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Regenerators play a vital role in enhancing the overall performance of Stirling engines. Hence, this paper performed an energy
and exergy analysis to elucidate the significance of regenerator characteristics concerning system performance, contributing to
the optimal regenerator’s design and selection. The relationship between regenerator structure, regenerator exergy destruction,
and output power, thermal efficiency, and exergy efficiency for Stirling engines was established by integrating the thermal model
of Stirling engines with a mathematical model of regenerators. In contrast to cross-flow and parallel-flow regenerators, a novel
concept of inclined-flow regenerators, featuring a matrix surface inclined in the direction of gas flow, was developed to achieve
higher and more balanced engine output power and energy utilization efficiency. A comprehensive investigation was conducted
into the effects of matrix structure types and regenerator geometries on the performance of both regenerators and engines. The
results reveal that, following structural optimization, Stirling engines equipped with the inclined-flow regenerator demonstrate a
substantial 16.6%, 38.3%, and 37.2% increase in power output, thermal efficiency, and exergy efficiency, respectively, compared
to those equipped with cross-flow regenerators. In contrast, when compared to engines fitted with parallel-flow regenerators,
they experience a 13.5% reduction in power output but achieve remarkable enhancements of 45.4% and 36.7% in thermal and
exergy efficiency, respectively. This study introduces new insights into selecting regenerator structures for enhancing the output
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performance of Stirling engines.
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1 Introduction

Clean and renewable energy sources such as solar, biomass,
and geothermal energy have garnered increasing attention
[1]. Efficiently harnessing these energy sources has emerged
as a critical research focus [2]. Stirling engines, as external
combustion engines, offer the versatility to harness a wide
range of external thermal energy sources. They possess
several advantageous characteristics such as high theoretical
thermal efficiency, low emissions, and quiet operation.
Consequently, Stirling engines hold significant promise in
the integration of renewable energy sources [3,4].
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Stirling engines are typically composed of two working
spaces (compression and expansion chambers), three heat
exchangers (heater, regenerator, and cooler), two pistons,
and various auxiliary components. Among these compo-
nents, the regenerator plays a crucial role in ensuring the
efficient operation of Stirling engines [5]. Positioned be-
tween the heater and cooler, the regenerator matrix alter-
nately absorbs and releases heat as the working gas
reciprocates through it. In essence, the regenerator functions
like a thermal sponge, significantly enhancing the utilization
of heat absorbed by the heater, reducing the size require-
ments of the heater and cooler, and ultimately improving the
thermal efficiency of the system [6]. Currently, the most
commonly used regenerators can be broadly categorized as
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cross-flow [7,8] and parallel-flow regenerators [9,10] based
on the flow pattern of the working gas in the matrix. In the
cross-flow regenerator, the gas flows perpendicular to the
matrix surface, leading to strong gas-matrix interaction. This
results in high heat transfer rates but also imposes significant
flow resistance. In contrast, parallel-flow regenerators fea-
ture gas flow parallel to the matrix surface, resulting in re-
duced flow losses but also a notable decrease in thermal
performance compared to cross-flow regenerators. Excessive
pressure drop or insufficient heat transfer performance in a
regenerator can significantly undermine its overall effec-
tiveness, consequently reducing the power output and ther-
mal efficiency of Stirling engines [11]. To enhance the
overall flow and thermal performance, exploring the deve-
lopment of an inclined-flow regenerator, which incorporates
matrix structures and gas flow patterns intermediate to those
of cross-flow and parallel-flow regenerators, represents a
logical proposition.

Research into regenerators can be carried out at two levels:
component level and engine level. Previous studies in the
existing literature primarily concentrated on analyzing the
flow resistance and heat transfer characteristics of re-
generators at the component level, without delving into how
these regenerator traits impact the heat-to-work conversion
performance of Stirling engines [12—-19]. Concerning re-
search at the engine level, some previous work explored
phenomena related to temperature differences between the
two sides of the regenerator [20,21] and between the working
gas and the matrix [22] and expounded their influence on
engine performance. Others introduced the analysis of irre-
versible losses in regenerators into theoretical engine mod-
els, estimating regenerator heat and power losses using
empirical correlations or classical thermodynamic deriva-
tions [23-29]. However, these studies did not encompass the
effects of different matrix structures and various geometric
parameters of regenerators on engine performance. To date,
only a limited number of numerical [30] and experimental
[31] work have been conducted to detect the power output
and thermal efficiency of Stirling engines under different
regenerator geometric parameters, such as the wire diameter
and porosity. These studies have been crucial in revealing the
relationship between regenerator geometric parameters and
engine performance, guiding regenerator optimization.
Nevertheless, the effects of the regenerator matrix types and
global geometric parameters, such as the regenerator volume
and length, have not been investigated in detail, and the
mechanism through which the regenerators with various
geometric dimensions influence the engine performance re-
mains unclear. Hence, to comprehend the mechanism by
which regenerator structures affect engine performance, it is
imperative to establish the relationship between regenerator
structures, the flow and heat transfer characteristics of re-
generators, and the heat-to-work conversion performance of
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engines. A feasible approach for achieving this is to integrate
the performance analysis of both the regenerator and the
engine by combining the mathematical model of re-
generators with an engine model.

In recent decades, numerous thermodynamic models have
been developed to analyze and predict the performance of
Stirling engines. These engine models can be categorized
into empirical [32,33], analytical [34,35], and numerical
methods. The first two types of models tremendously sim-
plify the real Stirling engine and do not take complicated and
detailed engine parameters into account, thus offering low
accuracy. Numerical models can be further concretely clas-
sified into second-order [36—41], third-order [42—44], and
multi-dimensional computational fluid dynamics (CFD)
[45-48] analyses. Third-order and multi-dimensional CFD
models discretize the Stirling engine into multiple nodes or
control volumes in one- and multi-dimensional spaces, re-
spectively, and solve the governing equations for each node
or control volume [49]. Compared with other models, they
can capture more detailed operating information about en-
gines and offer high precision but require relatively more
computational resources. In contrast, second-order methods
include only the five most critical components, significantly
reducing the computational cost. Simultaneously, these sec-
ond-order models offer acceptable accuracy, though slightly
lower than that of third-order and multi-dimensional CFD
models. Consequently, second-order methods have been
widely employed in the performance analysis of Stirling
engines, with the adiabatic model and its improved versions
being the most commonly used among researchers. In this
study, we adopted the ideal adiabatic model to predict the
performance of regenerators and engines in combination
with the regenerator model.

Considering the aforementioned points, this study is de-
voted to performing a new energy and exergy analysis of
Stirling engines with the detailed loss effects of regenerators,
by combining the adiabatic model with a regenerator math-
ematical model. To improve the overall performance of
Stirling engines, a new type of inclined-flow regenerator,
with the matrix surface inclined to the gas flow direction,
was developed to strike a well-balanced compromise be-
tween the flow and heat transfer characteristics of cross-flow
and parallel-flow regenerators. Four criteria, including the
total exergy destruction rate, actual power output, thermal
efficiency, and exergy efficiency, were selected to evaluate
the performance of the regenerator and engine. The re-
lationship between the regenerator geometry, regenerator
exergy destruction, actual power output, and energy utiliza-
tion efficiency of engines was established, and the effects of
matrix structure types and geometric parameters of re-
generators on the performance of both regenerators and
Stirling engines were thoroughly investigated and analyzed.
The primary innovations of the present study can be sum-
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marized as follows: (1) the development of a new concept of
inclined-flow regenerators; (2) the introduction of a novel
approach to regenerator structure design and selection,
aiming to enhance engine performance from a system per-
spective. These findings offer valuable guidelines for
achieving higher performance in Stirling engines through the
appropriate selection of regenerators.

2 Ideal adiabatic model of Stirling engines

In the ideal adiabatic model, the Stirling engine is divided
into five distinct parts, as visually represented in Figure 1. In
this diagram, the single subscripts “c”, “k”, “r”, “h”, and “e”
represent the compression chamber, cooler, regenerator,
heater, and expansion chamber, respectively, and the double
subscripts “ck”, “kr”, “rh”, and “he” denote the interfaces
between each pair of adjacent parts. Each part is treated as an
individual control volume, where the physical field is as-
sumed to be uniformly distributed. To obtain the equation
system for the adiabatic model, some assumptions are made
as follows [36,37].

(1) The working gas used in the engine (helium) is con-
sidered as the ideal gas.

(2) The pressure of the gas is uniform in the whole engine.

(3) The gas in the compression and expansion chambers is
adiabatic.

(4) The temperature of the gas in the heater and cooler is
kept constant.

Based on the aforementioned assumptions, the equation
system of the adiabatic model can be derived from the
conservation equations of mass and energy and the ideal gas
equation of state for each control volume, as detailed in Table
1. This equation system comprises ordinary differential
equations, mass flow equations at the interfaces of adjoining
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sections, and boundary temperature equations by conditional
judgment. In these equations, the differential symbol d = d/d6,
where 6 is the crank angle.

3 Mathematical model of regenerators

3.1 Regenerator geometries

The typical configuration for a regenerator employed in
Stirling engines is that of an annular cylinder, as illustrated in
Figure 2. This regenerator is characterized by inner and outer
diameters denoted as d; and d,, respectively, and a length
represented by L. For ease of analysis, the regenerator is
treated as an isotropic porous medium model with a porosity
of ¢. Additionally, as the regenerator reaches a steady op-
erational state, the variation in the physical field along the
radial direction is significantly smaller than that along the
axial direction. Hence, this three-dimensional regenerator
can be further simplified into a one-dimensional model,
considering only the axial variations in physical fields. In
practical Stirling engine manufacturing, cost-effectiveness
and spatial constraints demand precise alignment of com-
ponent dimensions. Consequently, overall geometric para-
meters, including regenerator volume, are often constrained.
To better emulate real-world scenarios, we assumed a con-
stant total volume when determining local regenerator geo-
metric parameters. As a result, with the regenerator length
specified, the cross-sectional area of the regenerator can be
calculated as

V

3.2 Governing equations

During the regenerative process, significant spatial and
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(Color online) Five parts of Stirling engines in the ideal adiabatic model.

Cold end Hot end

Figure 2 (Color online) Schematic of the regenerator and its simplified model.
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Table 1 Equation system of the ideal adiabatic model
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Equation system

Ideal adiabatic model
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Volume variation

Pressure

Pressure variation

Mass

Mass variation

Mass flow rate at the interface

Temperature at the interface

Temperature variation

Heat output of the cooler

Heat input of the heater

Heat transfer of the regenerator

Work in the compression process

Work in the expansion process

temporal variations in gas pressure, temperature, and solid
temperature take place within the regenerator. Consequently,
this study incorporates the gas’s compressibility by em-
ploying the ideal gas state equation to ascertain gas density.
Gas viscosity, thermal conductivity, and matrix thermal
conductivity are considered as functions of temperature,

while all other physical properties remain constant. Besides,
the effects of all the body forces and external heat losses are
neglected. Under these assumptions, the gas flow and heat
transfer in the regenerator are characterized as one-dimen-
sional unsteady viscous compressible flow and gas-solid
coupling heat transfer. Consequently, the governing equa-
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tions describing the conservation of mass, momentum, and
energy in the regenerator can be expressed as follows
[50,51].

The mass conservation equation:
a(¢ﬂf) +5(pf”) _

ot Ox
where p, and u denote the density and velocity of the gas,
respectively; ¢ is the porosity of the regenerator matrix; and ¢
and x represent the time and the axial direction of the re-
generator, respectively.

The momentum conservation equation:

0, (2

10(psu) 1 O(pyuu)

¢ Ot p? Ox

_Op Mo [ty Cyy

—fawLE@f Ut [ue] ue |, 3)

where p and u are the pressure and viscosity of the gas,

respectively; and K and C, represent the permeability and

inertial resistance coefficient of the matrix, respectively.
The energy conservation equation of the gas:

s Ty) | Opsuly)

P17 ot Ox
0Ty &(up)
- S _owp —
= ok, Ox2 Ox +har(Ts T/) 4)
The energy conservation equation of the matrix solid:
0T, 0°T,
pie(l =95 = (1= kg +ha (T,- T 5)

where T, ¢, ; and k, denote the temperature, specific heat at
constant pressure, and thermal conductivity of the gas, re-
spectively; Ty, c,, and k,; denote the temperature, specific
heat, and effective thermal conductivity of the matrix, re-
spectively; 4 is the heat transfer coefficient between the gas
and the matrix; and o, is the specific surface area of the
matrix, which is calculated by

0=, (6)

h

where dj, is the hydraulic diameter of the regenerator matrix,
which can be determined as

4oV
d,="= (7)

s

where 4, is the total surface area of the regenerator matrix.

In governing eqs. (2)—(5), five unknown variables py, u, p,
Tj; and T are included. To obtain a closed equation system,
the ideal gas equation of state is introduced to solve the
density profile of the gas in the regenerator:

p=Rp,T,. (8)

3.3 Concept of inclined-flow regenerators

Figure 3 depicts the schematic representation of different
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Figure 3 Different matrix structure types of regenerators and the corre-
sponding flow patterns of the gas inside them. (a) Cross-flow regenerator;
(b) parallel-flow regenerator; (c) inclined-flow regenerator.

regenerator matrix structure types and their corresponding
gas-matrix interaction patterns. As illustrated in Figure 3(a)
and (b), the cross-flow regenerator involves a gas flow di-
rection perpendicular to the matrix surface, causing the gas
to flow around the matrix surface. In contrast, for the para-
llel-flow regenerator, the gas flows parallel to the matrix
surface, along the extended surface of the matrix. However,
in Figure 3(c), the matrix surface of the inclined-flow re-
generator is tilted in the direction of the gas flow, so that a
moderate interaction between the gas and matrix is obtained,
which will be expected to bring about a well-balanced flow
and heat transfer characteristic for the inclined-flow re-
generator. For quantitatively analyzing and comparing the
comprehensive performance of the three types of re-
generators, the resistance coefficient f and the Nusselt
number Nu of the inclined-flow regenerator are assumed to
maintain a linear relationship with those of the cross-flow
and parallel-flow regenerators, as presented below.

f=1, < =1p): &)
Nu = N, + (Nu,— Nu,), (10)

where f. and Nu, denote the resistance coefficient and Nus-
selt number for the cross-flow regenerator, and f, and Nu,
denote the resistance coefficient and Nusselt number for the
parallel-flow regenerator. { is the matrix structure coeffi-
cient, which determines the thermo-hydraulic characteristic
level of the regenerator, and its value range is 0 < { < 1.
Specially, when the { equals 0 or 1, it signifies the chara-
cteristic levels of the parallel-flow regenerator and cross-
flow regenerator, respectively. For values of { between 0 and
1, a higher { means that the matrix structure, as well as the
flow and thermal characteristics of the inclined-flow re-
generator, closely resemble those of the cross-flow re-
generator. Conversely, a lower value of { implies a greater
similarity to the parallel-flow regenerator.

Two crucial points warrant clarification. First, the wire-
shaped matrix geometry depicted in Figure 3 serves to vi-
sually illustrate the gas-matrix interaction patterns inside the
three types of regenerators, but it is not the unique structure
for each type of regenerator matrix. In actuality, any matrix
featuring a surface perpendicular, parallel, or inclined to the
gas flow direction can be categorized into these three types
of regenerators. Herein, no specific inclined-flow
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regenerator matrix is proposed. Further studies are required
to design the inclined-flow regenerator with specific matrix
structures. Second, altering the regenerator matrix structure
usually brings about a synergistic variation of flow resistance
and heat transfer characteristics. To reflect this phenomenon,
a linear relationship between the thermo-hydraulic perfor-
mance of the inclined-flow regenerator and those of the
cross-flow and parallel-flow regenerators is assumed.
However, it is not the characteristic of a specific regenerator
matrix but rather reflects the desired behavior for an in-
clined-flow regenerator. In further studies, verification and
structure modification will be undertaken for the specific
inclined-flow regenerator matrix to ensure that it aligns
closely with the intended thermo-hydraulic characteristics.

In this study, the classical woven screen regenerator and
circular micro-channel regenerator are employed to represent
the cross-flow regenerator and parallel-flow regenerator,
respectively, whose resistance coefficient and Nusselt num-
ber are given as follows.

Woven screen regenerators [52]:

1= ﬂ + 1.6, (11)
u, = O.33Reh0‘(’7. (12)
Circular micro-channel regenerators [53]:

_ 64
fp= Re,’ (13)
Nu, = 1.143Re,"***, (14)

where Re, is the hydraulic Reynolds number, which can be
calculated by
ud,py
_— 15
. (15)
Substituting eqs. (11) and (13) into eq. (9), the resistance

coefficient of the inclined-flow regenerator can be obtained
as

Re, =

_111{+64
f_ Re h

Additionally, according to ref. [54], the following corre-
lation is given:

2d}?

/= Ko+ Cole (17)

By comparing eqs. (16) and (17), the permeability and
inertial resistance coefficient of the regenerator are gained as

+1.6C. (16)

__ 24}

K= 111{+64° (18)
1.6
27 dh . (19)

Similarly, substituting egs. (12) and (14) into eq. (10), the
Nusselt number of the inclined-flow regenerator can be de-
termined as

Sci China Tech Sci

Nu = (1.143 - 1.143¢)Re, > + 0.33(Re, 7. (20)

Hence, the heat transfer coefficient between the gas and
matrix in the regenerator is calculated as

upy

02488
a

h=(1.143 - 1.1430)k d *075‘2[

+0.33¢k d“[ if] . 1)

4 Performance criteria

4.1 Regenerator performance

Herein, the total exergy destruction rate generated by the
factors of inefficiency in the regenerative process is adopted
to characterize the regenerator performance. A higher total
exergy destruction rate signifies lower regenerator perfor-
mance and exerts a more substantial negative influence on
engine performance. The total exergy destruction in the re-
generator can be expressed as [51]

+E

xd ,sc?

E Ed,hz+Evdﬁ+E

xd ,tot =Ly xd,gc

(22)

where the four terms in the right side of the equation are the
exergy destruction rate caused by the gas-solid heat transfer
with a finite temperature difference, gas flow resistance, and
axial heat conduction in the gas and matrix, respectively,
which can be determined by the following equations.

The entropy generation resulted from the gas-solid heat
transfer with a finite temperature difference in a single cycle
is calculated as [55]

S jgg[%-%]dt
“[f

T AT
-] Lha,,( ) v, (23)
0-0 IT;

o, Adxdt

where Q is the heat flux at the gas-solid interface, AT is the
local temperature difference between the gas and the matrix,
and 7 is the cycle length of the Stirling engine that is defined
as v = 60/n, where n is the engine speed.

Based on eq. (23), the exergy destruction rate due to the
gas-solid heat transfer with a finite temperature difference
can be obtained as

TS50 (24)

where T, denotes the ambient temperature and is set as 288 K
in this study.

The exergy destruction caused by the flow resistance in a
single cycle is defined as [51]

Exd,ht =
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=Ll

Therefore, the exergy destruction rate due to the flow re-
sistance in the regenerator is determined as

: _ n
Exd,ﬁ' - Exd,ﬁ'm'

The entropy generation resulted from the axial heat con-
duction in the gas and matrix in a single cycle is respectively
given as [51]

=N j LKy [de ] Advdr, 27)

Adxdt. (25)

(26)

s.=J IL(l Ok, [dT]Adxd (28)

Consequently, the exergy destruction rate due to the axial
heat conduction of the gas and matrix can be calculated as

. n
Exd,gc = T()Sgcm’ (29)

E"xd,ss = T()‘S'ss6n_0’ (30)

4.2 Stirling engine performance

To quantitatively evaluate the overall performance of Stirling
engines, the actual power output, thermal efficiency, and
exergy efficiency are selected as the criteria in this work.
Based on the ideal adiabatic model, the ideal net work output
and power output are respectively obtained as

w=[" dV+j’:’ av G1)
(=) pdvt]  pdv.

n
P=w. (32)

Since the effect of the regenerator is the focus of this study,
other irreversible losses in Stirling engines are ignored.
As a result, the actual power output of the engine is calcu-
lated as

Ps‘ = H_Erdiﬁ" (33)

Besides, according to the ideal adiabatic model, the ideal
heat input and heat input rate are respectively given as

t=t
0,=] do, (34)
. n
0,= 015 (35)
The thermal efficiency of the engine can be calculated as
P,
N = (36)

Th+Tk

0,+ (Exd et B getE sc)/ [1 —Ty/

The exergy efficiency of Stirling engines is the ratio of the
actual power output to the actual exergy input rate. Thereby,
the exergy efficiency of the engine is determined as [56,57]
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A . (37)

+ E xd ,ht + Ev)(a!,gc+ Exd,sc

5 Solution methods

5.1 [Initial and boundary conditions

The solution to the ideal adiabatic model of Stirling engines
is an initial value problem. The equation systems can be
solved by giving appropriate initial conditions according to
the geometric and operating conditions of engines, including
those related to the regenerator. In this study, certain as-
sumptions have been made regarding the temperatures of the
working gas in the heater and cooler, which are considered to
be equivalent to those of the heat source and heat sink, re-
spectively. Additionally, the regenerator temperature is pre-
sumed to match the logarithmic mean temperature of the
heater and cooler. Furthermore, the initial gas temperature
within the compression chamber and expansion chamber is
set equal to the temperature of the heat sink and heat source,
respectively. Lastly, the initial pressure inside the engine is
configured to align with the charge pressure.

The mathematical model of the regenerator necessitates
the specification of both boundary and initial conditions for a
comprehensive solution. Herein, the instantaneous mass flow
rate at the cold end of the regenerator and instantaneous
pressure of the engine, both derived from the ideal adiabatic
model and detailed in Table 1, are set as the cold end and hot
end boundary conditions of the regenerator model, respec-
tively, as expressed in eqgs. (38) and (39). Additionally, when
the gas enters the regenerator from the cold end, the tem-
perature of the heat sink is applied as the inlet boundary
condition at the cold end, while a symmetric outlet boundary
condition is established at the hot end. Conversely, when the
gas flows back into the regenerator from the hot end, an inlet
boundary condition is enforced at the hot end with the
temperature of the heat source, and a symmetric outlet
boundary condition is configured at the cold end. To expedite
the convergence of the solution process, the temperature of
the gas and matrix in the regenerator is initialized with a
linear distribution along the axial direction, spanning from
the temperature of the cold end to that of the hot end.

m r,cold mkr’ (3 8)

pr,hot =P (39)

5.2 Solution procedure

In the present study, the equation systems of the Stirling
engine model and the governing equations of the regenerator
model are solved using the fourth-order Runge-Kutta method
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and the finite volume method, respectively. The detailed
solution procedure is illustrated in Figure 4. Firstly, the
geometric and operating parameters of the regenerator and
engine are given, and the initial conditions of the model are
determined on the basis of these specifications. Then the
model equation system is solved and the instantaneous
physical fields throughout a single cycle are obtained.
Thereafter, the temperature and pressure values at the end of
the cycle are used to replace the corresponding initial values,
and the calculation is repeated until a periodic steady state is
achieved. Specifically, if the maximum value of the in-
stantaneous pressure difference between two sequential cy-
cles falls below the threshold of 0.001 MPa, the calculation
can be considered to reach a periodic steady state. In the
subsequent phase, the ideal power output and heat input of
the Stirling engine, as well as the mass flow rate at the cold
end of the regenerator and engine pressure, are determined
using the steady physical field values.

The mass flow rate and pressure values acquired from the
engine model are set as the boundary conditions at the cold
and hot ends of the regenerator, respectively. Simulta-
neously, with the incorporation of these boundary conditions
and the specified geometric parameters of the regenerator,
the initial conditions can be determined. Subsequently, by
solving the governing equations of the regenerator model,
the dynamic distributions of different physical variables in
the regenerator throughout a cycle are obtained. By replacing

' 28 \
Enter engine and rege-
nerator parameters

¥

Determine engine
initial conditions

Y

Ideal adiabatic analysis

Reach periodi€
steady state?

Yes

Iﬁ

Reset
initial
conditions

Regenerator mass flow
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the initial values of physical variables with the correspond-
ing values at the end of the cycle, the calculation is carried
out several times until the periodic steady state. The criterion
for the periodic steady state of the regenerator model is the
same as that of the engine model. In the following, the var-
ious types of exergy destruction rates in the regenerative
process are calculated, and then the ideal power output and
heat input of the Stirling engine are corrected by these exergy
destruction rates to get the actual power output, thermal ef-
ficiency, and exergy efficiency. Throughout these calcula-
tions, the time step utilized for both the Stirling engine model
and the regenerator model remains consistent at 1/720 of the
cycle.

6 Results and discussion

6.1 Model verification

To verify the accuracy of the present mathematical model, a
case study is conducted based on the specification para-
meters of a B-type Stirling engine known as GPU-3, and the
numerical results are compared with those from some other
thermodynamic models [36,37,58,59], as well as the ex-
perimental data obtained from the NASA Lewis Research
Center [60]. Table 2 shows the main specifications of the
GPU-3 Stirling engine. The comparison of the actual power
output P, among the present model, other thermal models,

Set the mass flow rate
and pressure as the

rate and pressure

Y

Ideal heat input and
power output

Y

Calculate actual power

regenerator boundary
conditions

Y

Determine regenerator
initial conditions

—

* : Reset
Solve governing initial
equations conditions
Reach periodic
steady state?

Xes

Calculate regenerator

and exergy efficiency

End

Figure 4 Solution procedure of the Stirling engine and regenerator model.

exergy destruction




Yu M J, et al.

Table 2 Main specifications of the GPU-3 Stirling engine [24,37,60]

Specification Value
Working gas Helium
Piston stroke 31.2 mm
General Inner diameter of cylinder 69.9 mm
information Phase angle 90°

Engine speed

1000-3500 r/min

Charge pressure 2.76 MPa
Compression Swept volume 113.14 em®
chamber Clearance volume 28.68 cm’
General Working gas Helium
information Piston stroke 31.2 mm
Dead volume 70.88 cm’
Heater
Heater temperature 922 K
Dead volume 13.8 cm®
Cooler
Cooler temperature 288 K
Length 22.6 mm
Matrix type Woven screen
Material Stainless steel
Regenerator
Wire diameter 0.04 mm
Porosity 0.697
Dead volume 50.55 cm’

and the experimental work across various engine speeds is
illustrated in Figure 5. Notably, the mathematical model
presented in this paper exhibits a high degree of accuracy in
predicting the impact of regenerators on Stirling engine
performance, particularly at relatively high engine speeds. At
a low engine speed, the power loss caused by the pressure
drop in the regenerator accounts for a minor proportion of the
total power losses in Stirling engines, while other power loss
factors are not involved in the present model; hence the ac-
tual power output predicted by the model exceeds the cor-
responding experimental results. As the engine speed
increases, the regenerator’s contribution to the overall pres-
sure drop within the engine proportionally escalates. In turn,
the power loss incurred by the regenerators gradually

Table 3 Ranges and initial values of the variables studied in this work
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Figure 5 Comparison of the actual power output between the present
model and the experimental work at various engine speeds.

approaches the total engine losses. At this juncture, the actual
power output calculated by the mathematical model aligns
closely with the experimental data, demonstrating a strong
agreement.

6.2 Optimization results of matrix structure types

Herein, the heat source temperature is fixed at 973 K, while
the engine operates at a constant speed of 1500 r/min. The
ranges and initial values of the variables under investigation
in this research are listed in Table 3. When analyzing specific
variables, unless explicitly stated otherwise, all remaining
variables are maintained at their respective initial values. The
other specification parameters of the engine adhere to those
of the GPU-3 Stirling engine presented in Table 2.

This section performs an optimization analysis of the
structure types of the regenerator matrix. Figure 6 shows the
effects of the matrix structure coefficient { on the regenerator
performance. At a low structure coefficient, the geometric
characteristics of the inclined-flow regenerator closely re-
semble those of the parallel-flow regenerator, which leads to
a relatively low thermal performance and thus a high heat
transfer exergy destruction rate for the inclined-flow re-
generator. With the increase of the structure coefficient, the
flow resistance of the regenerator rises, but simultaneously,
the gas-solid heat transfer rate improves as well. Conse-

Variable Range Initial value
Total volume of the regenerator V' (mms) 50000-90000 70000
Structure coefficient of the matrix ¢ 0-1 Optimal value
Hydraulic diameter of the matrix @), (mm) 0.05-1.45 0.25
Porosity of the matrix ¢ 0.4-0.9 0.7
Length of the regenerator L (mm) 30-100 50
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quently, the flow resistance exergy destruction rate increases,
while the heat transfer exergy destruction rate decreases
significantly, resulting in a decline of the total exergy de-
struction rate and thus an enhancement of the regenerator
performance.

Figure 7 illustrates the impacts of the matrix structure
coefficient on the performance of the Stirling engine. When
the structure coefficient increases, the engine’s actual power
output decreases monotonically due to the rising flow re-
sistance exergy destruction rate. However, as observed in
Figure 6, the rate of decline in the heat loss and exergy
destruction rate caused by heat transfer initially exceeds and
then becomes less than the rate of increase in heat loss and
exergy destruction rate caused by flow resistance. Conse-
quently, the actual heat and exergy input rate experiences an
initial larger reduction followed by a smaller reduction
compared to the decrease in actual power output. As a result,
both the thermal and exergy efficiency of Stirling engines
initially increase, followed by a subsequent reduction.
However, there is a slight deviation between the peaks of the
thermal efficiency and exergy efficiency. In summary,

3500 V'=70000 mm® o= 0.7
d,=025mm L =50mm
3000
2500 F
—F
g 2000 | ..\'d,ln
< - E,«//r
h:x 1500 F _].fxd,gf
1000 = Exd,sr
- Exd,ror
500 /
2:: T
O 1 L L L
0.0 0.2 0.4 0.6 0.8 1.0

Structure coefficient

Figure 6 Effects of the matrix structure coefficient on the regenerator
performance.

3200 0.260 = 0.400
_Px
T SR
3000 0.255 5355
2800 0.250
. 4 0.390
£ 2600 0245 S R
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40.385
2400 0.240
2200 V'=70000 mm* p=0.7 0235 0.380
d,=025mm L =50 mm
2000 L L . . 0230 40375

0.0 0.2 0.4 0.6 0.8 1.0
Structure coefficient

Figure 7 Effects of the matrix structure coefficient on the performance of
the Stirling engine.
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considering energy utilization efficiency, the engine achieves
its best performance within the matrix structure coefficient
range of { = 0.5-0.6, where it exhibits relatively higher
thermal and exergy efficiency. In the subsequent study, the
matrix structure coefficient of the regenerator is set to 0.5.

6.3 Individual contributions to the total exergy de-
struction rate

Figures 810 illustrate the variations in the total exergy de-
struction rate and its individual contributions to the matrix
hydraulic diameter, porosity, and regenerator length, re-
spectively. It is evident from these figures that, under various
geometric parameters of regenerators, two types of exergy
destruction rates due to axial heat conduction remain rela-
tively low, and the total exergy destruction rate’s variability
is primarily influenced by the heat transfer and flow re-
sistance exergy destruction rates. In Figure 8, when the hy-
draulic diameter is small, the regenerator experiences a
significant pressure drop due to the presence of very narrow

10000
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= ?\-d,ﬁ-

T ]_5.w1,gc

1000 g — {EMIV
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3 B e

I V'=70000 mm’ {= 0.5
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Hydraulic diameter (mm)

Figure 8 Variations of the total exergy destruction rate and its individual
contributions with the matrix hydraulic diameter.
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Figure 9 Variations of the total exergy destruction rate and its individual
contributions with the matrix porosity.
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Figure 10 Variations of the total exergy destruction rate and its individual
contributions with the regenerator length.

local flow channels. Simultaneously, the matrix’s extensive
specific surface area contributes to excellent gas-solid heat
transfer performance, resulting in a low heat transfer exergy
destruction rate. Hence, flow resistance becomes the primary
source of exergy destruction in the regenerator. With the
increase of the hydraulic diameter, the flow resistance exergy
destruction rate decreases substantially, while the heat
transfer exergy destruction rate rises rapidly due to the pro-
liferation of microflow channels and a decrease in the spe-
cific surface area of the matrix. Consequently, influenced by
these opposing changes in exergy destruction rates, the total
exergy destruction rate initially decreases and then increases
with the hydraulic diameter of the matrix. A minimum total
exergy destruction rate is observed at a hydraulic diameter of
approximately 0.2 mm.

As depicted in Figure 9, an increase in matrix porosity
leads to a weakening of the gas-matrix interaction due to
lower gas flow velocity within the matrix. Consequently, the
flow resistance exergy destruction rate decreases corre-
spondingly. However, a noteworthy observation is the gra-
dual reduction, rather than an increase, in the heat transfer
exergy destruction rate. This phenomenon can be explained
by two factors. First, with the rise in porosity, the matrix’s
specific surface area increases. Second, a longer contact time
is available for heat transfer between the gas and the matrix
due to the decreased gas flow velocity. These two factors
work together to enhance thermal performance and reduce
the heat transfer exergy destruction rate. Consequently, as
both types of individual exergy destruction rates exhibit si-
milar trends, the total exergy destruction rate consistently
decreases with increasing porosity.

As shown in Figure 10, at a low regenerator length, the
gas-matrix interaction time is limited. Consequently, gas-
solid heat transfer within the regenerator remains in-
sufficient, resulting in a high heat transfer exergy destruction
rate. Conversely, a short gas flow distance leads to a low-

Sci China Tech Sci 11

pressure drop, resulting in a reduced flow resistance exergy
destruction rate in the regenerator. As the regenerator length
increases, the interaction between the gas and the matrix
intensifies, leading to a decrease in the heat transfer exergy
destruction rate but an increase in the flow resistance exergy
destruction rate. Consequently, the total exergy destruction
rate follows a trend of initially decreasing and then in-
creasing, reaching its minimum value at a regenerator length
of approximately 45 mm.

6.4 Sensitive analyses for regenerator geometries

Analyses of the regenerator characteristics and Stirling en-
gine performance concerning the matrix hydraulic diameter,
porosity, and regenerator length, considering variable total
volumes of regenerators, are presented in Figures 11-13.
Figure 11 illustrates that under different total volumes of
regenerators, the total exergy destruction rate reaches its
minimum value at a hydraulic diameter of approximately
0.2 mm. Deviations from this range, whether smaller or
larger hydraulic diameters, can result in reduced overall re-
generator performance due to increased exergy destruction in
flow resistance or heat transfer. Notably, for regenerators
with hydraulic diameters d,, less than 0.05 mm, excessive
pressure loss within the regenerator causes Stirling engines
to malfunction, yielding actual power output, thermal effi-
ciency, and exergy efficiency all below 0. As hydraulic
diameter increases beyond 0.2 mm, the actual power output
of Stirling engines experiences a rapid increase, leading to a
substantial boost in both thermal and exergy efficiency.
However, when the hydraulic diameter surpasses 0.2 mm,
the actual power output stabilizes, while engine heat and
exergy input increase significantly due to higher thermal
losses in the regenerator. Consequently, thermal and exergy
efficiency are reduced.

In addition, an increase in regenerator volume leads to an
expanded cross-sectional area within the regenerator, re-
sulting in decreased gas flow velocity within the matrix.
Consequently, the flow resistance exergy destruction rate
decreases. Simultaneously, the enlarged effective heat
transfer area and extended interaction time between the gas
and matrix reduce the heat transfer exergy destruction rate.
This combined effect results in a reduction in the total exergy
destruction rate of the regenerator with an increasing re-
generator volume. Moreover, for the regenerator with a lar-
ger total volume, both the ideal power output and power loss
due to the flow resistance in the regenerator decrease. When
the matrix hydraulic diameter d), < 0.45 mm, the reduction in
flow resistance exergy destruction rate is more significant
than the decrease in ideal power output, leading to an in-
crease in actual power output as the regenerator volume ri-
ses. However, for dj, values greater than 0.45 mm, this trend
is reversed. On the other hand, as the variation of the thermal
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volumes.

loss and heat transfer exergy destruction rate is more pro-
nounced than that of the actual power output, the thermal and
exergy efficiency of the engine increases with an expanding
regenerator volume.

Under various regenerator volumes, the comprehensive
performance of the regenerator is improved with an increase
in matrix porosity, as depicted in Figure 12. As porosity
increases, the ideal power output of the engine experiences a
slight decline due to the larger dead volume within the re-
generator. Concurrently, the flow resistance exergy destruc-
tion rate decreases with increasing porosity, but the extent of
this reduction is notably influenced by the regenerator vo-
lume. Specifically, for regenerators with smaller total vo-
lumes, a higher porosity is crucial for achieving a low flow
resistance exergy destruction rate and thus a high actual
power output of the engine. However, for regenerators with
larger volumes, the reduction in flow resistance loss is re-
latively modest. This leads to a gradual increase in actual
power output at low porosities and even a decrease at high
porosities. Due to the decreasing thermal loss and heat
transfer exergy destruction rate, combined with a general
increase in power output, the energy and exergy efficiency of
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Effects of the matrix hydraulic diameter on the comprehensive performance of the regenerator and Stirling engine under variable regenerator

the engine consistently rises with increasing porosity. These
results suggest that a regenerator with higher porosity is
necessary to attain superior regenerator and Stirling engine
performance. However, it is important to note that in this
study, the ideal Stirling engine performance is determined
under the assumption of perfect regeneration, without con-
sidering the impact of the regenerator’s thermal mass ratio on
regenerative effectiveness. In reality, achieving a sufficiently
high thermal mass ratio is critical to ensure effective re-
generation in the regenerator. This implies that the re-
generator matrix should not possess an excessively high
porosity.

According to the results in Figure 13, the total exergy
destruction rate of the regenerator exhibits a slight initial
decrease followed by an increase as the regenerator length
varies under different regenerator volumes. Simultaneously,
the engine with a longer regenerator yields a lower actual
power output, primarily due to the elevated flow resistance
exergy destruction rate within the regenerator. Considering
the observed trends in thermal loss, heat transfer exergy
destruction rate, and actual power output, the overall energy
and exergy efficiency of the engine follow a general
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Figure 12 Effects of the matrix porosity on the comprehensive performance of the regenerator and Stirling engine under variable regenerator volumes.

tendency of decline. It is noteworthy that the gas flow ve-
locity within the regenerator experiences more pronounced
changes in response to variations in regenerator length under
smaller regenerator volumes compared to larger ones. This
leads to a more sensitive impact on the performance of both
the regenerator and the Stirling engine as regenerator length
changes. Additionally, a comprehensive analysis of Figures
11-13 reveals that, regardless of matrix hydraulic diameter,
porosity, or regenerator length, the overall performance of
the regenerator and the engine improves with increasing
regenerator volume. Nevertheless, the total volume of the
regenerator cannot be infinitely increased, as it is constrained
by the global assembly layout and manufacturing costs of the
Stirling engine.

7 Conclusions

By integrating the ideal adiabatic Stirling model with a one-
dimensional regenerator mathematical model, a relationship
between regenerator structure and Stirling engine behavior
was established to achieve superior engine performance by
selecting an optimal regenerator. To achieve an excellent

overall thermo-hydraulic characteristic, a new concept of
inclined-flow regenerators with the matrix surface inclined
to the gas flow direction was proposed. An energy and ex-
ergy analysis was conducted at the engine level to provide
insights for selecting regenerator structures that minimize
regenerator exergy destruction while maximizing engine
power output, thermal efficiency, and exergy efficiency.
Several key findings are summarized as follows.

(1) Increasing the matrix structure coefficient results in a
consistent decrease in the actual power output of Stirling
engines. Conversely, energy and exergy efficiency show an
initial rise followed by a decline, with peak values occurring
at structure coefficients of 0.5 and 0.6, respectively. Conse-
quently, for optimized energy utilization efficiency, Stirling
engines equipped with inclined-flow regenerators exhibiting
structural and thermo-hydraulic characteristics between
cross-flow and parallel-flow regenerators demonstrate su-
perior performance. Herein, a structure coefficient of 0.5 is
selected for the structural optimization of inclined-flow re-
generators. Subsequent to this study, specific structural de-
signs for inclined-flow regenerators will be implemented for
practical application.

(2) Due to the minimal axial heat conduction losses within
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Figure 13 Effects of the regenerator length on the comprehensive performance of the regenerator and Stirling engine under variable regenerator volumes.

the gas and matrix, the total exergy destruction rate within
the regenerator is primarily dictated by the individual exergy
destruction rates arising from gas-solid heat transfer with
finite temperature differences and gas flow resistance. As the
matrix hydraulic diameter and regenerator length increase, a
minimum total exergy destruction rate is achieved due to the
opposing variations in the heat transfer and flow resistance
exergy destruction rates under specific values of these geo-
metric parameters. Conversely, greater matrix porosity re-
sults in diminished contributions to the individual exergy
destruction rates, leading to a reduction in the overall exergy
destruction rate.

(3) With the increase of the local geometric parameters
including the matrix hydraulic diameter and regenerator
length, regenerator performance initially improves and then
declines. This implies the existence of optimal hydraulic
diameter and regenerator length values that result in the
lowest exergy destruction in regenerators. Conversely, when
global geometric parameters like matrix porosity and total
regenerator volume are increased, regenerator performance
can be enhanced due to reduced pressure loss and prolonged
heat transfer duration within the regenerator.

(4) The actual power output increases with an increase in

matrix hydraulic diameter, porosity, and regenerator volume,
and a decrease in regenerator length overall. On the other
hand, the engine’s energy and exergy efficiency improve as
porosity and regenerator volume increase and as regenerator
length decreases. However, as the matrix hydraulic diameter
increases, there is an initial rapid increase in energy utili-
zation efficiency followed by a subsequent decrease. Fol-
lowing structural optimization, Stirling engines equipped
with inclined-flow regenerators exhibit significant im-
provements compared to cross-flow regenerators, with a
16.6% increase in output power and a substantial 38.7% and
37.2% boost in thermal and exergy efficiency, respectively.
In comparison to parallel-flow regenerators, they experience
a 13.5% reduction in output power but achieve notable en-
hancements of 45.4% and 36.7% in thermal and exergy ef-
ficiency, respectively.

This work was supported by the National Natural Science Foundation of
China (Grant No. 51736004).
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