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ABSTRACT

This paper focuses on the thermal performances of a regen-
erator with millimeter dimensions. This specific heat exchanger
plays a crucial role in Stirling cycle machines. The considered
milli-regenerator is a porous medium fabricated with a Multi-
ple Jet Molding (MJP). We have quantified the pumping power
required to convey the fluid in the circuit for an alternating oscil-
lating flow and shown that this power is dependent on the piston
strokes that induce more pressure losses in the hydraulic circuit.
Calculation of the thermal efficiencies of the regenerator during
the “cold-blow” and "hot-blow” phases showed that the thermal
efficiency decreases as a function of the Reynolds number. An
estimation of the figure of merit showed an increasing overall
trend in the report pressure drop and heat transfer within the re-
generator according to an increasing Reynolds number of flow.
This can be explained by the nature of the regenerator of poly-
mer of relatively low thermal diffusivity which limits the thermal
performance of the regenerator, especially for high frequencies
and consequently reduced exchange times. We demonstrated that
the increase in the area-to-volume ratio at small scales increases
pressure drop and enhances the heat transfer.

INTRODUCTION

This paper focuses on the thermal performances of a regener-
ator with millimetre dimensions. This specific heat exchanger
plays a crucial role in Stirling cycle machines. It alternately
absorbs and releases heat from and to the working fluid which
allows to recycle rejected heat during theoretical isochoric pro-
cesses.

We have quantified the pumping power required to convey the
fluid in the circuit for an alternating oscillating flow and shown
that this power is dependent on the piston strokes that induce
more pressure losses in the hydraulic circuit. Calculation of the
thermal efficiencies of the regenerator during the “’cold-blow”
and “hot-blow” phases showed that the thermal efficiency de-
creases as a function of the Reynolds number. An estimation
of the figure of merit showed an increasing overall trend in the
report pressure drop and heat transfer within the regenerator ac-
cording to an increasing Reynolds number of flow. This can be

NOMENCLATURE

A [m?] Section area

cp [J/kg/K] specific heat

C [m] Stroke

CB [-] Cold Blow

Cyr [-] Friction factor

CHEX [-] Cold Heat EXchanger

D [m] Diameter

E [-1 Efficiency

HHEX [-] Hot Heat EXchanger

f [Hz] Frequency

F [-] Form factor

Fy [-] Figure of Merit

h [m] Height

h [W/m%/K]  Mean value of convection coefficient

HB [- Hot Blow

L [m] Length

T [kg/s] mass flow

NPH [-] Net Pressure Head

NUT [-] Number of Unit Transfer

Nu [-1 Nusselt number

Pr [-] Prandtl number
Special characters

o [ Volume fraction ratio

€ [-] Porosity

A [-] Difference

p [m’/kg] Density
Subscripts

c cold

HEX  heat exchanger

f fluid

h hot

explained by the nature of the regenerator which is made of poly-
mer of relatively low thermal diffusivity. which limits the ther-
mal performance of the regenerator, especially for frequencies
and consequently reduced exchange times. We demonstrated that
the increase in the area-to-volume ratio at small scales increases
pressure drop and enhances the heat transfer.

EXPERIMENTAL SETUP
Regenerator fabrication

The considered milli-regenerator is a porous medium fabri-
cated with a Multiple Jet Molding (MJP) process by the use of
the 3D printer ProJet HD 3500. The material used for the prepa-
ration of the regenerator is a UV-curable acrylate polymer of the
type ”Visijet 39 Crystal”. The mini-regenerator is a tube with



and a total length L = 60mm and an external diameter D = 7mm,
an internal diameter D = 5Smm filled with a dense pillar matrix
Figure 1. The pillars have a geometrical lens shape with a form
factor F = 0.5 (aspect ratio width/length) and a height 7 = 2.5mm
(Figure 1b). Two metallic layers (chromium and copper) with a
total thickness of 800 nm are deposited on the polymer pillars to
increase heat transfer inside the regenerator (Figure 1c). Experi-
ments were performed with three regenerator porosities: € =0.8
; 0.85 and 0.90.

Figure 1: Regenerator fabricated. € = 0.8, a) Outside view, b)
Sectional view, ¢) Polymer pillars with metallic layers

Experimental procedure

Experiments are carried out with air as working gas. The os-
cillating gas flow is produced by the displacement of two con-
nected pistons with a phase shift of 180° (Figure 2). Two heat
exchangers heat (HHEX) and cool (CHEX) the gas flow at both
ends of the measurement section. The regenerator is mounted be-
tween the two heat exchangers. The pressure, velocity and tem-
perature of the airflow are measured in the spaces between the
heat exchangers and the extremities of the regenerator. Metallic
grids are included at both ends to smooth the turbulence of the
flow.

Measurement section TDC BDC

HHEX | Regenerator i CHEX

—

Sensors Meta”iC/Sensors
Piston (PV.T) grid (PVT) ! Piston

Figure 2: Experimental setup

The exchangers are temperature-controlled and keep a tem-
perature gradient between the two ends of the regenerator of
AT = 30°C, 40°C and 50°C. The strokes of the pistons are C
=24 mm and C =30 mm.

The pressure, velocity and temperature of the gas flow are mea-
sured at both ends of the test section. The ultraminiature pressure
transducers are Kulite XCQ-055 1.7 BARA-8068 , with 210 kHz
bandwidth. They were calibrated using a Druck PV621 Pressure
Station. The velocity measurement is achieved with a hot wire

Figure 3: Test bench - (1): Regenerator, (2): Pressure sensor,
(3): Microthermocouple, (4): Hot wire, (5): Hot Heat Exchanger
HHEX, (6): Cold Heat Exchanger CHEX

anemometry method (TSI IFA300 range 0.15-200 m/s, 600 kHz
bandwidth). The probe measures the axial velocity component
and was calibrated in the laboratory. The fluid temperatures are
measured with in-house 0.76 ym diameter type K microthermo-
couples with accuracy +0.1°C and cut-off frequency 32 Hz (Fig-
ure 4) [5]. All the temperature sensors were calibrated using a
calibration oven (550 Gemini LRI) associated with a Pt100 plat-
inum reference sensor (accuracy +0.005°C) and a reference ther-
mometer (PHP 601). Measurements data were smoothed with a
Savitzky-Golay filter [6].

Figure 4: Microthermocouple (K type, 7.6 um diameter) inserted
in a screw

We conducted experiments with regenerators of three porosi-

ties (¢ = 0.80, 0.85 and 0.90). These tests were made for five
frequencies: 2, 4, 6, 8 and 10 Hz.
We performed experiments on different milli-regenerators with
pillar geometries corresponding to three porosities under oscil-
lating nitrogen flows (oscillating Reynolds number in the range
0 < Rep < 60 and Reynolds number based on the hydraulic
diameter Repj, max < 6000 ) for different temperature gradients
(AT < 100°0).

Figures 5 to 7 show the results of data acquisition for pres-
sure, temperature and fluid velocity measured at both ends of the
regenerator. From these data, we determined the pressure losses
and friction coefficients [2]. In this paper, we will focus on the
thermal characteristics of this type of flow: the thermal efficiency
and the figure of merit of the regenerator.

Uncertainty analysis
An uncertainty analysis need to be performed in order to iden-
tify the sources of errors concerning the different velocities, pres-
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Figure 5: Gas velocity at the hot outlet of the regenerator (€ =
0.8, C = 30 mm, Isothermal flow 22°C)
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Figure 6: Temperature of the gas at the hot outlet of the regener-
ator (¢ =0.8, C =30 mm)

Table 1: Total relative uncertainties

Total relative uncertainty

Frequency f 2Hz 10 Hz
Pressure P 5.7 % 3.9 %
Velocity V 3.7 % 2.4 %
Temperature T  0.1°C 0.2°C

sures and temperatures measurements. The total relative uncer-
tainties are given in the table 1 [1], [3].

RESULTS ANALYSIS
Thermal efficiency

We will study the thermal efficiency for different regener-
ator porosities and piston strokes. The cold-blow and hot-
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Figure 7: Pressure losses of the regenerator fluid flow (€ = 0.8,
C = 30 mm, Isothermal flow 22°C)

blow phases of the cycle present dissymmetries (Figure 5). We
have chosen to calculate the corresponding efficiencies for each
phase. The regenerator is assimilated to a heat exchanger whose
efficiency is calculated from the temperatures of the incom-
ing/outgoing fluid during a “period blow” which corresponds to
a piston stroke (passage from TDC to BDC and vice versa).

For the cold-blow, the thermal efficiency E™ can be written as
follow:

+_ min (Thor,cp) — min (Teoa,cB)

E . ey
Tunex —min (Teola.cp)
and for the hot-blow, E™ yields:
- max (Teo1q ) — max (Thor HB) @)

Tenex —max (Thor 1B)

These two equations (1) and (2) are written in terms of the
different temperatures:

- Thor cp: temperature of the fluid at the hot end of the regen-
erator during cold-blow;

- Tioacp: temperature of the fluid at the cold end of the re-
generator during cold-blow;

- Tynex: mean temperature of the fluid inside the hot heat
exchanger

- Teo1a,ap: temperature of the fluid at the cold end of the re-
generator during hot-blow;

- Thor,zp: temperature of the fluid at the hot end of the regen-
erator during hot-blow;

- Tenex: mean temperature of the fluid inside the cold heat
exchanger.

The frequency Reynolds number Re, allows us to decouple
the effect of frequency from that of fluid displacement, which
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Figure 8: Variation of the thermal efficiency of the regenerator
E™ during cold-blow with piston stroke C = 24 mm, porosity €
= 0.8, as a function of the frequency Reynolds number Reg, and
temperature differences AT = 30°C, 40°C and 50°C
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Figure 9: Variation of the thermal efficiency of the regenerator
E~ during hold-blow with piston stroke C = 30 mm, porosity €
= 0.8, as a function of the frequency Reynolds number Re, and
temperature differences AT = 30°C, 40°C and 50°C

are coupled in the expression for the Reynolds number Repy,, and
thus to be able to study only the effect of oscillations in the flow
on the the flow on the thermal efficiency of the regenerator (Fig-
ure 8). We note that the thermal efficiency decreases for an in-
creasing frequency Reynolds number Re, increasing, which is to
be expected since the frequencies are higher and the time of ex-
change between fluid and solid matrix is reduced. We show that
for each temperature gradient, the thermal efficiency increases by
10% when the stroke increases from 24 mm to 30 mm. The ther-
mal efficiency depends on the heat transfer coefficient and the
flow rate through the regenerator. The heat transfer coefficient
is improved in the presence of turbulence in the flow inherent to

high flow rates which implies higher Reynolds numbers. Higher
flow rates mean that for the same power stored in the same power
stored in the solid matrix, the heating of the fluid will be less im-
portant. important. It is a question of finding a compromise be-
tween heat transfer and fluid flow rates through the regenerator.
For that we introduce the number of transfer units NUT which is
written:

3

For a lower stroke, for the same flow frequency, the mass flow
rate decreases, the thermal efficiency is lower. The efficiency of
the heat exchanger increases as a function of the thermal gradi-
ent imposed on the ends of the regenerator, which is quite pre-
dictable.

The thermal efficiency is lower for the for the largest stroke
C = 30 mm (Figure 9). The effect of the thermal gradient on
the variation of the efficiency is less obvious since the curves are
close to each other.
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Figure 10: Variation of the thermal efficiency of the regenerator
E™ during cold-blow with piston stroke C = 30 mm, porosity €
= 0.9, as a function of the frequency Reynolds number Reg, and
temperature differences AT = 30°C, 40°C and 50°C

Figure 10 shows the same decay trend as a function of the
frequency Reynolds number Reg,. In this case study, the thermal
efficiency increases for a larger stroke in the opposite of what
we have previously observed for the porosities € = 0.80 and € =
0.85.This inversion can be explained by the nature of the flow
which remains transient and generates turbulences. Figure 11,
which describes the evolution of the thermal efficiency of the
regenerator of porosity € = 0.90 during the hot-blow, shows that
the effect of the thermal gradient remains less pronounced than
in the cold-blow.
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Figure 11: Variation of the thermal efficiency of the regenerator
E~ during hot-blow with piston stroke C = 30 mm, porosity € =
0.90, as a function of the frequency Reynolds number Reg, and
temperature differences AT = 30°C, 40°C and 50°C

Figure of Merit (F),)

The figure of merit Fj; quantifies the heat transfers in rela-
tion to the pressure losses within the regenerator. We used the
criterion proposed by[7]:

_ NPH CrRepy, Pr
" NTU  4Nu

“4)

M

Riilich and Quack [7] have established equation (4) for a per-
manent and unidirectional flow. We will use this method by con-
sidering the hot-blow and the cold-blow phases separately for
the calculation of the regenerator figure of merit. As the flow is
oscillating, we considered the maximum values of the pressure
drop coefficient and the hydraulic Reynolds number, Cy jnq, and
Repp max Tespectively. To get the average Nusselt number over
a cycle Nu, we have estimated the convective coefficient h from
the expression relating the NTU and the regenerator efficiency
E [4], [8].

NTU

E=——"_
1+NTU

®)

Figures 12 and 13 show the figure of merit Fy, for a thermal
gradient equal to AT = 50°C for a piston stroke C = 30 mm dur-
ing the cold-blow and hot-blow phases respectively. It can be
seen that during the cold-blow (Figure 12) the figure of merit
tends to increase for higher Reynolds numbers, especially for
porosities € = 0.80 and € = 0.85, which means that the ratio be-
tween pressure drop and heat transfer increases as a function of
the Reynolds number, this trend is less clear for € = 0.90 which
shows a dip marking the beginning of a growth. This trend is
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Figure 12: Variation of the thermal efficiency of the regenerator
during cold blow with porosity as a function of the frequency
Reynolds number Reg,(€ = 0.80, C =24 mm and C = 30 mm,
AT =30°C,40°C and 50°C)
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Figure 13: Variation of the thermal efficiency of the regenera-
tor during hot-blow with porosity as a function of the frequency
Reynolds number Reg,(€ = 0.80, C = 24 mm and C = 30 mm,
AT =30°C,40°C and 50°C)

confirmed during the hot-blow phase, where the (%) ratio in-

creases as a function of the Reynolds number, which means that
pressure losses are more important than heat transfers. During
the hot-blow phase, the increase trend is located in the same en-
velope for the three thermal gradients imposed, unlike the cold-
blow phase for which the envelope shifts towards higher values
for a decreasing thermal gradient(Figures 12, 13 and 14). This



can be explained by the decreasing thermal efficiency of the re-
generator at lower thermal gradients and the pressure drop is not
influenced by the thermal gradient
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Figure 14: Variation of the thermal efficiency of the regenerator
during cold-blow with porosity as a function of the frequency
Reynolds number Reg,(€ = 0.80, C = 24 mm and C = 30 mm,
AT =30°C.,40°C and 50°C)
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Figure 15: Variation of the thermal efficiency of the regenera-
tor during hot-blow with porosity as a function of the frequency
Reynolds number Reg,(€ = 0.80, C = 24 mm and C = 30 mm,
AT =30°C,40°C and 50°C)

CONCLUSION
Calculations of the thermal efficiencies of the regenerator dur-

ing the cold-blow and hot-blow phases showed that the thermal
efficiency decreases as a function of the Reynolds number of the

flow, but the effect of porosity could not be established from the
experimental results. An estimation of the figure of merit Fy,
showed an overall increasing trend in the ratio of pressure drop
and heat transfer within the regenerator with increasing Reynolds
number of the flow. This can be explained by the nature of
the regenerator, which is made of a polymer with relatively low
thermal diffusivity, which limits the thermal performance of the
regenerator, especially for higher frequencies and consequently
longer running times. This limits the thermal performance of the
regenerator, particularly at higher frequencies and consequently
at shorter exchange times.
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