Unlike in other applications, the heat regenerators in caloric 
technologies contain an active caloric material, and have a double 

function in a caloric device. Namely, they act as refrigerants (they 
change their temperature state due to the caloric effect) as well as re-
generators and thus enable an increase of the temperature span of a 
caloric device. Thus, they are often called active caloric regenerators. 
Caloric regenerators usually work with liquid as a heat transfer medium 
and generally operate at low Reynolds number regimes, at which 
thermo-hydraulic properties of several potential regenerator geometries 
are not yet well established. 

Caloric cooling technologies have the potential to achieve high ef-
ficiencies and apply environmentally harmless solid-state refrigerants. 
They are still in the R&D phase and are currently recognized as one of 
the most promising alternatives to vapor compression technology [4]. 
Although vapor compression systems present a cost-effective solution, 
the efficiency is rather moderate and a majority of them still use envi-
ronmentally harmful refrigerants, which are getting phased-out by 
numerous international agreements (e.g. Montreal Protocol (1987), 
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Paris Accord (2016), Kigali Amendment (2016), etc.). It is to be expected 
that in the next decade(s) only natural refrigerants, such as carbon di-
oxide, ammonia, and hydrocarbons will be allowed. However, these 
refrigerants also have some important downsides, e.g. carbon dioxide 
operates at high pressures and has low efficiency in hot climates, 
ammonia is toxic, and hydrocarbons are flammable, which limits their 
application potential [5–7]. Furthermore, ever-growing cooling needs 
already account for approximately 14% of all global energy consump-
tion. It is expected that in the next three decades the energy use for air 
conditioning and refrigeration will increase by up to 70%, making it the 
second-biggest electricity consumer in developed countries, after the 
industry sector [8]. Consequently, the development of highly efficient 
and environmentally friendly alternative cooling technologies, such as 
caloric technologies, is necessary. 

Caloric materials can be divided into several groups according to the 
external field change that causes caloric materials to change their tem-
perature. A cooling or heating effect can be caused by changing an 
external magnetic field, electric field, stress, or hydrostatic pressure. 
Due to that, the corresponding caloric effect, namely, magnetocaloric 

effect, electrocaloric effect, elastocaloric effect, or barocaloric effect 
occurs in the material, respectively. With around 100 working pro-
totypes designed and tested around the world to date, magnetic (mag-
netocaloric) refrigeration is by far the most developed caloric 
technology [9,10]. In 2014, the US Department of Energy [11] selected 
elastocaloric cooling as the most promising non-vapor compression 
refrigeration technology, while magnetic refrigeration was selected as 
the fourth most promising. Nevertheless, the largest latent heat associ-
ated with caloric materials were recently demonstrated by the bar-
ocaloric effect (BCE), but its practical potential has not yet been 
demonstrated [12,13]. A comprehensive review of different caloric 
materials can be found in [13–17]. 

The exploitation of the caloric effect for cooling or heat-pumping 
purposes requires the implementation of a thermodynamic cycle, 
where heat is periodically transferred between the caloric material and 
the surroundings. In most caloric devices this is performed by applying 
the so-called active caloric regenerator (ACR), which was demonstrated 
as the most effective way of utilizing the caloric effect in medium and 
large-scale devices [9,10,18,19]. An active regenerative cycle was 

Nomenclature 

Roman 
AHT heat transfer area [m2] 
ACS cross-sectional area for HTF flow [m2] 
Bi= h∙t

ks 
Biot number [/] 

c specific heat [J/kgK] 
C heat capacity [W/K] 
C*= (ṁcf)min

(ṁcf)max
heat capacity ratio [/] 

Cr*=
(mc)s*f
(mc)f

total matrix heat capacity ratio [/] 
d inside diameter [m] 
dh hydraulic diameter [m] 
D outside diameter [m] 
Fo= ks∙τ2

ρs∙cs∙t2 Fourier number [/] 
f frequency [Hz] 
F friction factor [/] 
h convective heat transfer coefficient [W/m2K] 
H height of the tubes(rods) in contact with HTF in single 

channel 
k heat conduction [W/mK] 
L length of HTF path [m] 
m mass [kg] 
ṁ mass flow rate [kg/s] 
m = ṁ/Acs mass velocity [kg/sm2] 
n number of measurements [/] 
Nsup number of support elements [/] 
Nu= h∙dh

kf
Nusselt number [/] 

NTU number of transfer units [/] 
P HTF flow period [s] 
Pw wetted perimeter [m] 
Δp pressure drop [Pa] 
Pr Prandtl number [/] 
Q heat transfer through support baffles [K/s] 
Q̇ heat flow rate [W] 
R heat resistance [K/W] 
Re= ρf ∙vf∙dh

μf
Reynolds number [/] 

s = D+ δ centre-to-centre distance [m] 
T temperature [K] 
t wall thickness [m], time [s] 
U overall heat transfer coefficient [W/m2K] 
UF utilization factor [/] 
v velocity [m/s] 
V volume [m3] 

Greek 
δ tube spacing [m] 
ε effectiveness [/] 
η porosity [/] 
μ dynamic viscosity [m2/s] 
ρ density [kg/m3] 
τ time [s] 
χ transient heat transfer correction factor [/] 

Subscripts 
a ambient 
BD Bell-Delaware 
c cold 
cdv cold side dead volume 
ct contact 
CB cold blow 
dsp displaced 
eff effective 
exp experimental 
f fluid 
h hot 
hdv hot side dead volume 
H housing 
HB hot blow 
i segment [/] 
in inlet 
j spatial node in the segment [/] 
K Kücük 
KE Kern 
min minimal 
num numerical 
o free flow 
out outlet 
PB packed bed 
PP parallel plates 
r regenerator, rods 
s solid 
sup support 
tb tubing 
w wall 
Z Žukauskas  
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originally developed in the magnetocaloric community where well- 
known active magnetic regenerators (AMRs) have been examined for 
the last 40 years and remain the most applied method for the exploita-
tion of the magnetocaloric effect for room temperature applications [9]. 
The ACR consists of a caloric material in a porous structure, through 
which a heat transfer fluid (HTF) experiences an oscillating counter- 
flow. Under periodic steady-state conditions, a temperature span 
exceeding the adiabatic temperature change of the caloric effect itself is 
established along the regenerator. Since the adiabatic temperature 
changes of most caloric materials are rather moderate [13–17], the 
application of the ACR is crucial for most practical applications where 
temperature spans of 20 K or more are usually required. Oscillating-flow 
heat regenerators are therefore widely used in prototype caloric cooling 
devices. However, due to different reasons specific to each caloric 
technology, a great majority of them are based only on packed-bed and 
parallel-plate geometry. Packed-bed regenerators generally have excel-
lent heat transfer characteristics, but relatively high pressure drop de-
creases their efficiency especially at higher operating frequencies. On 
the other hand, parallel-plate regenerators have relatively poor heat 
transfer characteristics for a given characteristic size, but also low 
pressure drop. 

1.1. State-of-the-art of thermo-hydraulic evaluation of active caloric 
regenerators 

The thermo-hydraulic properties of ACRs, such as heat transfer co-
efficient and pressure drop, play a crucial role in achieving good cooling 
or heat-pumping properties. Their evaluation is therefore one of the 
most important development steps prior to their implementation in a 
caloric device. In general, thermo-hydraulic properties of a regenerator 
are normally evaluated using a single-blow method [20], unidirectional- 
flow test [21] or oscillating-flow test [22]. One of the first works on 
thermo-hydraulic properties of different regenerators to be applied as 
AMRs were performed by Šarlah et al. in 2012 [21]. They compared 
packed-bed, parallel-plate and four different honeycomb regenerators 
made of corrugated plates using a single-blow method and air as a heat 
transfer fluid. It was concluded that due to more intense heat transfer, 
the packed-bed AMRs can generate the highest cooling capacity and 
temperature span, while the lowest coefficients of performance (COP) 
due to the highest pressure drop. They have further pointed out that for 
the future development of magnetic refrigeration, new ‘advanced’ 
regenerator geometries should be developed for achieving both higher 
COP and cooling capacity. However, due to the oscillating-flow regime 
of the ACR, the oscillating-flow test using water as a heat transfer fluid 
can be considered as the most relevant for the evaluation of their 
thermo-hydraulic properties and was therefore the most widely applied 
evaluation method in the last years. Trevizoli et al. [22–24] conducted a 
series of extensive analyses of the thermo-hydraulic properties (thermal 
effectiveness and pressure drop) of different packed-bed regenerators to 
be applied as AMRs. They have studied different operating conditions 
using different regenerative materials [23], different spherical particle 
diameters and regenerator housing size [24] and the impact of the 
carryover losses due to the dead (void) volume on each side of the re-
generators [22]. They showed that oscillating-flow packed-bed re-
generators can reach high thermal effectiveness (above 0.95) for NTU 
values above 100. The effectiveness generally increases with decreasing 
particle size and decreasing utilization factor. In 2017, Trevizoli et al. 
[25] compared the thermal effectiveness, pressure drop, and cooling 
properties of packed-bed, parallel-plate and square-pin-array AMRs. It 
was shown that the pin-array and the packed-bed regenerators have 
similar thermal behavior, but the packed-bed has slightly higher cooling 
capacities, while the pin-array slightly higher COP values due to lower 
viscous losses. More recently Trevizoli et al. [26] compared the thermo- 
hydraulic properties of 3D printed structures. They have shown that the 
3D printed geometries can have high effectiveness (above 0.9) and low 
pressure drop, which makes them a promising candidate to be applied as 

AMRs. Lei et al. [27] evaluated the thermo-hydraulic properties of 
epoxy-bonded regenerators of different spherical and irregular particles. 
These types of regenerators were also tested as AMRs in a magneto-
caloric refrigeration device, where promising cooling characteristics 
were obtained [27,28]. Recently, advanced AMR geometries, such as 
freeze-cast micro-channel monolithic AMRs [29], a nature-inspired 
AMR produced by additive manufacturing [30] and a triangular 
microchannel AMR [31] were characterized and tested in magneto-
caloric refrigeration devices. It was shown that they have the potential 
to improve the performance of magnetocaloric devices in terms of COP 
and/or cooling power due to better overall thermo-hydraulic properties, 
but accurate manufacturing of novel geometries is important to achieve 
high performance. Nevertheless, very recently Liang et al. [32] formu-
lated novel heat transfer figures of merit for thermal regenerators, which 
can rapidly predict their cooling capacity if applied as AMRs. They have 
shown that the solid heat storage term of the effectiveness has a clearer 
impact on the overall AMR performance compared to the thermal 
effectiveness. 

The development of other caloric regenerators (electrocaloric and 
elastocaloric) is not yet at the same level of development as the AMRs. 
All reported electrocaloric regenerators use a parallel-plate geometry, 
where the electrodes are deposited directly on both sides of each elec-
trocaloric plate (film) [19,33,34]. The first developed elastocaloric re-
generators were made of thin Ni-Ti sheets (parallel-plate geometry) and 
were loaded in tension, which resulted in good overall cooling and heat- 
pumping properties, but also in a short fatigue life due to tensile loading 
[18,35]. Kirsch et al. [36] presented an elastocaloric prototype device 
based on a set of bundles of Ni-Ti wires loaded in tension and air as the 
heat transfer medium. As a part of the development of this prototype 
Michaelis et al. [37] performed an experimental analysis of convective 
heat transfer on a single wire (using air as a heat transfer fluid). How-
ever, to overcome the problem of short fatigue life normally experienced 
in tension, compressive loading was shown to be a promising solution 
[38,39]. It should be noted that due to buckling instabilities under 
compressive loading, the geometries that would offer good thermo- 
hydraulic properties, such as structures made of thin sheets or wires, 
can only be applied under tensile loading. Thus, to utilize the elasto-
caloric effect under compressive loading in an efficient way, it is 
necessary to use structures that can withstand compression without 
buckling and that simultaneously exhibit good thermo-hydraulic prop-
erties. From that perspective, thin-walled tubes seem to be ideal can-
didates to be applied in an efficient, buckling-free and fatigue-resistant 
elastocaloric regenerator, as recently demonstrated by Porenta et al. 
[40]. The first tube-based elastocaloric structure loaded in compression 
was presented by Qian et al. [41] in 2016. It was made of Ni-Ti tubes that 
were stacked side by side and supporting each other, while the HTF 
flowed axially inside the tubes. In this arrangement, problems related to 
a complex design of loading heads, relatively high porosity and there-
fore poor heat transfer properties are expected. Fraunhofer IPM [42] is 
developing a tube-based elastocaloric heat pump that operates under 
compressive loading. It is based on multiple segments made of short tube 
bundles connected as thermal diodes. Recently, Navickaite et al. [43] 
numerically analyzed the thermo-hydraulic properties of double corru-
gated plate regenerator to be applied as a compression-loaded elasto-
caloric regenerator. The double corrugated regenerator has a larger 
surface area to volume ratio and higher convective heat transfer 
compared to a flat plate regenerator, which allows an increase in the 
power density of the elastocaloric device. Nevertheless, the buckling 
stability of such geometry needs to be evaluated before its true potential 
can be evaluated. 

1.2. Aims and scopes 

Based on highly encouraging elastocaloric performance of a single 
thin-walled tube under compression, Porenta et al. [40] recently pro-
posed a shell-and-tube-like geometry as one of the most promising 
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structures to be applied as a compression-loaded elastocaloric regener-
ator. In such a configuration, baffles act as supporting elements that 
prevent the (thin-walled) tubes from buckling and at the same time 
guide the HTF in the cross-flow over the tube bundles (on the shell side). 
In a compression-loaded shell-and-tube-like elastocaloric regenerator, it 
is crucial to find a compromise between buckling stability, where thick 
and robust elements are required and efficient heat transfer, where thin 
and slender elements are preferable. As one of the first steps of the 
overall optimization of such a geometry, this work focuses on the shell- 
side thermo-hydraulic properties of the tube(rod)-based structures. Even 
though shell-and-tube heat exchangers are one of the most commonly 
used heat exchangers in various applications and their thermo-hydraulic 
properties were extensively studied in numerous works [44–53], their 
performance as an oscillating-flow regenerator at the conditions rele-
vant for caloric cooling (i.e., low Re and water as a heat transfer fluid) 
has not yet been evaluated, which is the main scope of this work. We 
used an oscillating-flow passive experimental setup, ε-NTU method and 
numerical modeling (using a novel numerical model) to assess the 
thermal effectiveness and develop Nu-Re and the F-Re empirical corre-
lations on the shell side of nine different shell-and-tube-like re-
generators. The regenerators were assembled with different tube wall 
thicknesses, different tube (rod) diameters, different tube (rod) spacing 
and different channel heights (baffle distance). It is expected that the 
obtained results will provide a detailed understanding of the impact of 
different geometrical features on the shell-side thermo-hydraulic 
behavior of shell-and-tube-like geometry to be applied as an elasto-
caloric regenerator. The results will also serve as guidelines for its 
overall (combined mechanical and thermo-hydraulic) optimization. 
However, shell-and-tube-like geometry can also be applied in other 
caloric technologies, for example as an AMR made of magnetocaloric 
composite wires [54]. Furthermore, accurate Nu-Re and F-Re empirical 
correlations (the acquisition of which is one of the main objectives of 
this work) are crucial for further accurate modeling of the cooling 
properties of the ACR. For example, Šarlah and Poredoš [55] showed 
that a 10% overprediction of the heat transfer coefficient yields about 
4.5% overprediction of temperature span and cooling power of the AMR. 

2. Methods 

2.1. Oscillating-flow regenerator characterization test stand 

The oscillating-flow regenerator characterization test stand used in 
this work was described and first presented by Lei et al. [27] and is 
schematically shown in Fig. 1(a). It consists of a testing section where a 
regenerator is mounted, an oscillating-flow generator, cold and hot heat 
exchangers and a deairing system. The testing rig enables the regener-
ator to be connected to the HTF system by a set of hydraulic connectors 
and check valves. The oscillating-flow generator and the check valves 
directs the HTF during hot-to-cold and cold-to-hot blow periods that 
result in oscillating counter-flow operation. During the cold-to-hot blow 
period, the HTF flows from the cold side cylinder, through the cold heat 
exchanger (CHEX) into the regenerator. Due to the heat transfer in the 
regenerator, the HTF heats up and the regenerative matrix cools down. 
The HTF further exits the regenerator and flows towards the hot side 
cylinder. During the hot-to-cold blow period, the HTF flows from the hot 
side cylinder, through the electric heater into the regenerator. In the 
regenerator the HTF is cooled down and the regenerative matrix is 
heated up. The HTF further exits at the cold side of the regenerator and 
flows towards the cold side cylinder. The cold and hot side fluid entrance 
temperatures are controlled and held constant using a thermostatic cold- 
water bath and the electric heater on the cold and hot side, respectively. 
The oscillating-flow generator consists of a motor-crank system with two 
cylinders, which generates a sinusoidal-like mass flow rate profile as 
shown in Fig. 1(b). The temperatures were measured by E-type ther-
mocouples with a wire diameter of approximately 0.25 mm and an 
estimated measurement error of ±0.35 K. The pressure measurements 
were recorded on both ends of the regenerator in order to evaluate its 
pressure drop using calibrated piezoelectric pressure gauges (Gems 2.5 
bar) with an accuracy of 0.25% FS (full scale). 

2.2. The regenerator design 

The design of the shell-and-tube-like regenerators is shown in Fig. 2. 
It was designed to fulfill the following general guidelines, which are 
considered as crucial for an efficient (elasto)caloric regenerator, as 
much as possible [24,38,56]: 

Fig. 1. Schematic presentation of the oscillating flow regenerator characterization test stand (a) and piston displacement profile (b). A photograph of the test stand is 
shown in Fig. S1 in the Supplementary material. 
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• homogeneous distribution of the external field (in this case me-
chanical stress) in the caloric material along the regenerator to 
assure homogenous distribution of the caloric effect,  

• stable structural and functional response during operation,  
• large heat transfer area and small hydraulic diameter for rapid heat 

transfer between the caloric material and the HTF,  
• small pressure drop to minimize pumping power,  
• prevention of flow maldistribution, edge effects and minimization of 

a dead volume, which can all significantly decrease regenerator 
efficiency,  

• compact design with low porosity,  
• minimal heat losses to the surroundings. 

A set of shell-and-tube-like regenerators made of different stainless 
steel (Grade 304) tubes and rods was designed and built (see Table 1). 
The thermo-hydraulic properties were tested with the regenerative 
material with no caloric effect to avoid any impact of the latent heat 
resulting from the temperature-induced ferroic transformation that 
might occur in the material during testing. The housings and the support 
elements were made by MultiJet 3D printing technology using ProJet® 
3500 3D printer and VisiJet® M3 Black mixture material. The design of 
the shell-and-tube-like regenerator is presented in Fig. 2. The tubes 
(rods) are stacked and supported by supporting elements (baffles) that 
guide the HTF in a cross-flow around the tube (rod) bundle (and prevent 
the tube/rod buckling if applied as compression-loaded elastocaloric 
regenerator). A staggered tube arrangement was chosen since this 
configuration enables a higher packing density with better heat transfer 
properties compared to a linear array [44]. A tight fit between the tubes 
(rods) and the baffles and further between the baffles and the housing 
was ensured to prevent fluid leakage along the regenerator. It was also 
important to assure that HTF could not enter the tubes, which would 
result in a larger thermal mass of the regenerator. The inner wall of the 

housing has a contour that matches the perimeter of the tube bundle 
with a flow gap similar to that in the interior of the tube bundle as shown 
in Fig. 2(c). This is meant to provide an even flow around all surfaces of 
the regenerator material. 

The analyzed regenerators and their geometrical features are listed 
in Table 1. For the purpose of this work, the porosity was defined only 
based on the volume occupied by the HTF, excluding the void volume 
inside the tubes. The hydraulic diameter was given by Eq. (1), which is 
typically used for shell-and-tube heat exchangers and is derived from the 
general expression of the hydraulic diameter (dh = 4ACS/Pw) [45]. 

dh =

4
(

s2 ̅̅
3

√

4 − πD2

8

)

πD
2

(1)  

2.3. Performance metrics 

The regenerators were tested and compared regarding their thermal 
effectiveness, Nusselt numbers (calculated using ε-NTU method) and 
friction factors. The analysis was conducted for a wide range of oper-
ating conditions defined by the utilization factor (UF) and frequency (f). 
The UF represents the ratio of the thermal mass of the displaced fluid in a 
single blow period with the thermal mass of the solid and the entrained 
fluid inside the regenerator housing as defined in [27] – see Eq. (2). The 
volume and further the mass of the displaced HTF is calculated based on 
the piston stroke and the cylinder diameter. 

UF =
mf ,dspcf

mscs + mf cf
(2) 

Each regenerator was tested at five different UFs ranging from 0.15 
to 0.64 (higher UFs were not possible in the existing experimental set- 
up). For each UF, the measurements were performed at the 

Fig. 2. The regenerator design: tubes and baffles (a); longitudinal cross-section of the regenerator with marked HTF flow path and thermocouple locations (b); tubes 
arrangement and housing design in cross-sectional view (c); and a photo of the assembled regenerator R1 before mounted in the housing (d). 

Table 1 
Geometrical features of the tested regenerators.  

REGENERATOR D [mm] d [mm] δ [mm] H [mm] n [/] AHT [m2] m [g] η [/] dh [mm] 

R1  3.175 2.667  0.4 10 38  0.019  35.4  0.36 1.26 
R2  3.175 2.400  0.4 10 38  0.019  53.7  0.36 1.26 
R3  3.175 1.753  0.4 10 38  0.019  83.7  0.36 1.26 
R4  3.175 /  0.4 10 38  0.019  120.3  0.36 1.26 
R5  3.759 3.251  0.4 10 27  0.016  30.2  0.37 1.32 
R6  3.175 2.667  0.6 10 38  0.019  35.4  0.40 1.79 
R7  1.067 /  0.4 10 248  0.042  88.7  0.57 1.12 
R8  3.175 2.667  0.4 7.67 38  0.017  32.6  0.36 1.26 
R9  3.175 2.667  0.4 13.5 38  0.021  38.3  0.36 1.26  
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frequencies between 0.5 Hz and 1.5 Hz with a step of 0.25 Hz. These 
operating conditions are normally applied in ACRs [9]. The tempera-
tures of the hot and the cold side of the regenerators were controlled and 
maintained at 25 ± 0.2 ◦C and 15 ± 0.2 ◦C, respectively. 

The regenerator thermal effectiveness is defined as the ratio of the 
actual heat transfer rate and the maximal possible heat transfer rate 
occurring in the case of an infinite heat transfer area. Under the 
assumption of balanced flow conditions, it is possible to calculate the 
effectiveness based on the fluid temperature variations at both ends of 
the regenerator using the following equations (after periodic steady- 
state conditions are achieved) [23,27]: 

εCB =
2/τ

∫ τ/2
0 Th,outdt − Tc

Th − Tc
(3)  

εHB =
Th − 2/τ

∫ τ/2
0 Tc,outdt

Th − Tc
(4) 

The hot blow and cold blow thermal effectiveness are expected to be 
slightly different since the physical properties of water are temperature- 
dependent. An average value of both effectiveness is therefore used for 
further investigation. Furthermore, to evaluate the repeatability of 
measurements, at least three independent measurements were per-
formed for each regenerator at each operating condition. 

The Nusselt number and associated empirical correlation were ob-
tained based on the measured thermal effectiveness and the ε-NTU 
method where the following assumptions were considered [23,27]:  

• balanced flow conditions (thermal capacitances of hot and cold blow 
are equal),  

• the physical properties of the regenerative material and the HTF are 
considered to be temperature independent,  

• counter-flow regime and  
• lumped heat transfer model are assumed. 

It should be noted that in a shell-and-tube heat exchanger a cross- 
flow regime is predominant. However, in a shell-and-tube-like regen-
erator there is no tube-side fluid flow (also, rods were applied in some 
cases) and since the hot and cold blows of the working fluid are in a 
counter-flow direction, it can be considered as a counter-flow regener-
ator. Furthermore, the applied method is based on the lumped heat 
transfer model, where the conductive thermal resistance is combined 
with the convective thermal resistance by introducing an effective heat 
transfer coefficient. It is generally accepted [57] that the conductive 
thermal resistance within the body (tubes, rods in our case) can be 
neglected if the Biot number (the ratio of conduction and convection 
thermal resistance) is small (Bi < 0.1). However, since this is not valid 
for all the regenerators (in particular in the case of thicker tube walls and 
rods) the effective convective heat transfer coefficient that takes into 
account also the conductive thermal resistance is introduced (see Eq. 
(6)). Therefore, by assuming the overall heat transfer coefficient to be 
approximately equal to the effective convective heat transfer coefficient, 
the NTU equation can be written as: 

NTU =
U∙AHT

Cmin
≈

heff∙AHT

Cmin
(5) 

In the case of cylindrically-shaped elements (such as tubes or rods), 
the effective convective heat transfer coefficient is defined as [9,58]: 

heff =
h

(

1 +
Bi∙χ(Fo)

4

) (6)  

where χ(Fo) is the correction factor taking into the account transient 
heat transfer conditions due to periodic operating conditions between 
the regenerative material and the HTF and is defined as [59]: 

χ(Fo) = Fo∙exp
[
0, 246196 − 0, 84878∙ln(Fo) − 0, 05639∙(ln(Fo) )2 ] (7)  

where Fourier number (Fo) characterizes transient heat conduction. 
Next, the ε-NTU relation for the counter-flow heat exchangers was 

applied [57]: 

ε = 1 − exp[ − NTU(1 − C*) ]

1 − C*∙exp[ − NTU(1 − C*) ]
(8) 

Under the assumption of temperature-independent HTF properties 
the heat capacity ratio (C*) is equal to 1 and the Eq. (8) is simplified to: 

ε = NTU
NTU + 1

(9) 

Even though the Eq. (9) was originally developed for heat recuper-
ators, it can be with sufficient accuracy applied also for counter-flow 
regenerators when a ratio between the heat capacity of the regenera-
tive material and the heat transfer fluid (Cr*) is relatively high (in 
general above 2) as shown in [1]. On the other hand, it can lead to larger 
errors of calculated effectiveness when Cr* is lower. In our case the Cr* 
ranges from about 0.6 to about 5. However, using Eqs. (5) and (9) the 
effective Nusselt number (based on the effective heat transfer coeffi-
cient) can be calculated as (this approach was recently proposed in 
[60]): 

Nueff =
ε

1 − ε∙

(
ṁ∙c

)

f ,min
∙dh

AHT∙kf
(10) 

The actual Nusselt number based on which the Nu-Re correlation (as 
presented in Section 3.3) has been developed was further calculated by 
accounting for the conductive thermal resistance included in the effec-
tive heat transfer coefficient: 

Nu = Nueff

(

1 +
Bi∙χ(Fo)

4

)

(11) 

Finally, the regenerators hydraulic properties were evaluated using 
pressure drop measurements. Eq. (12) that describes the shell-side 
friction factor of shell-and-tube heat exchangers [45] was used to 
calculate the friction factors. It should be noted that the shell-side fric-
tion factor calculated by Eq. (12) includes also the viscous losses related 
to the entrance and exit effects of the regenerators. 

F = Δp
2ρf dh

m2
f

(
Nsup + 1

)
dh,H

(12)  

2.4. Numerical modeling 

A 1D numerical model has been developed to simulate and optimize 
the operation of the shell-and-tube-like regenerators. It is based on the 
differential equations that describe the thermal state of a heat regener-
ator [61]. The governing differential equations for the HTF (Eq. (13)), 
the regenerative material (Eq. (14)) and the regenerator housing 
including support elements (Eq. (15)) are derived based on the law of 
conservation of energy following the assumptions normally applied in 
modeling of caloric regenerators [62]. The governing equations were 
discretized using the implicit finite difference method and applied in 
MATLAB software. The governing equation of the regenerator housing 
includes the thermal masses of the housing and the support elements and 
also accounts for the heat losses (gains) to the surroundings through the 
housing. Due to the geometry specification, an additional term that 
describes the heat transfer through the tube support elements (baffle) is 
included in Eq. (13) and Eq. (14), as shown in Fig. 3(b). This allows for 
consideration of the heat transfer in the regenerator longitudinal di-
rection (through the supporting elements) despite using a 1D numerical 
model with the numerical grid along the HTF path as shown in Fig. 3(a). 
The model’s initial and boundary conditions are defined to be as close as 
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possible to the ones applied in the experiment (including a sinusoidal- 
like mass flow rate profile). All boundary conditions applied in the nu-
merical model are shown in Fig. 3(c). It should be noted that the dead 
volume effect was also included in the model to capture the actual 
conditions of the experiments. The dead volumes consider actual con-
ditions of the HTF in the tubes connecting the inlet/outlet of the 
regenerator and the HHEX/CHEX. In the dead volume domain, a heat 
transfer between the HTF, the connecting tubes and the surroundings 
occurs. This causes the entrance fluid temperatures to the regenerator to 
be somewhat different from the predefined HHEX and CHEX tempera-
tures. Adiabatic boundary conditions were applied at both ends of the 
solid domains (regenerator matrix and housing) as shown in Fig. 3(c). In 
the fluid domain, the applied boundary conditions were the entrance 
temperatures to the cold-side dead volume (in case of a cold blow) and to 
the hot-side dead volume (in case of a hot blow). These were experi-
mentally measured CHEX and HHEX outlet temperatures, which were 
approximately 15 K and 25 K, respectively. It should be noted that each 
simulation applied exact experimentally measured entrance tempera-
tures of the corresponding experiment. It was further assumed that the 
entire system (except the HHEX and the CHEX) has a constant initial 
temperature of 20 K. The surrounding temperature was maintained at 
20 K in all simulations. The thermo-hydraulic properties (convective 
heat transfer coefficient and friction factor) used in the model are based 
on the empirical correlations obtained in this work (see Sections 3.3 and 

3.4 for details) and are presented in Eq. (19) and Eq. (20), respectively. 
Nevertheless, the numerical program calculates the temperatures of all 
the domains for consecutive cycles until periodic steady-state conditions 
are achieved. In the steady-state conditions, the model calculates the 
thermal effectiveness based on the predefined fluid temperatures 
entering the dead volumes (marked with red in Fig. 3(c)) and the 
numerically calculated exit temperatures (marked with blue in Fig. 3(c)) 
using Eq. (3) and (4). 

∂Tf

∂t +
L
t
∂Tf

∂x =
kf
ρf cf

∂2Tf

∂x2 + heff
As

cf ṁf τ
(
Ts − Tf

)
+ h

AH

cf ṁf τ
(
TH − Tf

)

+

⃒
⃒
⃒
⃒F

2v3

dhcf

⃒
⃒
⃒
⃒ − Qsup (13)  

∂Ts

∂t =
ks
ρscs

∂2Ts

∂x2 + heff
As

csms

(
Tf − Ts

)
−

1
ρscsRctVs

(Ts − TH) − Qsup (14)  

∂TH

∂t =
kH

ρHcH
∂2TH

∂x2 + h
AH

ρHcHVH

(
Tf − TH

)
+

1
ρHcHRctVH

(Ts − TH)

+
1

ρHcHRaVH
(Ta − TH) (15)  

Fig. 3. Schematic representation of the 1D discretization of regenerator domain (a); schematic representation of heat transfer through the support elements (baffles) 
in the 1D domain and definition of the corresponding term that defines the heat transfer rate through the support elements (b); and a schematic representation of the 
boundary conditions (c). 
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3. Results and discussions 

3.1. The thermal effectiveness 

Fig. 4 shows the temperature profiles along the regenerator after the 
cold blow and the hot blow period obtained experimentally and 
numerically at two different UFs after achieving the periodic steady- 
state conditions. High UF corresponds to a larger displaced volume of 
the HTF. This causes the fluid with a constant entrance temperature to 
penetrate deeper into the regenerator bed resulting in a certain tem-
perature plateau at both of its ends. In the case of lower UF values a 
displaced volume of the HTF is smaller and the temperature profiles 
along the regenerator are almost entirely linear. 

Fig. 5 shows the temperature variations at both ends of the regen-
erator at different operating conditions obtained experimentally and 
numerically after periodic steady-state conditions were achieved. As 
seen from Fig. 5(a) and (b), high UFs cause larger temperature variations 
at the regenerator ends. This means that at high UFs the average tem-
perature span between both outlets of the regenerator is smaller 
compared to lower UFs, which directly results in smaller thermal 
effectiveness as shown later. By comparing Fig. 5(a) with Fig. 5(c) and 
further Fig. 5(b) with Fig. 5(d), one can see the impact of frequency on 
the temperature variations at both ends of the regenerator (at the same 
UF). As expected, a higher frequency causes more frequent oscillations 
of the temperatures compared to a lower frequency. Due to relatively 
good heat transfer performance at low UFs the temperature variations at 
both ends of the regenerator seem to be only little affected by the fre-
quency. On the other hand, at higher UFs, the effectiveness decrease is 
more pronounced with increased frequency, as shown in Fig. 5(d) and 
(b) and further in Figs. 6–10. The impact of UF and frequency on the 
regenerator temperature profiles and variations shown in Figs. 4 and 5 
generally agree well with the results presented by Trevizoli et al. [23]. 

A relatively good match between numerically calculated and 
experimentally obtained temperature responses shown in Figs. 4 and 5 
can be observed. However, Fig. 5 shows four different operating con-
ditions. For three of those (Fig. 5(a)–(c)), experimentally measured and 
numerically calculated temperature profiles show excellent agreement. 
On the other hand, at the conditions shown in Fig. 5(d), the agreement 
between experimental and numerical results is worse. This further re-
sults in a mismatch of experimentally measured and numerically 
calculated thermal effectiveness, as shown and discussed later. 

Figs. 6–10 show the thermal effectiveness (average values of cold- 
blow and hot-blow effectiveness) calculated using Eqs. (3) and (4) for 
different regenerators as a function of frequency at different UFs ob-
tained experimentally and numerically. The error bars of the experi-
mental data in Fig. 6 present the standard deviations of the mean 
thermal effectiveness. After steady-state conditions for each experiment 
were achieved, the temperatures were averaged over a 20 s interval. The 
values of the averaged inlet and outlet temperatures were then used for 
the calculations of the thermal effectiveness (Eq. (3) and (4)). To get 
more reliable data, each experiment was repeated at least three times, 
based on which the mean thermal effectiveness and its standard devia-
tion were calculated. One can see from Figs. 6–10 that the thermal 
effectiveness generally decreases both with increased UF and increased 
frequency (the latter is more pronounced at higher UFs). Similar trends 
were previously already shown for packed-bed regenerators [23,27]. 
This behavior can be attributed to the fact that by increasing the UF and 
frequency the fluid thermal capacity increases to a greater extent than 
the heat transfer coefficient does. This therefore reduces the re-
generator’s NTU (see Eq. (5)) and according to the ε-NTU relation (Eq. 
(9)) also the thermal effectiveness. As already mentioned above, higher 
UF means larger displaced volume of the HTF, which results in more 
pronounced temperature variations along the regenerator (as seen from 
Fig. 4 and Fig. 5). This consequently reduces the average temperature 
span between both ends of the regenerator and therefore the thermal 
effectiveness (according to Eqs. (3) and (4)). Comparing the experi-
mentally obtained thermal effectiveness with the numerical ones (see 
Figs. 6–10), one can see that the numerical model in general correctly 
predicts the experimental results, but there are some noticeable de-
viations at certain operating conditions (in particular at high UFs). The 
reasons for these deviations can be with high probability related to 
experimental issues. Inaccurate measurements can be caused by air 
leakage into the system through the pistons (especially at higher piston 
strokes – higher UFs) and temperature measurements errors (e.g., 
thermocouple movement from the right measuring location during the 
experiment). A possible reason for more pronounced deviations between 
numerical and experimental results at high UFs can be related also to the 
fact that higher UF results in lower Cr*. This could lead to a larger error 
of the applied ε-NTU relation for counter-flow regenerators (Eq. (9)) [1] 
as already mentioned in Section 2.3. Since the large deviations are not 
presented in all cases with high UF, it is more likely that the reasons for 
them are related to the experimental inaccuracies. 

Fig. 4. Temperature profiles along the HTF path of the regenerator (R1) after the hot blow period (red lines) and cold blow period (blue lines) at UF = 0.15 (solid 
lines) and UF = 0.52 (dotted lines) obtained experimentally and numerically after the periodic steady-state conditions were achieved (in all cases the frequency was 
0.5 Hz). 
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Fig. 6 shows the thermal effectiveness of the regenerators consisting 
of tubes with different wall thicknesses and rods with an outer diameter 
of 3.175 mm (R1-R4). Regenerators R1-R4 have fixed spacing (δ) be-
tween the tubes (rods) at 0.4 mm, which according to the Eq. (1) results 
in equal hydraulic diameter and porosity of the regenerators. As seen 
from Fig. 6 the thermal effectiveness decreases with increased wall 
thickness and is the smallest in the case of rods (R4) for all operating 
conditions. It should be noted that thicker walls that resulted in a larger 
mass of regenerative material, require higher mass-flow rates (larger 
displaced HTF during a single blow period) to achieve the same UF 
compared to the smaller wall thicknesses. Higher mass-flow rate further 
results in higher Re and consequently higher convective heat transfer 
coefficient. However, a detailed evaluation of the results revealed that 
increased wall thickness causes a smaller overall heat transfer coeffi-
cient due to higher conductive thermal resistance in the material, 
although more intense convective heat transfer is presented at the same 

UF as discussed above. This is directly linked to the thermal penetration 
depth (TPD) during the single blow period. The TPD describes the dis-
tance that the heat can diffuse through the material (see [63] for de-
tails). To increase the efficiency of the ACR it is essential to assure that 
the TPD is larger than thickness of a caloric element (e.g., tube wall or 
rod diameter). In the case of a (too) small overall heat transfer coeffi-
cient and/or a (too) thick caloric element, the heat between the HTF and 
the regenerative material cannot be completely exchanged. Therefore, 
although thicker tubes and rods can store larger amounts of heat 
compared to the thinner ones, the utilization of this potential is reduced 
by increasing the wall thickness, due to increased thermal conduction 
resistance causing poorer regenerator performance. 

Fig. 7 shows the thermal effectiveness of the regenerators consisting 
of tubes with different outer diameters and equal wall thickness (R1 and 
R5). The regenerator with smaller tubes (R1) performs better at lower 
UFs, while the regenerator with larger tubes (R5) performs better at 

Fig. 5. Time-dependent temperature variations at both ends of the regenerator bed (R1) at different operating conditions obtained experimentally and numerically 
after achieving periodic steady-state conditions. 

Fig. 6. The thermal effectiveness of the regenerators with different wall thicknesses of the tubes and rods with outer diameter of 3.175 mm as a function of f for 
different UFs. 
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higher UF (according to the numerical results). It should be noted that 
regenerator R1 has a larger heat transfer area and also a slightly larger 
cross-sectional area for the fluid flow compared to R5. A detailed anal-
ysis revealed that at low UFs, the heat transfer area is a dominating 
factor, while at higher UFs, the convective heat transfer coefficient is a 
dominating factor. Therefore, at low UFs regenerator R1 performs better 
(having larger heat transfer area), while at high UFs regenerator R5 
performs better due to smaller cross-sectional area for the fluid flow, 
which results in a higher interstitial velocity and thus better convective 
heat transfer. 

Fig. 8 shows the thermal effectiveness of the regenerators consisting 
of tubes with an outer diameter of 3.175 mm and two different spacing 
between the tubes (R1 and R6). Regenerator R6 has higher porosity and 
therefore lower fluid interstitial velocity compared to the regenerator 
with denser tube packing (R1) at the same UF. The lower velocity 
directly affects (reduces) the convective heat transfer and further the 
NTU, resulting in reduced effectiveness. However, it can be seen from 
Fig. 8 that the difference between regenerators effectiveness is small and 
can also be attributed to slightly different UFs (it was not feasible to keep 
it constant in all the cases). 

Fig. 9 shows the thermal effectiveness of the regenerators consisting 
of rods with outer diameter of 3.175 mm (R4) and rods with outer 
diameter of 1.067 mm (R7). The regenerator with smaller rods (R7) has 
a much larger ratio between the heat transfer area and the volume of the 
regenerator material, which results in significantly better effectiveness. 
Owing to the relatively thick rods of regenerator R4, their conductive 
thermal resistance is significant and their TPD is therefore insufficient. 
Regenerator R7 has shown the best overall performance among all tested 
regenerators since, despite relatively high porosity, it has a good com-
bination of a large regenerative mass and a large heat transfer area. 

Fig. 10 shows the effect of channel height (baffle distance) on the 
regenerator thermal effectiveness. The regenerators with channel 
heights of 10 mm (R1), 7.67 mm (R8) and 13.5 mm (R9) were evaluated. 
At small UFs, the regenerator performance is almost independent of the 
channel height. By increasing the UF the regenerator with the smallest 
channel height (R8) shows the best performance, while the poorest by 
the regenerator with the largest channel height (R9). Although regen-
erator R8 has the smallest heat transfer area, the reduced cross-sectional 
area for the fluid flow in the case of smaller channel height results in 
higher Re and thus better convective heat transfer. This results in higher 

Fig. 7. The thermal effectiveness of regenerators with different outer diameters of the tubes as a function of f for different UFs.  

Fig. 8. The thermal effectiveness of the regenerators with different spacing between the tubes as a function of f for different UFs.  
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effectiveness and is more pronounced at high UFs. 

3.2. The Nusselt number 

The Nusselt number (Nu) is the dimensionless parameter normally 
used to evaluate and compare the thermal properties of heat exchangers 
and regenerators. It represents the ratio of convective and conductive 
heat transfer in the thermal boundary layer. In general, Nu depends on 
flow conditions, temperature-dependent material properties and 
geometrical specifications: 

Nu = f (Re,Pr,
μ0

μw
,
k0

kw
,
cp,0
cp,w

,
ρ0

ρw
,
s
D
) (16) 

Žukauskas [44] realized that for the case of tubes in cross-flow the 
temperature-dependent properties can be considered with the right 
power index of 

(
Prf/Prw

)
. However, since at the conditions considered in 

this work the temperature of the HTF and the tube wall (rod) are very 
similar, this term can be neglected. Thus, the general expression for Nu 
can be written as [44]: 

Nu = cRemPrn (17) 

Based on the theoretical investigation [44], the most commonly used 
exponent of Pr for cross-flow around tubes varies between 0.31 and 0.33. 
Žukauskas [44] showed that for tube bundles using HTF with Pr in the 
range from 0.7 to 500, an exponent of 0.36 should be used. Therefore, 
the final general expression for calculating Nu can be written as: 

Nu = cRemPr0.36 (18) 

The exact Nu values of individual regenerators were obtained using 
Eq. (11) – following the methodology described in Section 2.3. Fig. 11(a) 
shows the Nu of all the evaluated regenerators as a function of Re. It 
should be noted that before the Nu-Re empirical correlation has been 
established, the experimental data were examined for potential outliers 
that were detected using the Cook’s distance method [64]. The Cook’s 
distance shows the influence of each measurement on the fitted corre-
lation and identifies the most influential measurements (that should be 
checked for validity). Using this approach, we have filtered the experi-
mental data that presents the outliers (e.g., R1 at UF = 0.61; R3 at UF =
0.34 and high f; R5 at UF = 0.17 and low f; R6 at UF = 0.55 and high f; 

Fig. 9. Thermal effectiveness of the regenerators made of rods with two different outer diameters as a function of f for different UFs.  

Fig. 10. The thermal effectiveness of the regenerators with different channel heights as a function of f for different UFs.  
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R8 at UF = 0.34 and 0.59 and high f; R9 at UF = 0.57). The reasons for 
the outliers are most probably certain experimental uncertainties, such 
as air leakage into the system, thermocouple movement from the right 
measuring location, etc., as described in Section 3.1. 

Fig. 11(a) shows a single Nu-Re correlation including all the re-
generators at all tested operating conditions (excluding the outliers that 
are noted as black dots in the Fig. 11(a)). The confidence interval shown 
in Fig. 11 (a) presents an expanded uncertainty with a coverage factor of 
1.96. It defines the interval within which the presented Nu-Re empirical 
correlation lies with a 95% degree of confidence (excluding the outliers) 
[64]. However, the final Nu-Re correlation of the oscillating-flow shell- 
and-tube-like regenerators can be written as: 

Nu = 0.051Re0.88Pr0.36 (19) 

Fig. 11(a) also shows a comparison of the correlation obtained in this 
work (Eq. (19)) with the empirical correlations for the shell side of the 
shell-and-tube heat exchangers given by Žukauskas [44] and Kücük 
et al. [47]. The deviations between the correlations can be attributed to 
different flow regimes and different thermal boundary conditions (e.g., 
Žukauskas correlation is based on isothermal wall conditions). It should 
be noted that the regenerators evaluated in this work operate under an 
oscillating-flow regime and their size is generally much smaller 
compared to the typical shell-and-tube heat exchangers. The latter could 
cause some size effects that would impact the convective heat transfer in 
the regenerator. However, to demonstrate the impact of the applied Nu- 
Re correlation on numerically calculated values of the thermal effec-
tiveness, Fig. S2 in the Supplementary material compares the numeri-
cally calculated effectiveness using the Nu-Re correlation obtained in 
this work (Eq. (19)) and the one obtained by Žukauskas [44]. The 
Žukauskas [44] correlation leads to an overprediction of numerically 
calculated effectiveness. Moreover, since the Žukauskas correlation is 
only valid at Re < 1000, simulation of certain operational conditions 
was not possible. All these show the importance of reliable and accurate 
thermo-hydraulic correlations for accurate numerical modeling of a 
thermal regenerator. 

Fig. 11(b) shows a comparison of the obtained correlation (Eq. (19)) 
with the well-established Nu correlations for packed-bed [27] and 
parallel-plate [65] geometries. The packed-bed and parallel-plate re-
generators present two benchmark cases in terms of one of the best and 
one of the worst-performing ACR geometries regarding heat transfer 
characteristics. It can be seen that at moderate and high Re, the shell- 
and-tube geometry outperforms the parallel-plate geometry, where 

their Nu are much closer to the packed-bed geometry. 

3.3. Pressure drop (friction factor) 

The shell-side friction factor was calculated based on the pressure 
drop measurements across the regenerator bed. The friction factors were 
calculated by Eq. (12). The obtained empirical F-Re correlation 
(excluding outliers using Cook’s distance method [64]) is shown in 
Fig. 12(a) and can be written as: 

F = 3746Re− 1.39 (20) 

When comparing the friction factor correlation obtained in this work 
(Eq. (20)) with results of other studies on the shell side of the shell-and- 
tube heat exchangers (Kern [45] and Bell-Delaware [46]), a relatively 
good match can be observed (see Fig. 12(a)). Fig. 12(b) shows a com-
parison of packed-bed [66] and parallel-plate [1] Fanning friction fac-
tors with the shell-side friction factor of the shell-and-tube-like 
regenerators (a direct compression of Fanning and shell-side friction 
factor was recently implemented in [47]). It can be seen that the shell- 
and-tube-like geometry exhibits a relatively low friction factor that is 
comparable with the parallel-plate geometry and is much smaller 
compared to the packed-bed geometry (Fig. 12(b)). 

Nevertheless, comparing both thermo-hydraulic properties (Nu and 
F) evaluated in this work, it can be concluded that the shell-and-tube- 
like geometries present an excellent compromise between packed-bed 
and parallel-plate geometry. They can provide good heat transfer 
properties (relatively high Nu) and low pressure drop at the flow con-
ditions relevant for ACRs (Re < 2000). 

4. Conclusions 

Extensive experimental and numerical analysis of shell-and-tube-like 
oscillating-flow regenerators to be applied as ACRs was conducted. The 
aim of the study was to evaluate the impact of different geometry con-
figurations on their thermal and hydraulic characteristics. We have 
shown that increasing the wall thickness results in poorer thermal 
effectiveness since the heat cannot be effectively transferred between 
the regenerative material and the HTF. In any case, smaller tube spacing 
resulting in smaller hydraulic diameter and larger heat transfer area are 
preferred. However, a sufficient thermal mass of regenerative material 
must be provided. Thus, among all the evaluated regenerators, regen-
erator R7 (made of rods with an outer diameter of 1.067 mm) showed 

Fig. 11. Nu as a function of Re for all the regenerators and their comparison with Žukauskas [44] and Kücük [47] correlations (a); comparison of the Nu-Re empirical 
correlations for different regenerator geometries (b). 

Ž. Ahčin et al.                                                                                                                                                                                                                                   



Applied Thermal Engineering 190 (2021) 116842

13

the best performance reaching an effectiveness of up to 0.92, despite 
having a larger porosity compared to other regenerators. Nevertheless, 
when designing an ACR, one should consider and optimize the caloric 
elements regarding the TPD, in order to exploit the full caloric effect 
[63,67]. We can further conclude that the numerical results generally 
agree relatively well with the experimental results. This indicates the 
validity of the numerical model (that can be further applied for the 
optimization of a shell-and-tube-like regenerators) and the accuracy of 
the convective heat transfer coefficients obtained in this study. There-
fore, the method for determining the Nusselt number correlation (Eqs. 
(10) and (11)) can be considered as adequate (despite being based on the 
ε-NTU relation originally developed for heat recuperators). 

In terms of the Nusselt number and friction factor, the shell-and-tube 
like regenerators present an excellent compromise between heat transfer 
and pressure drop properties. Such a geometry shows high potential to 
be applied as an ACR. It can potentially exhibit better overall thermo- 
hydraulic properties compared to other well-established geometries 
used in caloric technologies, such as packed-bed and parallel-plate re-
generators. In particular for Re > 800, which in the ACR occurs at high 
operating frequencies and are favorable in order to increase the cooling 
or heating capacity of an ACR [9], the shell-and-tube-like geometry 
outperforms packed-bed and parallel-plate geometries. 

Nevertheless, the NTU values of the regenerators evaluated in this 
work have a maximum of 20, which is significantly lower than the best 
ACR geometries, where NTUs well above 100 are often demonstrated, 
typically in packed-bed regenerators [24,25]. This is the main reason 
that the maximum thermal effectiveness reported in this work is lower 
than some other thermal regenerators applied as AMRs [24,25]. 
Therefore, even though shell-and-tube-like geometries show high po-
tential (regarding Nu-Re and F-Re behavior), their NTU values should be 
improved to increase their thermal effectiveness, convective heat 
transfer coefficient and their potential cooling characteristics in a caloric 
cooling device. The latter could be achieved by increasing the heat 
transfer area and/or decreasing the hydraulic diameter by reducing 
spacing between tubes. In the shell-and-tube-like geometry studied in 
this work the HTF is only present in the shell side of the regenerator. This 
is an important drawback of this structure since the heat transfer area is 
not fully utilized. Future works should therefore focus on increasing the 
heat transfer area, but without compromising the buckling stability if 
the structure is going to be applied as the elastocaloric regenerator. 

Finally, the obtained the thermo-hydraulic properties of the shell- 
and-tube-like regenerators of different configurations (different tube/ 

rod diameters, wall thickness, channel height) provide some important 
insights into how different geometrical features impact their thermo- 
hydraulic behavior. The results will serve as guidelines for overall 
optimization of a compression-activated shell-and-tube-like elasto-
caloric regenerator. In addition to thermo-hydraulic properties, the 
tube/rod diameters, the wall thickness, and the channel height (i.e., 
tube/rod length) directly and significantly influence the buckling 
behavior of the tubes/rods under compression. Namely, in designing 
durable (compression-loaded) and efficient elastocaloric regenerator, it 
is crucial to find a compromise between thermo-hydraulic properties, 
where thin-walled structures (elements) are preferable, and mechanical 
(buckling) stability of elastocaloric elements under compressive loading, 
where more robust elements are required. This work presents the first 
step in this direction and should inspire further studies dealing with 
design and optimization of elastocaloric regenerators loaded in 
compression. 
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Ž. Ahčin et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.applthermaleng.2021.116842
https://doi.org/10.1016/j.applthermaleng.2021.116842
http://refhub.elsevier.com/S1359-4311(21)00291-X/h0005
http://refhub.elsevier.com/S1359-4311(21)00291-X/h0005


Applied Thermal Engineering 190 (2021) 116842

14

[2] S.M. Sadrameli, Mathematical models for the simulation of thermal regenerators: a 
state-of-the-art review, Renew. Sustain. Energy Rev. 58 (2016) 462–476, https:// 
doi.org/10.1016/j.rser.2015.12.154. 

[3] S. Qian, J. Yu, G. Yan, A review of regenerative heat exchange methods for various 
cooling technologies, Renew. Sustain. Energy Rev. 69 (2017) 535–550, https://doi. 
org/10.1016/j.rser.2016.11.180. 

[4] A. Kitanovski, U. Plaznik, U. Tomc, A. Poredoš, Present and future caloric 
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[35] K. Engelbrecht, J. Tušek, D. Eriksen, T. Lei, C.Y. Lee, J. Tušek, N. Pryds, 
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A. Schubert, CFD-simulation assisted design of elastocaloric regenerator geometry, 
Sustain. 12 (2020) 1–16, https://doi.org/10.3390/su12219013. 
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