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Abstract

The present work demonstrates the results of a 3D numerical analysis of heat transfer
and fluid flow through a fabricated aluminium wire filament, bonded mesh deployed as
a regenerator surface in the Stirling engine. Here, two inline regenerator models with the
same mass but different geometry were simulated by computational fluid dynamics (CFD)
and finite element method (FEM). The results show that the temperature efficiency of both
inline with non-uniform and uniform wire diameters is almost equal. However, the non-
uniform diameter model is shorter and reaches the maximum thermal efficiency faster in
reduced length < 18. Also, it shows approximately 5% a greater mean thermal efficiency. In
general, from this simulation, it can be seen that changes in the geometry of the heat regen-
erator can have a direct effect on thermal efficiency and pressure drop in the same mass.
Therefore, using the inline stacked plain-weave screen with a non-uniform wire diameter
regenerator in the powered Stirling engine is recommended due to space constraints. Small
changes in the regenerator geometry lead to immense leaps in increasing a solar power
plant’s overall efficiency.

1 | INTRODUCTION

A regenerative heat exchanger, or more commonly a regen-
erator, is a heat exchanger where heat from the hot fluid is
intermittently stored in a thermal storage medium before it
is transferred to the cold fluid. The hot fluid is brought into
contact with the heat storage medium, and then the fluid is
displaced with the cold fluid, which absorbs the heat [1]. In this
regard, woven mesh structures are used as heat exchangers and
thermal regenerators in many industrial applications, including
solar energy collection, interagency plans to develop an arti-
ficial heart, aerospace, Stirling engines, food processing, heat
recovery, heat pipe systems, and others [2]. The most important
features of these structures are their flow pressure drop char-
acteristics and thermal performance [3]. Such effects, however,
are functions of many geometrical, thermal, and fluid hydro-
dynamical parameters. Therefore, due to a large number of these
parameters, numerical analysis is inevitable for heat regenerator
design with wire screen structures [4]. Considering the growing
environmental issues, renewable energy converters such as
solar cogeneration systems have received more attention during

recent years. Solar cogeneration systems convert the thermal
energy of solar radiation into mechanical energy (utilizing a
Stirling engine) and then into electrical power (using a linear
generator) [5]. Tong and London [6] reported friction factor and
heat transfer coefficient measurements for air flowing through
inline plain-weave screen laminates and staggered cross-rod
matrices. Kays and London [7] have pointed out that the
most effective way to increase a heat exchanger’s performance
is to increase its surface area to volume ratio. Small-particle
packed beds, and foamed metals are expanded materials having
a large surface area to volume ratio values. However, due to
the tortuosity effect in conjunction with these materials’ high
porosity, their effective thermal conductivity is relatively small.
Much of the gain in performance obtained by having a large
area to volume ratio is lost by having a relatively small effective
thermal conductivity. Typical thermal conductivity values in
fused-particle packed beds are 10—15% of the particle thermal
conductivity. Xu and Wirtz [8] developed a model for the
in-plane effective thermal conductivity of screen-laminates.
They showed that these structures could be configured to have
a large surface area to volume ratio, and high effective thermal
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FIGURE 1 3D orthogonal plain-weave in-line with non-uniform wire

diameter screen laminates (dx = 0.76 mm, dy = dx/2 = 0.38 mm)

conductivity in a particular direction with effective thermal con-
ductivities of anisotropic screen laminates approaching 78% of
base material values. Park et al. [9] developed a two-energy equa-
tion model for heat transfer in thin porous media. They consid-
ered chilled water flow through in-line and staggered isotropic
plain-weave screen laminates. They measured friction factors
and Colburn -factors similar to those measured by Tong and
London. They found that screen-laminate based heat exchange
matrices could be configured to have pressure-drop and thermal
performance superior to fused particle bed exchange matrices
having the same mass per volume. Wirtz and Xu [10] demon-
strated a 3D fabrication methodology, aluminium wire filament,
and bonded mesh deployed as a heat exchange surface. They
found that the weaving wire bonding process must be carefully
controlled to ensure that target porosity, specific surface area
and effective thermal conductivity are achieved. Also, Faruoli
et al. [11] investigated a numerical study to simulate a porous
matrix to use it as a heat exchanger. In this study, the solid
part of the numerical domain is considered the region with
the highest porosity. The results indicate that the amount of
friction coefficient decreases with increasing Reynolds number.
Because the porous media’s geometry within the regenerator is
incredibly complex, it is essential to provide an accurate model
of how heat is transferred. In this regard, wired models in terms
of heat transfer show better behaviour than other models with
angular cross-sections, including rectangular. In general, the
optimal wire filaments arrangement can be advantageous in
heat regenerators’ performance to achieve the desired thermal
efficiency [12]. In the present work, the thermal efficiency and
the pressure drop across a woven mesh structure similar to that
introduced by Figure 1 are investigated numerically.

2 | METHODS

Figure 2 shows an inline heat regenerator. Figure 21 designed
model consists of fifteen filaments of an aluminium wire joined
in an orthogonal geometry. According to Figure 21, the hori-

zontal wires are seven filaments, and vertical wires are eight fil-
aments. Figure 211 designed model consists of thirty-two fila-
ment of an aluminium wire that is joined to each other in an
orthogonal geometry with the same diameter (0.38 mm) so that
its mass is the same as the Figure 2I. Due to symmetry, only a
small part of the regenerator is considered. The selected com-
putational cell is 0.38 mmX0.57 mm (Figures 1 and 3). Fig-
ure 3 shows a hybrid unstructured grid mesh generation for
fluid and solid domain with the hybrid tetrahedral and hexa-
hedral elements. The meshes shown in this image have been
selected coarse mesh than the software environment for the
sample shown. Also, especially at the wires’ contact points, the
number of meshes has been selected finer to better consist of
the boundary layer and fluid-solid heat transfer interface. Auto-
CAD Mechanical 2021 (x64) softwate was employed for building
the geometrical structure. Also, ANSYS 2020 R1 packages are
used for grid generation in the design modeler and solver soft-
warte. The total number of elements for regenerator of Figure 31
provided 63,048 and for Figure 311 up to 87,929 computational
cells after grid independency.

3 | GOVERNING EQUATION AND
BOUNDARY CONDITION

The continuity and momentum equations for air as viscous and
incompressible unsteady working gas flow can be written as fol-
lows [13]:

aUII—O 1
axj_ ()

oU, + UaU/
P\ TV
ar | a oy, | 9, 2,00, ——
=g () - (a5 - e
@
In these equations, the parameters U, p, P, i, 52_» j»and G; for

air-fluid represent velocity, density, static pressure, fluid dynamic
viscosity, Kronecker delta, and gravity term, respectively. Also,

7 and j represent Cartesian coordinates. ,oU/U ! is Reynolds
stresses. It is additional in Equation (2) momentum fluxes due
to the transient turbulent motion. The energy equation is in the
following form [14]:

%(pE)+V. (I?(,oE +p))

= V.l VT = Y bJ + (reff.r/>) ©)
J
ko= k+ & O

where T}, £, ffs £, ,é,,];-, and ;f are the overall velocity vec-
e

tor, effective conductivity, thermal conductivity, the turbulent
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FIGURE 2 Computational domain for an inline heat regenerator. (I) Non-uniform inline regenerator: Non-uniform wire diameter (Z; = 8.36 mm,

&7 = 0.48). (II) Uniform inline regenerator: Uniform wire diameter ( L; = 12.16 mm, g; = 0.33)

thermal conductivity, the diffusion flux of species j, and

stress tensor, respectively. £, ffVT , Zj/yj_;, and /‘EfT;_) repre-

sent energy transfer due to conduction, species diffusion, and
viscous dissipation, respectively. The airflow on the aluminium
wires is turbulent. The RNG £ — ¢ turbulence model was used
to solve the turbulent flow. This viscous simulation used a differ-
ential viscosity model with enhanced wall treatment. Also, pres-
sure gradient and thermal effects options were considered in the
solver software. As shown in Figure 2, the symmetry bound-
ary conditions are considered for sidewalls of the domain. On
the other hand, input with velocity inlet and output with pres-
sure outlet boundary condition is selected. Also, for the Air-
solid contact surface, the fluid—solid heat transfer interface with
thermally coupled conditions is activated. Oscillating flow user-
defined function (UDF) is used for velocity inlet boundary con-
ditions. Inlet flow velocity is considered to obey the following
equation:

V=1, sinwt 5)

Where 1. = 2 m/s is velocity amplitude, and @ = 10 rad/s
is angular velocity. Therefore, the heating and cooling time is

equal to 7, = £, = % s. The flow is unsteady and for solution

chosen time step =% s. The hot air inlet temperature is taken
to be 900 K, and the cold air temperature is 400 K [15].

4 | RESULTS

For validation, the friction factor (f) of two inline heat
exchanger models presented by Tong and London [6] and Park
et al. [9] is used, as shown in Figure 4. As can be seen from this
figure, the deviation from the laboratory results is less than 5%.
The friction factor and the Reynolds number (R,) are defined
based on the channel hydraulic diameter (D)) as:

5 4A, .

iy ©)
PV Dy
R =—— @
)%

AP L 1?2

— = f5F5 ®

pf Dl? 2
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FIGURE 3

—#— Tong & London (1957)
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FIGURE 4

between experimental data and numerical simulation

Frictional factor versus Reynolds number for comparison

Where In these relationships A, P,, o s AP, and L are a cross-
sectional area of the flow, the wetted perimeter of the cross-
section, fluid density, pressure drop, and regenerator length,
respectively.

@

(In

Fluid Domain

Fluid Domain

Numerical mesh domain for an inline heat regenerator. (I) Non-uniform inline regenerator. (II) Uniform inline regenerator

After the heating and cooling petiod of the heat regenera-
tor in the software was repeated so much that the regenerator
reached energy equilibrium; thermal efficiency (1)zx(;) in terms
of reduced length (A) can be calculated as follows [15]:

A= ./aA )
mycy

7}/7, in— 7 S, ont

NREG = (10)

Y}b, n 7};, in
Where in these relationships 4, A, 7 5 Cfs and 7 are wire heat
transfer coefficient, regenerator matrix heat transfer surface
area, mass flow rate, airflow specific heat at constant pressure,
and temperature, respectively. In Figure 5, the thermal efficiency
of the regenerators versus reduced length is shown. The trend
of thermal efficiency changes versus reduced length is the same
for both models; only the speed of reaching the maximum effi-
ciency in the non-uniform is higher than the uniform inline
regenerator. In other words, it can be seen that the thermal effi-
ciency of the uniform and non-uniform inline regenerator could
be reached to 98 % efficiency at 10 and 15 reduced lengths,
respectively.
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FIGURE 5 The thermal efficiency of heat regenerators versus reduced
length for non-uniform and uniform inline regenerators

Figure 6 shows the temperature contour for the case where
w = 10 rad/s and 1/, = 2 m/s at flywheel angle % and 37” in
a heating and cooling period, respectively. Comparison of tem-
perature counters in Figure 61 and Figure 6111 shows that the
non-uniform inline regenerator has three wires, and the uniform
inline regenerator has six wires at the end of the regenerator in
the temperature lower than 650 K at heating period. Also, by
comparing Figure 611 and Figure 61V, it can be seen that non-
uniform inline regenerator has eight wites and uniform inline

Temperature
900,000
H 370,439
340878

s137
81756
752.195
722635
693,074
663,513
633952
644391
K]

@

Temperature
900000

864,861
s20722
794582
76943
724304
689,165
654026
618586
SKLT4T
SRR

(I11)

FIGURE 7 The pressure drop of heat regenerator versus flywheel angle
for non-uniform and uniform inline regenerators

regenerator has thirteen wires at the end of the regenerator in
the temperature higher than 700 K at cooling period. For bet-
ter recovery performance, more heat must be absorbed in the
end wires of the regenerator in the heating period. Also, more
heat must be released from the end wires of the regenerator in
the cooling period. Figure 7 shows the mean pressure drop for
the two models presented. According to Figure 7, the regener-
ator with non-uniform exhibits more pressure drop relative to
the uniform inline regenerator. The minimum pressure drop is

Temperauure
794233

636,540
597116
557.693
518270
ATRR4T

439.423
400.000
X

D

Temperature
K00.633

760.570
720506
650,443
630,380
600317
560253
£20.190
480.127
440,063
400,000
L8]
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FIGURE 6 The temperature contour at @ = 10 rad/s and 1/, = 2 m/s at flywheel angle % and 37” in a heating and cooling period, respectively. (I) Heating

period for non-uniform inline regenerator. (II) Cooling period for non-uniform inline regenerator. (I1I) Heating petiod for uniform inline regenerator. (IV) Cooling

petiod for uniform inline regenerator
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FIGURE 8 The velocity contour at @ = 10 rad/s and 1/, = 2 m/s at flywheel angle Zand Zina heating and cooling period, respectively. (I) Heating

period for non-uniform inline regenerator. (II) Cooling period for non-uniform inline regenerator. (IIT) Heating period for uniform inline regenerator. (IV) Cooling

petiod for uniform inline regenerator

0 Pa. It achieved at the beginning of the heating and cooling
petiods (0, B). Also, subtraction of the maximum pressure drop
between regenerators was achieved at the middling of the heat-
ing and cooling periods ( % , 3?7{), which is approximately equal to
30 Pa.

Velocity contours for each of the heat regenerators are shown
in Figure 8. The trend of velocity changes is the same in non-
uniform and uniform inline regenerators with different quanti-
ties. In the central path of fluid motion through the tissue of the
wire filaments, the most significant increase in velocity occurs
due to narrowing the path of fluid motion. The instantaneous
velocity can then increase in the centre line of movement in non-
uniform and uniform inline regenerators to 5 and 3.5 times the
inlet velocity, respectively.

5 | DISCUSSION

The use of heat regenerators to prevent heat loss of the
solar-powered Stitling engine has always been considered by
researchers [16-18], among which inline stacked plain-weave
screen regenerators due to the more straightforward structure
to build and lower pressure drop, have received more attention
[8—10]. In this study, with the help of the proportional numerical
calculation method and using High-Performance Computing
Research Center (HPCRC), the validation of numerical and
laboratory results with a low deviation was achieved (Figure 4).

It should be noted that in order for the regenerator to reach
thermal equilibrium, the number of iterations needs to be
several hundred thousand times (Figure 9), which takes time to
get the final results. In general, CFD analysis is an efficient and
powerful tool for modeling and investigating other domains
in different critical locations [19-23]. The Stirling cycle is a
thermodynamic cycle that transforms thermal energy into
mechanical energy. A key component of Stitling engines is
the regenerator, which stores and releases thermal energy
periodically. The existence of a regenerator raises the efficiency
of the engine by maintaining heat within the system that oth-
erwise would be exchanged with the environment. It reduces
the heat flow from the high-temperature reservoir to the low-
temperature reservoir without any additional gain of mechanical
work [24]. Generally, various bonded mesh deployed as a regen-
erator surface is utilized to fabricate heat recovery, but most
of them have straightforward geometries [25]. To some extent,
the bonded mesh designed based on these geometries can
recover the heat produced by regenerative systems [26]. How-
ever, there is still the thermal efficiency and pressure drop
problem in wire filament surfaces due to space constraints to
installation [27].

This comparison of temperature efficiency occurs while the
mass of two identical regenerators is selected the same, and
only the essential role is played by the effect of the regenera-
tor’s geometry. According to Figure 5, the non-uniform inline
regenerator can achieve 97% efficiency during lower reduced
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The turbulence intensity contour at @ = 10 rad/s and V,,x = 2 m/s at flywheel angle ZandZina heating and cooling period, respectively.

(I) Heating period for non-uniform inline regenerator. (II) Cooling period for non-uniform inline regenerator. (I1I) Heating period for uniform inline regenerator.

(IV) Cooling period for uniform inline regenerator

length, which can be attributed to its greater porosity of the
packed bed. It is porosity of packed bed 1.45 times greater than
uniform inline regenerator. Also, the uniform inline regenera-
tor’s matrix length is 1.45 times greater than the non-uniform

& _ Lu

inline regenerator ( = 1.45). Therefore, for applica-

Er -1
tions such as the Stirling engine, which has a spatial limitation

of the regenerator installation, the non-uniform inline regener-
ator is recommended. The average thermal efficiency of non-
uniform and uniform inline regenerators is approximately 85%
and 80%, respectively. Hence, the non-uniform inline regener-
ator’s average thermal efficiency is 5% higher than the uniform
inline regenerator in the one period (277 flywheel angle). Tem-
perature and velocity counters (Figures 6 and 8) show the trend

of changes instantaneously and cannot evaluate the regenera-
tor’s performance in the general state. However, by collecting
data in a graph like Figure 7, it can be seen that the rate of pres-
sure drop of the non-uniform is more than the uniform inline
regenerator. Also, by averaging the graph, the average pressure
drop of non-uniform and uniform inline regenerator is 76 and
61 Pa, respectively. Hence, the average pressure drop of the
non-uniform inline regenerator is 15 Pa higher than the uni-
form inline regenerator in one period. The turbulence intensity
is defined as follows:

I= (11)
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(II) Velocity vector contour. (III) Turbulence intensity as a Function of Streamwise Distance. (IV) Velocity streamline contour

Where 7, £, and U are turbulence intensity, turbulent kinetic
energy, and mean velocity at the same location over the same
time period, respectively. Large fluctuations in speed or direc-
tion in the unsteady flow can lead to more turbulence in the ait-
flow, leading to tutbulence intensity amount can be more than
1. Turbulence intensity contours for each of the heat regenera-
tors are shown in Figure 10. In general, the turbulence intensity
amount in the heating and cooling period in the non-uniform
inline regenerator is more than the uniform inline regenerator.
Also, after the airflow leaves the wires, the turbulence inten-
sity value reaches its maximum. This sudden increase of tut-
bulence intensity is accompanied by changes in the backpres-
sure (Figure 111I) and velocity (Figure 1111,IV) contours. Also,
Figure 11111 gives turbulence intensity as a Function of Stream-
wise Distance along regenerator length. Maximum turbulence
intensity occurs in the backpressure region with approximately
1.8. Moreovert, the current study assumed a (inlet plane), b (mid-
dle plane), and ¢ (outlet plane) according to Figure 2. Mean tur-
bulence intensity value at the moment of airflow collision with
the wire filaments in the heating (plane a) and cooling (plane
c) period is greater than its value at the moment of the airflow
leaving the woven wire screen in the heating (plane c) and cool-
ing (plane a) period. In general, the mean turbulence intensity

in the middle length (plane b) of the regenerator has the low-
est value, and its value is always <0.2. Since we have the highest
turbulence intensity in the inlet and outlet planes (a, c) of the
regenerator, the maximum power loss and pressure drop occur
in these zones. Therefore, it is better to use fluid flow conduc-
tors as stator blades at the inlet and outlet to reduce turbulence
intensity in these regions.

6 | CONCLUSIONS

Woven metallic structure plays a significant role in heat return
and increases thermal efficiency, among which inline regenera-
tors are mostly used due to the simplicity of the structure. In
the present study, by selecting two types of regenerators, only
by changing the wires” diameter in a shorter length, approx-
imately 5% average thermal efficiency was increased. Also, it
imposes 15 Pa more mean pressure drop on the regenerator.
Therefore, paying attention to the correct regenerator geometry
as a critical factor in the inline regenerator is very important.
Finally, the non-uniform inline regenerator is recommended
for the Stirling engine, limiting the use of the regenerator
length.
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NOMENCLATURE
A Regenerator matrix heat transfer surface area, m?
A, Cross-sectional area of the flow, m?
¢y Specific heat of flow at constant pressure, J/kg K
d Wire diameter, m
D), Channel hydraulic diameter, m
E  Total energy, |
f TFriction factor
G Gravity, m/s>
b Heat transfer coefficient, W/m’K
J; Diffusion flux of species j, kg/ m?s
% Thermal conductivity, W/m K
k.77 Bffective conductivity, W/m K
#, Turbulent thermal conductivity, W/m K
L. Regenerator length, m
Vi s Mass flow rate, kg/s
P Static pressure, pa
AP  Pressure drop, pa
R, Reynolds number
T Temperature, K
I Turbulence intensity
t Time,s
7 Overall velocity vector, m/s

Greek symbols

€ Porosity of packed bed
Nreg Thermal efficiency

A Reduced length

U Absolute viscosity, kg/m s

o Fluid density, kg/m’

T Stress tensor, pa

eff

@ Angular velocity, rad/s

Subscripts
a air
f Fluid
h Hot fluid
¢ Cold fluid

in  Fluid entering
out Fluid leaving
x, 9,z Cartesian coordinates
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