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a b s t r a c t 

The irreversible losses such as the flow loss and axial heat conduction loss in traditional porous regenera- 

tors have limited the specific power and thermal efficiency of Stirling engines to a great degree. Thereby, 

the objective of this paper is to design and optimize a novel annular constructal bifurcation regenera- 

tor for diminishing the flow and axial heat conduction losses in the regenerator based on constructal 

concept and response surface methodology. First, the bifurcation type structure units with an inclined 

angle to the flow direction and the layered approach were applied to construct the regenerator matrix. 

Thereafter, the numerical simulations were employed to investigate the gas flow and heat transfer charac- 

teristics of the constructal bifurcation regenerator. Based on the numerical data, the quadratic polynomial 

regression models between the geometric parameters and the regenerator performance were established 

using response surface methodology, and the specific effects of the geometric dimensions were analyzed 

via 2-D and 3-D response surface plots. Subsequently, a multi-objective optimization was conducted to 

minimize the flow resistance and maximize the heat transfer rate by genetic algorithm. A most eclectic 

solution with the global friction factor f = 3.478 and the number of heat transfer units NTU = 1.135 was 

selected from the optimal Pareto front. Finally, the overall performance of the constructal bifurcation re- 

generator was compared with that of the porous regenerator and the parallel geometry regenerator. The 

results indicate that a low flow resistance, low axial heat conduction, and high thermal performance are 

obtained by the constructal bifurcation regenerator. Therefore, it is reasonable to conclude that the an- 

nular constructal bifurcation regenerator achieves a high comprehensive performance, with the potential 

to improve the performance of Stirling engines. The findings of this paper may provide some new ideas 

and guidelines for the design and optimization of the regenerator structures. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

The concept of sustainable development has been embedded 

eeply in our minds since it was first put forward by the UN in

987 [1] . The use of renewable and clean energy plays an increas- 

ngly important role in achieving sustainable development goals. 

tirling engines have become one of the most promising renew- 

ble energy utilization technologies due to their most remarkable 

dvantages of the flexibility in selecting the energy resource, along 

ith other advantages such as high thermal efficiency, low noise, 

nd maintenance requirements [2] . As one of the crucial compo- 
Abbreviations: ANOVA, analysis of variance; CBR, constructal bifurcation regen- 

rator; CCD, central composite design; CFD, computational fluid dynamics; DF, de- 

rees of freedom; DOE, design of experiments; NSGA- Ⅱ , fast non-dominated sorting 

enetic algorithm; RSM, response surface methodology; TOPSIS, technique for order 

reference by similarity to ideal solution. 
∗ Corresponding author. 

E-mail address: w_liu@hust.edu.cn (W. Liu) . 
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ents of Stirling engines, the regenerator can improve the overall 

erformance of the engines significantly. The regenerator is made 

p of a void filled with a solid matrix. When the hot gas flows 

nto the regenerator from the hot end, the solid matrix absorbs 

eat from the gas. Conversely, as the cold gas flows back through 

he regenerator from the cold end, the solid matrix releases the 

eat stored in the previous half-cycle back into the gas. Resulted 

rom the periodic heat absorption and release, a large temperature 

ifference is generated between the hot and cold ends of the re- 

enerator, thus improving the thermal efficiency of the Stirling en- 

ine [3] . According to the research of Tavakolpour et al. [4] , the

hermal efficiency for a Stirling engine with an ideal regenera- 

or can reach six times the one of a Stirling engine without the 

egenerator. 

Currently, the most widely used regenerator matrix type in Stir- 

ing engines is the conventional porous media such as the woven 

creen and random fiber. Therefore, numerous studies have been 

onducted to understand the hydraulic and thermal characteristics 

f these regenerators and to explore their effects on the compre- 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123129
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.123129&domain=pdf
mailto:w_liu@hust.edu.cn
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Nomenclature 

A, B, C, D variable codes in the response surface analysis 

a r specific surface area of the regenerator matrix, 

m 

−1 

A r surface area of the regenerator matrix, m 

2 

b number of center points 

c p,f specific heat of the gas, J/(kg ·K) 

c p,s specific heat of the solid, J/(kg ·K) 

d h hydraulic diameter of the regenerator matrix, mm 

D i inner diameter of the regenerator, mm 

D o outer diameter of the regenerator, mm 

d w 

wire diameter, mm 

e statistical error 

f global friction factor 

f h friction factor based on the hydraulic diameter 

h convective heat transfer coefficient, W/(m 

2 ·K) 

h l total heat transfer coefficient per unit length, 

W/(m 

3 ·K) 

k turbulent kinetic energy, m/s 2 

L regenerator length, mm 

˙ m mass flow rate of the gas, kg/s 

n number of the design variables 

NTU number of heat transfer units 

Nu h Nusselt number based on the hydraulic diameter 

p pressure, Pa 

q heat flux, W/m 

2 

R 2 coefficient of determination 

Re h hydraulic Reynolds number 

Re in inlet Reynolds number 

s wire mesh pitch, mm 

t time, s 

T f temperature of the gas, K 

T s temperature of the matrix solid, K 

u bulk velocity of the gas, m/s 

u velocity vector, m/s 

u in velocity at the inlet of the regenerator, m/s 

V total volume of the regenerator, m 

3 

V s matrix solid volume of the regenerator, m 

3 

x, y, z coordinate axis 

x i , x j design variables 

Y objective response 

Greek symbols 

α0 , αi , αii , αij regression coefficients of the model 

β inclined angle of the wire mesh, °
γ porosity 

ε turbulent dissipation rate, m 

2 /s 3 

θ central angle of the wire mesh, °
λf thermal conductivity of the gas, W/(m ·K) 

λs thermal conductivity of the matrix solid, 

W/(m ·K) 

μ viscosity of the gas, Pa ·s 
μin viscosity of the gas at the inlet of the regen- 

erator, Pa ·s 
ρ f density of the gas, kg/m 

3 

ρ in density of the gas at the inlet of the regener- 

ator, kg/m 

3 

ρs density of the matrix solid, kg/m 

3 

ensive performance of Stirling engines. Numerical studies were 

eveloped to characterize the pressure drop [5] and heat transfer 

6] phenomenon of the woven screen regenerator matrix. Other 

umerical simulations investigated temperature distribution char- 

cteristics in the regenerator [7] and compared the performance of 
2 
tirling engines for the cases with and without regenerators [ 8 , 9 ]

t the engine level. Analytical studies were conducted to discuss 

he influence of multi-mesh regenerator [10] and temperature os- 

illation in regenerator matrix [11] on the engine performance. A 

ombined analytical and numerical work developed a new differ- 

ntial model to evaluate the regenerator efficiency of an α-type 

tirling engine and validated it with a CFD simulation [12] . Exper- 

ments were performed to quantify the flow resistance [13] and 

hermal performance [14] and to obtain the correlations for fric- 

ion factor and Nusselt number [ 15 , 16 ] of the porous regenerator

n the oscillating flow. Other experimental investigations explored 

he effects of moving regenerators [17] and the temperature dif- 

erence between both regenerator sides [18] on the power output 

f Stirling engines. Combined experimental and numerical stud- 

es were carried out to strengthen the understanding of oscillating 

ow characteristics of the regenerator [19] and to compare the dif- 

erence between the oscillating and steady flows [20] . These stud- 

es show that the conventional porous regenerators offer an ex- 

ellent heat transfer performance due to the large specific surface 

rea and high convective heat transfer coefficient. Nevertheless, a 

igh flow loss will be inevitably caused by the prevalent flow sep- 

ration and eddy structures as the gas flows through these regen- 

rators. In addition, the axial heat conduction loss resulted from 

he large axial temperature gradient and the close contact between 

he microstructures of the solid matrix in these regenerators can- 

ot be disregarded. These losses will lead to a significant decrease 

n engine power output and thermal efficiency. Consequently, it is 

itally important to design a regenerator with low pressure drop 

nd axial thermal conduction for the performance improvement of 

tirling engines. 

In the latest years, parallel geometry type regenerators have 

ttracted much attention from researchers. A few new concep- 

ual parallel geometry type regenerators, such as parallel wire re- 

enerators [21] , involute-foil regenerators [ 22 , 23 ], layered-plate re- 

enerators [24] , micro-channel type stacked porous sheets regen- 

rators [ 25 , 26 ], circular miniature-channels regenerators [ 27 , 28 ],

nd robust foil regenerators [29] , were continually developed 

nd investigated. As opposed to conventional porous regenera- 

ors, these types of regenerators show a great superiority in pres- 

ure drop characteristics because of their smooth flow passage. 

owever, due to the lack of disturbance in the flow, the ther- 

al performance of these regenerators is evidently reduced. Be- 

ides, higher axial heat conduction loss seems to be generated 

y the parallel geometry type regenerators compared with the 

orous regenerators. Therefore, another new type of regenerator 

ith different design ideas is required to achieve a low flow re- 

istance, low axial heat conduction, and relatively high thermal 

erformance. 

The performance of the regenerator is strongly affected by the 

ngle between the extension direction of the matrix surface and 

he gas flow direction [17] . Theoretically, if the matrix surface is 

arallel to the flow direction, the regenerator reaches its minimum 

alue in terms of flow resistance but accompanying by a relatively 

oor thermal performance. On the contrary, if the matrix surface 

s perpendicular to the flow direction, the regenerator will have 

he maximum flow loss and high heat transfer rates. Hence, to ob- 

ain a low flow loss and relatively high heat transfer performance, 

t may be a reasonable attempt to design a regenerator with the 

atrix surface inclined to the gas flow direction. Meanwhile, for 

he achievement of a relatively uniform spatial distribution and 

 large heat transfer surface area of the solid matrix, the well- 

nown constructal concept in structure optimization can be intro- 

uced to guide the regenerator matrix design. Since the construc- 

al concept was first proposed by Bejan in 1996 [30] , it has been

xtensively employed in various engineering practices [31–35] in 

he past few decades, in which the constructal concept provided 
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Fig. 1. Schematic of the whole CBR: (a) full view and (b) view from the z-direction. 

Fig. 2. Schematic of the computational domain for the CBR: (a) full view, (b) view 

from the z-direction, and (c) local view from the x-direction. 
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 universal guideline for structure design and optimization. How- 

ver, to date, with the exception of a study previously published 

y the authors [36] , no more attempts have been made to de- 

ign Stirling regenerators using the constructal concept in the pub- 

ished literature. In the previous work of the authors, a cylindrical 

onstructal bifurcation regenerator with a central connecting rod 

as first developed based on the constructal concept. The transient 

ow and thermal characteristics of the regenerator in the oscillat- 

ng flow were investigated. Compared with other regenerators, the 

ylindrical constructal bifurcation regenerator has a low flow re- 

istance and moderate heat transfer performance, thus achieving 

 relatively high overall performance. Nevertheless, the cylindrical 

verall configuration limits the application of the regenerator al- 

ost exclusively for α type Stirling engines. Compared with the α
ype, β and γ types of Stirling engines have higher power den- 

ity and thermal efficiency [37] , which have drawn more attention. 

n general, an annular regenerator is used in these types of Stirling 

ngines. Therefore, it is essential to develop an annular regenerator 

sing the constructal concept to fill the gap where no constructal 

oncept-based regenerator is applied to β and γ types of Stirling 

ngines. 

In addition, as can be concluded from the previous studies 

elated to the regenerators, geometric parameters have a signif- 

cant effect on the overall performance of the regenerators, so 

he optimization of the geometric parameters of the regenera- 

or is of great value for improving the performance of the re- 

enerator. Several studies have been conducted to optimize the 

ifferent regenerator parameters such as housing aspect ratios 

38] , porosities [39] , wire diameter [40] , and the number of sub-

egenerators [41] . However, these studies were mostly based on 

ingle-factor parametric or thermodynamic analyses, lacking the 

igorous simultaneous optimization of multi-factors in the math- 

matical and statistical sense. One of the extensively used mathe- 

atics and statistics based optimization methods is the response 

urface methodology (RSM), which presents an accurate prediction 

f the input-output relationship by considering parameter interac- 

ions [42] . Recently, the RSM has been employed to analyze and 

ptimize the performance of various engineering systems includ- 

ng the Stirling engine [ 43 , 44 ]. Whereas, to the best of the authors’

nowledge, no studies using RSM on Stirling regenerators have 

een reported to date, which provides another innovation for this 

aper. 

Therefore, the main objective of this paper is to design and 

ptimize a new annular regenerator for decreasing flow and ax- 

al heat conduction losses based on constructal concept and RSM. 

ifferent from the conventional porous regenerators of cross flows 

nd the parallel geometry type regenerators of smooth flows, the 

atrix surface of the new regenerator was designed to be inclined 

o the gas flow direction for achieving a low flow resistance and 

elatively high heat transfer performance. The layered approach 

as applied to avoid contact between the matrix, thus minimiz- 

ng the axial heat conduction. The bifurcation type structure, which 

as been proven to be an efficient configuration for obtaining ex- 

ellent performance in constructal design, was used to design the 

egenerator to obtain a relatively uniform spatial distribution and 

 large heat transfer surface area of the matrix. After the de- 

ign, the fluid flow and heat transfer mechanisms of the annular 

onstructal bifurcation regenerator (CBR) were investigated. There- 

fter, the response surface analysis was performed to quantify the 

elationship between the geometric parameters and regenerator 

erformance. Based on the functions obtained by RSM, a multi- 

bjective optimization of the regenerator structure was carried 

ut using the Non-Dominated Sorting Genetic Algorithm II (NSGA- 

 ). Finally, the overall performance of the CBR was compared 

ith those of the porous regenerators and parallel geometry type 

egenerators. 
3 
. Physical model 

The whole annular constructal bifurcation regenerator (CBR) de- 

igned based on the constructal concept is shown in Fig. 1 . The 

BR is composed of layers of wire mesh separated and aligned 

ith each other. The contactless wire mesh is welded to two con- 

entric thin wall metal cylinders for minimizing the axial conduc- 

ion path of the regenerator. An inclined angle less than 90 ° is set 

etween the wire mesh surface and the gas flow direction. The in- 

er and outer diameters of the CBR ( D i and D o ) are 100 mm and

40 mm respectively, and the length L is 72 mm, which is in line 

ith the size of the regenerator in practical application. Benefit- 

ng from the symmetry of the regenerator structure in the angular 

irection, one-tenth of the CBR is taken as the computational do- 

ain so as to save computing resources, as illustrated in Fig. 2 (a). 

ig. 2 (b) and (c) are the views of the CBR from the z and x di-

ections, respectively. As can be observed in Fig. 2 (b), the design 

nspiration for the annular CBR comes from the two-level com- 

ination of bifurcation-shaped structures (marked with red lines). 

djacent bifurcation-shaped structures are superimposed on each 

ther to form a matrix configuration analogous to the screen. Each 
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Table 1 

Geometric parameters of the CBR. 

Geometric parameter Value 

Regenerator length L (mm) 72 

Regenerator outer diameter D o (mm) 140 

Regenerator inner diameter D i (mm) 100 

Wire mesh central angle θ ( °) 6–18 

Wire mesh inclined angle β ( °) 10–30 

Wire mesh pitch s (mm) 1.5–3.5 

Wire diameter d w (mm) 0.5–1.2 
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ayer of wire mesh consists of numerous repeated structure units 

marked with blue lines) with the same central angle θ . Except for 

he central angle θ , other main geometric parameters such as the 

nclined angle β , the pitch s , and the wire diameter d w 

of the wire

esh are varied to study their effects on the performance of the 

BR. The major geometric dimensions of the CBR are summarized 

n Table 1 . 

. Numerical method 

.1. Governing equations 

The gas flow in the regenerator is considered to be unsteady, 

iscous, and incompressible. During the regenerative process, the 

hysical properties of the gas (helium) and solid (copper) are as- 

umed to vary with temperature, and the effects of gravity, vis- 

ous heating, and radiative heat transfer are neglected. Based on 

he above assumptions, the governing equations are given as fol- 

ows to describe the mass, momentum, and energy conservations 

n the CBR [45] . 

The mass conservation equation: 

D ρ f 

Dt 
+ ρ f ∇ · u = 0 (1) 

The momentum conservation equation: 

f 

∂u 

∂t 
+ u · ∇( ρ f u ) = −∇ p − 2 

3 

∇ [ μ(∇ · u ) ] 

+ ∇ ·
[
μ(∇u + (∇u ) T ) 

]
(2) 

The energy conservation equation for the gas: 

f c p, f 

D T f 

Dt 
= ∇ · ( λ f ∇ T f ) + 

Dp 

Dt 
+ h l ( T s − T f ) (3) 

The energy conservation equation for the solid: 

s c p,s 
∂ T s 
∂t 

= ∇ · ( λs ∇ T s ) + h l ( T f − T s ) (4) 

In the above, t, μ, p , and u refer to the time, viscosity, pres-

ure, and velocity vector, respectively; ρ f , T f , λf , and c p,f represent 

he density, temperature, thermal conductivity, and specific heat 

or the gas, respectively; and ρs , T s , λs , and c p,s denote the density,

emperature, thermal conductivity, and specific heat for the solid, 

espectively. Additionally, h l is the tatal heat transfer coefficient at 

he interface between the gas and the matrix solid per unit length, 

hich can be calculated as [9] : 

 l = a r h ≈ 4 ( 1 − γ ) 

d w 

h (5) 

here h is the convective heat transfer coefficient at the interface 

etween the gas and the solid; a r and γ mean the specific surface 

rea and the porosity of the CBR, respectively. The porosity γ is 

etermined as: 

= 1 − V s 

V 

(6) 

here V and V s denote the total volume and matrix solid volume 

or the CBR, respectively. 
4

The convective heat transfer coefficient h is defined as: 

 = 

q 

T s − T f 
(7) 

here q is the heat flux at the interface between the gas and the 

olid. 

In plenty of studies, the performance comparison of the regen- 

rators with different structures is usually conducted under the 

ame hydraulic Reynolds number Re h defined as follows. 

 e h = 

u ρ f d h 

μ
(8) 

here u is the bulk velocity of the gas in the CBR; d h is the hy-

raulic diameter of the regenerator matrix, which can be calculated 

s [46] : 

 h = 

4 γV 

A r 
≈ γ d w 

1 − γ
(9) 

here A r denotes the surface area of the matrix solid. 

Generally, the criteria employed to evaluate the flow loss and 

eat transfer performance of the regenerator are the friction factor 

 h and Nusselt number Nu h based on the hydraulic diameter d h , 

espectively: 

f h = 

2
p d h 
L ρ f u 

2 
(10) 

 u h = 

h d h 
λ f 

(11) 

here 
p represents the pressure drop of the gas at the inlet and 

utlet of the CBR. 

However, the gas temperature in the regenerator is unpre- 

ictable before calculation, so the physical properties of the gas 

annot be determined, thus it is difficult to choose appropriate 

oundary conditions to ensure that the regenerators with disparate 

eometric parameters are under the same hydraulic Reynolds num- 

er. As a result, this paper performs the performance evaluation of 

he CBR based on the same inlet Reynolds number Re in , which is 

efined as: 

 e in = 

u in ρin ( D o − D i ) 

μin 

(12) 

here u in , ρ in , and μin represent the velocity, density, and viscos- 

ty of the gas at the inlet of the CBR. 

Since the CBRs with different geometric dimensions are not un- 

er the same hydraulic Reynolds number Re h , it is unreasonable 

o apply Nusselt number Nu h and friction factor f h based on d h to 

ompare the flow and thermal performance of the CBRs with dif- 

erent dimension parameters. To reflect the effects of the geometric 

tructures in the evaluation criterion, the dimensionless parame- 

er NTU (the number of heat transfer units) is introduced here to 

haracterize the transient thermal performance of the CBR, which 

s determined as [47] : 

T U = 

h A r 

˙ m c p, f 

(13) 

here ˙ m is the mass flow rate of the gas. 

Additionally, a global friction factor f is defined based on the 

verall dimension of the CBR to quantify the flow loss in the re- 

enerator: 

f = 

2
p ( D o − D i ) 

L ρ f u 

2 
in 

(14) 
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Fig. 3. Grid independence tests of the CBR. 

Fig. 4. Structures and boundary conditions of the miniature woven screen regener- 

ator matrix model. 
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.2. Solution procedure 

The main boundary conditions of the CBR model are displayed 

n Fig. 2 (a). In another study by the authors [36] , the fluid flow and

eat transfer characteristics at the maximum velocity of oscillating 

ows have been found to be nearly consistent with those of unidi- 

ectional flows in the regenerator. Hence, this paper simulates the 

egenerator in the unidirectional flow. In the numerical simulation, 

he values of operating conditions should be within a reasonable 

ange, which is determined by the published experiments. Herein, 

t the regenerator inlet, a uniform velocity of 11 m/s (correspond- 

ng to inlet Reynold number Re in = 10,0 0 0) and a constant tem-

erature of 873 K are applied. At the regenerator outlet, a uniform 

ressure of 1.5 MPa is imposed. The values of these boundary con- 

itions are selected within the range of experiments and consis- 

ent with the practical conditions. Moreover, symmetry boundary 

onditions are defined on the two axial sections of the regenera- 

or. A no-slip coupled wall is supposed at the gas-solid interface to 

alculate the heat transfer between the gas and the solid. For the 

ther surfaces, the no-slip adiabatic wall is assumed. In addition, 

he temperature of the gas and solid for the regenerator are initial- 

zed to constant values of 873 K and 673 K, respectively, yielding 

 temperature difference to enable heat transfer between the gas 

nd solid. 

Under the above boundary conditions, the flow pattern in the 

BR is considered to be vigorously turbulent. Therefore, the RNG k- 

turbulence model is employed in this study due to its improving 

apabilities in predicting a highly swirling pattern and separation 

revail flow compared with the standard k- ε turbulence model 

48] . The pressure-based solver with double precision is applied to 

olve the governing equations. The coupled algorithm is selected 

o achieve the pressure-velocity coupling. The standard discretiza- 

ion scheme is used for the pressure term and the second order 

pwind discretization scheme is utilized for the momentum and 

nergy terms. Additionally, the time step of the unsteady simula- 

ion is set to 0.0 0 01 s, which is small enough to capture changes

n the flow field and obtain good convergence. All the data in the 

aper are transient and obtained at the 200th time step. 

.3. Grid independence study 

In this work, the commercial software ICEM 16.0 is applied to 

enerate grid systems of the regenerator model. Unstructured grids 

re used in the whole CBR owing to the complex structures of the 

egenerator. To ensure the accuracy of the numerical simulation, a 

rid independence study is carried out at θ = 6 °, β = 10 °, s = 1.5

m, and d w 

= 1.2 mm. The global friction factor f and the number

f heat transfer units NTU for three grid systems with different grid 

umbers 71330 0 0, 123570 0 0, and 195210 0 0 are tested and com-

ared, as shown in Fig. 3 . The results indicate that the grid system

ith 123570 0 0 grid elements satisfies the independence require- 

ent as the deviations of f and NTU are 2.6% and 1.8% respectively 

ompared with the grid system with 195210 0 0 grid elements. 

.4. Model validation 

In the open published literature, there is no experimental data 

elated to the new CBR developed in the present study. In addi- 

ion, it is hard to fabricate and test the CBR at present on account 

f the complexity of its structures. Therefore, the traditional woven 

creen regenerator commonly used in Stirling engines is employed 

o validate the accuracy of the numerical method proposed in this 

aper due to its similar wire mesh structures with the CBR. Herein, 

 detailed 3-D model for a representative differential part of the 

isaligned stacked woven screen regenerator matrix is established. 
5 
he structures and boundary conditions of the miniature regener- 

tor matrix are illustrated in Fig. 4 . A numerical simulation of the 

egenerator matrix model is performed using the same numerical 

cheme to investigate the flow resistance and heat transfer char- 

cteristics in the regenerator. The numerical results are compared 

ith the empirical correlations presented by Tanaka et al. [15] and 

edeon and Wood [16] . The dimension parameters of the minia- 

ure regenerator matrix model built in this work and the regener- 

tors experimentally studied by Tanaka et al. and Gedeon et al. are 

isted in Table 2 . It can be observed that the dimensions of the re-

enerator matrix model are almost within the experimental ranges. 

herefore, the empirical correlations developed by the experimen- 

al works can be applied to the woven screen regenerator matrix 

odel presented in this study. 

The friction factor f h and Nusselt number Nu h obtained from the 

umerical simulation and experiments are compared, as shown in 

ig. 5 . According to Fig. 5 (a), it is clear that the f h from the simula-

ion agrees well with the correlations of Gedeon and Wood, with a 

eviation limited to 12.9%. Fig. 5 (b) illustrates that numerical Nu h 
s almost consistent with the correlations of Tanaka et al. as the 

aximum deviation between them is 5.9%. Considering the uncer- 

ainty of the experiment and the geometric difference between the 

stablished numerical model and the actual matrix, the error of 

he numerical simulation is within the acceptable range. Therefore, 
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Table 2 

Dimensions of the woven screen regenerator matrix built in this study and tested by Tanaka et al. and 

Gedeon and Wood. 

Mesh number Wire diameter (mm) Porosity Model size (mm 

3 ) 

Present study 100 0.1 0.733 1.905 2 × 1.54 

Tanaka et al. 50–200 0.05–0.23 0.645–0.754 - 

Gedeon and Wood 80–200 0.053–0.094 0.623–0.781 - 

Fig. 5. Comparison between the numerical results and the experimental correlations for the woven screen regenerator matrix: (a) f h and (b) Nu h . 

Table 3 

Input variables and their three levels. 

Variable Level 

-1 0 1 

Central angle θ (A), ° 6 12 18 

Inclined angle β (B), ° 10 20 30 

Pitch s (C), mm 1.5 2.5 3.5 

Wire diameter d w (D), mm 0.5 0.85 1.2 
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t can be considered that the numerical method presented in this 

tudy is reliable and accurate. 

. Response surface methodology (RSM) 

In this study, the response surface methodology (RSM) is ap- 

lied to establish the functional relationship between design vari- 

bles and objective responses and to analyze the interactive effects 

f different variables on the responses based on the data obtained 

rom the previous numerical simulation. Note that the main geo- 

etric parameters of the CBR including the central angle θ (A), the 

nclined angle β (B), the pitch s (C), and the wire diameter d w 

(D) 

f the wire mesh are selected as the input variables, and the global 

riction factor f and the number of heat transfer units NTU are cho- 

en as the output responses. The central composite design (CCD) 

roposed by Box and Wilson is employed to design the numerical 

xperiment. It is assumed that each variable has three levels. The 

nput variables and their levels are summarized in Table 3 . 

In the response surface analysis, the quadratic polynomial re- 

ression model is usually used to approximate the functional re- 

ationship. The general form of the model can be expressed as: 

 = α0 + 

n ∑ 

i =1 

αi x i + 

n −1 ∑ 

i =1 

n ∑ 

j= i +1 

αi j x i x j + 

n ∑ 

i =1 

αii x 
2 
i + e (15) 
6 
here Y is the objective response; x i and x j represent the design 

ariables; n represents the number of the design variables; α0 , αi , 

ij , and αii denote the regression coefficients of the model; e de- 

otes the statistical error. 

The CCD requires 2 n + 2 n + bruns to complete the design of ex- 

eriments (DOE), where b represents the number center points. In 

his paper, 4 variables and 6 center points are included, so 30 runs 

re required for the DOE. The detailed information of all the runs 

n the DOE including the variable values and the response results 

re presented in Table 4 . 

. Results and discussion 

.1. Analysis of flow and heat transfer in the regenerator 

To understand the flow and heat transfer mechanisms in the 

ew CBR and the causes for performance difference of the regen- 

rator with different geometric parameters, there is a need to ana- 

yze and compare the physical fields in the regenerator. Five cases 

f regenerators in the DOE are selected as representatives to in- 

estigate the effects of the structures. The detailed information of 

he five regenerators are listed in Table 5 . It can be observed that 

ach of the cases Ⅱ - Ⅴ differs from the case Ⅰ in only one geometric

arameter, while the others remain the same. 

Fig. 6 (a) presents the streamline colored by velocity magni- 

ude at the cross-section of the CBR for the cases Ⅱ and Ⅴ . From

 macroscopic point of view, the repeatability of the regenera- 

or structure units in the circumferential direction leads to a rel- 

tively uniform distribution of the whole matrix in space, which 

urther results in a comparatively even spatial profile of the gas in 

he entire regenerator, thus facilitating the sufficient contact and 

eat transfer between the gas and the matrix. From a local per- 

pective, a number of small pseudo-channels are formatted in the 

egenerator due to the regular matrix structures. The gas is rela- 

ively concentrated in these small pseudo-channels, which is simi- 
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Table 4 

Design of experiments. 

Run order Real value Response Run order Real value Response 

θ β s d w f NTU θ β s d w f NTU 

1 6 30 1.5 0.5 2.982 0.6660 16 6 30 3.5 0.5 2.048 0.2579 

2 12 20 2.5 0.85 2.241 0.4040 17 6 30 1.5 1.2 5.416 1.643 

3 12 20 2.5 1.2 3.778 0.6355 18 6 20 2.5 0.85 4.618 0.7958 

4 12 20 2.5 0.85 2.241 0.4040 19 12 20 2.5 0.5 1.448 0.2279 

5 6 10 3.5 1.2 8.041 0.8346 20 6 10 1.5 0.5 3.641 0.5821 

6 18 10 1.5 0.5 1.398 0.2558 21 12 20 2.5 0.85 2.241 0.4040 

7 18 10 1.5 1.2 2.402 0.7847 22 6 30 3.5 1.2 5.778 0.8150 

8 18 30 1.5 1.2 1.760 0.7096 23 12 20 2.5 0.85 2.241 0.4040 

9 18 30 3.5 0.5 0.8886 0.1127 24 18 10 3.5 1.2 2.331 0.3700 

10 18 20 2.5 0.85 1.659 0.3371 25 12 20 2.5 0.85 2.241 0.4040 

11 12 20 3.5 0.85 2.008 0.3006 26 6 10 3.5 0.5 2.858 0.2728 

12 12 20 1.5 0.85 2.565 0.6561 27 18 30 3.5 1.2 2.012 0.3405 

13 12 20 2.5 0.85 2.241 0.4040 28 12 30 2.5 0.85 2.072 0.3951 

14 18 10 3.5 0.5 1.074 0.1572 29 18 30 1.5 0.5 1.196 0.2528 

15 6 10 1.5 1.2 9.729 1.815 30 12 10 2.5 0.85 2.165 0.4064 

Fig. 6. Physical fields at the middle cross-section of the CBR: (a) 2-D streamline colored by velocity magnitude and (b) temperature. 
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ar to the core flow in the actual channel, so that the flow loss in

he regenerator can be significantly decreased. Additionally, multi- 

udinous local vortex structures are formed in the flow, intensify- 

ng the collision between the gas and the matrix and accelerating 

he gas mixing effectively. This will evidently reduce the average 

as temperature and increase the temperature gradient of the gas 

ear the matrix solid, thus enhancing the thermal performance of 

he regenerator, which is reflected in the temperature contours in 

ig. 6 (b). 
7 
The physical fields at the axial section of the five regenerators 

re drawn and compared in Fig. 7 . As illustrated in Fig. 7 (a), it

s clear that a consecutive flow resembling the core flow in the 

hannels is formed in the regenerator due to the existence of the 

seudo-channels, which is consistent with that shown in Fig. 6 . 

herefore, an extremely low pressure drop is generated in the re- 

enerator, with being limited to 10 0 0 Pa for most of the CBR and

uch lower than that of the conventional porous regenerators, as 

hown in Fig. 7 (b). Fig. 7 (c) presents the temperature profiles at 
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Fig. 7. Physical fields at the axial section of the CBR: (a) 2-D streamline colored by velocity magnitude, (b) pressure, and (c) temperature. 

8 
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Fig. 8. Comparison between the actual numerical values and the predicted values: (a) f and (b) NTU. 

Table 5 

Information of the five regenerator cases selected from the DOE. 

Number Run order θ β s d w f NTU 

Ⅰ 15 6 10 1.5 1.2 9.729 1.815 

Ⅱ 7 18 10 1.5 1.2 2.402 0.7847 

Ⅲ 17 6 30 1.5 1.2 5.416 1.643 

Ⅳ 5 6 10 3.5 1.2 8.041 0.8346 

Ⅴ 20 6 10 1.5 0.5 3.641 0.5821 

Table 6 

ANOVA for f . 

Source Sum of squares DF Mean square F-value p -value 

Model 113.53 14 8.11 44.32 0.0000 

Linear 

A 51.31 1 51.31 280.44 0.0000 

B 5.00 1 5.00 27.32 0.0000 

C 0.9117 1 0.9117 4.98 0.0413 

D 31.24 1 31.24 170.74 0.0000 

Interaction 

AB 2.80 1 2.80 15.31 0.0014 

AC 0.4203 1 0.4203 2.30 0.1504 

AD 11.37 1 11.37 62.14 0.0000 

BC 0.3133 1 0.3111 1.71 0.2104 

BD 2.02 1 2.02 11.03 0.0047 

CD 0.0908 1 0.0908 0.4963 0.4919 

Square 

A 2 1.98 1 1.98 10.81 0.0050 

B 2 0.0558 1 0.0558 0.3048 0.5890 

C 2 0.0011 1 0.0011 0.0062 0.9382 

D 

2 0.3129 1 0.3129 1.71 0.2106 

Residual 2.74 15 0.1830 - - 

Lack of Fit 2.74 10 0.2744 - - 

Pure Error 0.0000 5 0.0000 - - 

Cor Total 116.27 29 - - - 

R 2 = 0.9764, R 2 (Adjusted) = 0.9544, Adeq Precision = 27.4045. 

t

e

b

i

e

t

f

e

p

Table 7 

ANOVA for NTU . 

Source Sum of squares DF Mean square F-value p -value 

Model 4.20 14 0.3003 89.52 0.0000 

Linear 

A 1.06 1 1.06 314.97 0.0000 

B 0.0045 1 0.0045 1.35 0.2634 

C 0.8465 1 0.8465 252.32 0.0000 

D 1.48 1 1.48 441.31 0.0000 

Interaction 

AB 0.0001 1 0.0001 0.0166 0.8992 

AC 0.1412 1 0.1412 42.09 0.0000 

AD 0.2261 1 0.2261 67.41 0.0000 

BC 0.0002 1 0.0002 0.0615 0.8075 

BD 0.0063 1 0.0063 1.88 0.1910 

CD 0.1672 1 0.1672 49.85 0.0000 

Square 

A 2 0.0574 1 0.0574 17.11 0.0009 

B 2 0.0007 1 0.0007 0.2184 0.6470 

C 2 0.0096 1 0.0096 2.85 0.1118 

D 

2 0.0005 1 0.0005 0.1533 0.7009 

Residual 0.0503 15 0.0034 - - 

Lack of Fit 0.0503 10 0.0050 - - 

Pure Error 0.0000 5 0.0000 - - 

Cor Total 4.25 29 - - - 

R 2 = 0.9882, R 2 (Adjusted) = 0.9771, Adeq Precision = 38.5296. 

5

e

5

f

n

f

N

he axial section of the CBR. When the gas flows into the regen- 

rator from the hot end, the temperature of the gas drops rapidly 

ecause of its strong interaction with the cold matrix. In addition, 

t can be observed that the structure parameters have a significant 

ffect on the flow and thermal performance of the CBR. Generally, 

he regenerator with lower flow resistance offers better heat trans- 

er performance. The specific effects of different geometric param- 

ters on the physical mechanisms in the regenerator will be ex- 

ounded in detail in combination with RSM analysis later. 
9 
.2. Analysis of variance (ANOVA) and RSM analysis for interactive 

ffects of geometric parameters 

.2.1. ANOVA analysis 

The quadratic polynomial regression models representing the 

unctional relationships for the global friction factor f and the 

umber of heat transfer units NTU are obtained from the RSM as 

ollows: 

f = 6 . 957 − 0 . 7296 A − 0 . 02644 B − 1 . 117 C + 5 . 249 D 

+ 0 . 006974 AB + 0 . 02701 AC − 0 . 4014 AD 

+ 0 . 01399 BC − 0 . 1015 BD + 0 . 2152 CD + 0 . 02427 A 

2 

− 0 . 001467 B 

2 + 0 . 02096 C 2 + 2 . 8371 D 

2 

(16) 

T U = 0 . 9496 − 0 . 1300 A + 0 . 009430 B − 0 . 4676 C + 2 . 147 D 

− 0 . 0 0 0 031 AB + 0 . 01566 AC − 0 . 05661 AD 

+ 0 . 0 0 0359 BC − 0 . 0 05665 BD − 0 . 2921 CD + 0 . 0 04134 A 

2 

− 0 . 0 0 0168 B 

2 + 0 . 06079 C 2 + 0 . 1150 D 

2 

(17) 
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Fig. 9. Interactive effects of the central angle θ and wire mesh pitch s on the f: (a) 2-D contour plot and (b) 3-D surface plot. 

Fig. 10. Interactive effects of the central angle θ and wire mesh pitch s on the NTU: (a) 2-D contour plot and (b) 3-D surface plot. 
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To evaluate the adequacy and significance of the models, the 

nalysis of variance (ANOVA) is conducted, whose results are pre- 

ented in Tables 6 and 7 . In ANOVA, the sum of squares repre-

ents the deviation of each variable from the population mean. The 

ean square is calculated by dividing the sum of squares by the 

egrees of freedom (DF). The F-value is constructed as the ratio of 

he mean square for each model term to the mean square for the 

esidual. An F-value higher than the critical value should be ob- 

ained to ensure the sufficient significance of the model term. The 

-value is defined as the minimum level of significance test for re- 

ecting the null hypothesis. In this paper, a p-value less than 0.05 

eans a significant effect of the selected model term on the re- 

ponses. In addition, R 2 is used to measure the goodness of fit for 

he regression model, and an R 2 value closer to 1 indicates that 

he model fits the observed data better. The Adjusted R 2 is mod- 

fied from the R 2 after considering the effects of the numbers of 

he total samples and design variables. The Adeq Precision is a cri- 
10 
erion for evaluating the signal to noise ratio, which is advisable 

hen greater than 4. 

Table 6 shows the ANOVA results for the global friction factor 

 . The F-value of the whole regression model is 44.32, which im- 

lies that the model is significant. The values of R 2 and Adjusted R 2 

re 0.9764 and 0.9544, respectively, and the Adeq Precision gives a 

igh value of 27.4045, indicating that the model has a high accu- 

acy for approximating the functional relationship. Besides, in the 

spects of the individual model term, the terms A, B, C, D, AB, AD, 

D, and A 

2 have significant effects on the global friction factor f 

ue to the p-values of them are lower than 0.05. 

The ANOVA results for the number of heat transfer units NTU is 

hown in Table 7 . It can be seen that the regression model offers

n adequate significance with the F-value of the model being equal 

o 89.52. Additionally, the values for R 2 , Adjusted R 2 , and Adeq 

recision are 0.9882, 0.9771, and 38.5296, respectively. It demon- 

trates that the model provides a high goodness of fit for the ob- 
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Fig. 11. Interactive effects of the central angle θ and wire diameter d w on the f: (a) 2-D contour plot and (b) 3-D surface plot. 

Fig. 12. Interactive effects of the central angle θ and wire diameter d w on the NTU: (a) 2-D contour plot and (b) 3-D surface plot. 
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ained numerical data. According to the p-value less than 0.05, the 

odel terms A, C, D, AC, AD, CD, and A 

2 are the significant terms

or the NTU . 

To further validate the accuracy of the quadratic polynomial re- 

ression models, comparisons between the actual numerical val- 

es and the predicted values for the objective responses are car- 

ied out and shown in Fig. 8 . It is clear that the points are uni-

ormly distributed around the diagonal line, with the average de- 

iations between the predicted values and the actual values being 

.7% and 8.2% for the f and NTU , respectively. Therefore, combined 

ith the above ANOVA analysis, it can be considered that the re- 

ression model presented in this paper is sufficiently accurate to 

redict the performance of the regenerator. 

.2.2. RSM analysis for interactive effects of geometric parameters 

The 2-D and 3-D response surface plots are drawn to ana- 

yze the interactive effects of the geometric parameters on the 

erformance of the CBR, as illustrated in Figs. 9 –14 . Figs. 9 and

0 present the combined effects of the central angle θ and wire 
11 
esh pitch s on the global friction factor f and the number of heat 

ransfer units NTU . It can be seen that both flow loss and thermal 

erformance decrease significantly with the rise of the central an- 

le. The causes of this phenomenon can be found by comparing 

ig. 7 Ⅰ and Ⅱ . As the central angle raises, the hydraulic diameter 

f the pseudo-channel in the regenerator increases, so more gas 

ows directly through the center of the channel, which will re- 

uce the interaction between the gas and the matrix, thus leading 

o the decrease of the flow resistance and the heat transfer rate. 

esides, the effects of the wire mesh pitch on the thermal per- 

ormance are similar to those of the central angle. However, the 

ow loss decreases slightly as the wire mesh pitch increases. With 

he increase of the pitch, the volume and surface area of the ma- 

rix decrease correspondingly, resulting in a reduction of the heat 

ransfer between the gas and the matrix. At the same time, the 

ecrease of the matrix surface area will also yield a lower viscous 

esistance on the matrix surface. Nevertheless, as the pitch raises, 

he combined influence of two adjacent layers of matrix wire mesh 

n the gas flow between them seems to become greater, and even 
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Fig. 13. Interactive effects of the inclined angle β and the wire diameter d w on the f: (a) 2-D contour plot and (b) 3-D surface plot. 

Fig. 14. Interactive effects of the inclined angle β and the wire diameter d w on the NTU: (a) 2-D contour plot and (b) 3-D surface plot. 
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n obvious swirling flow is formed in the gap between the two 

djacent layers of wire mesh, as illustrated in Fig. 7 Ⅰ and Ⅳ .

his phenomenon will bring about an increase in the inertial re- 

istance of the gas. Hence, the opposite variations of these two 

inds of flow resistance result in a slow change of the total flow 

oss. 

Figs. 11 and 12 show the interactive effects of the central angle 

and the wire diameter d w 

on the flow loss and thermal perfor- 

ance of the regenerator. It is clear that the regenerator with the 

arger wire diameter has a higher flow loss and thermal perfor- 

ance. This phenomenon can be explained by analyzing Fig. 7 Ⅰ 
nd Ⅴ . Compared with the case Ⅰ , the matrix of the case Ⅴ with

 smaller wire diameter shows an inconspicuous influence on the 

as flow due to the decreasing windward surface area of the ma- 

rix to the gas, which leads to a decrease in flow resistance and 

eat transfer performance. This effect seems to be similar to that 

f the raise of the central angle. Additionally, it can be observed 

hat at a smaller central angle, the effects of the wire diameter on 

he overall performance of the regenerator are more significant. 
12 
The interactive effects of the inclined angle β and the wire di- 

meter d w 

on the flow and heat transfer characteristics for the CBR 

re illustrated in Figs. 13 and 14 . Fig. 13 shows that the flow loss

n the regenerator decreases evidently with the rise of the inclined 

ngle, which is consistent with the original intention of the design 

n this paper. According to Fig. 7 Ⅰ and Ⅲ , as the inclined angle

ncreases, a higher axial velocity component is retained after the 

as impinges on the matrix, so that less mechanical energy of the 

as is consumed in the flow. In Fig. 14 , the thermal performance 

f the regenerator appears to vary inappreciably with the inclined 

ngle. However, note that with the increase of the inclined angle, 

he reduction of the thermal performance becomes more apparent. 

herefore, it is reasonable to consider that the heat transfer of the 

egenerator changes slightly only in the relatively narrow range of 

he inclined angle studied in this paper, while with the further in- 

rease of the inclined angle, the heat transfer may be significantly 

educed. As a result, a more extensive range of inclined angles is 

equired to fully explore the effects of the inclined angle on the 

hermal performance of the CBR in a future study. 
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Table 8 

Parameter settings of the NSGA- Ⅱ . 

Parameter Value setting 

Population size 300 

Generation 1000 

Pareto fraction 0.3 

Crossover fraction 0.8 

Function tolerance 10 −5 

Fig. 15. Pareto front and the optimal solution selected by TOPSIS. 
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Table 9 

Conditions ranges of the three types of regenerators used for comparis

Regenerator type Re h

Tanaka et al. woven screen regenerator 10

Alfarawi et al. miniature-channel regenerator 10

Present study annular constructal bifurcation regenerator 15

Fig. 16. Performance comparison of different t

13 
.3. Multi-objective optimization 

An ideal regenerator should have the best thermal performance 

nd the lowest flow resistance. However, according to the response 

urface analysis above, for CBRs with different geometric parame- 

ers, an excellent heat transfer performance is always accompanied 

y a high flow loss. To achieve the optimal combination of these 

wo conflicting objectives, a multi-objective optimization is per- 

ormed based on the objective functions obtained from the RSM 

nalysis. The objective functions and constraints in the optimiza- 

ion are given as: 

inimization : f = f 1 ( θ, β, s, d w 

) ;
aximization : NT U = f 2 ( θ, β, s, d w 

) ;
ubjected to : θ ∈ [ 6 

◦, 18 

◦] , β ∈ [ 10 

◦, 30 

◦] , 
 ∈ [ 1 . 5 mm , 3 . 5 mm ] , d w 

∈ [ 0 . 5 mm , 1 . 2 mm ] , 

In the present paper, the fast non-dominated sorting genetic al- 

orithm (NSGA- Ⅱ ) embedded in the gamultiobj toolbox of Matlab is 

mployed for the optimization of the objectives. The main param- 

ter settings of the NSGA- Ⅱ are presented in Table 8 . Fig. 15 shows

he optimal Pareto front obtained by the NSGA- Ⅱ . All the solu- 

ions on the Pareto front are optimal that no one is superior to 

ny other. To determine the most eclectic solution for practical ap- 

lications, Technique for Order Preference by Similarity to Ideal So- 

ution (TOPSIS) is selected as the decision-making method. An op- 

imal solution is gained according to the TOPSIS method, as illus- 

rated in Fig. 15 . In this solution, the optimal combination of the 

eometric dimensions is θ = 10.91 °, β = 29.25 °, s = 1.512 mm, 

nd d w 

= 1.197 mm. The f and the NTU of the selected optimal so-

ution are 3.478 and 1.135, respectively. Compared to the extreme 

olution with the maximum NTU , the f at the selected optimal so- 

ution decreases 59.9%, while the NTU reduces only 33.9%. Analo- 

ously, compared to the extreme solution with the minimum f , the 

elected solution increases 9.68 times in NTU while only 5.42 times 

n f . Therefore, it can be considered that the optimal solution de- 
ons. 

 

Porosity Wire or channel diameter (mm) 

–2000 0.645–0.754 0.05–0.23 

0–1400 0.248–0.433 0.4–1.5 

80–15100 0.767–0.98 0.5–1.2 

ypes of regenerators: (a) f h and (b) Nu h . 
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ermined by the TOPSIS method presents an excellent performance 

ithin the range of studied geometric parameters. 

.4. Comparison with the porous regenerators and parallel geometry 

ype regenerators 

In this section, a comparison of the flow resistance and ther- 

al performance for the annular CBR with those of the conven- 

ional porous regenerators and parallel geometry type regenerators 

s carried out to evaluate the effectiveness of the CBR. The com- 

only used woven screen regenerators [15] and miniature-channel 

egenerators [27] are selected as the representatives of the porous 

egenerators and parallel geometry type regenerators, respectively. 

he condition ranges of these two types of regenerators and the 

BR are listed in Table 9 . To ensure the comparison is reasonable, 

he friction factor f h and Nusselt number Nu h based on the hy- 

raulic diameter d h are used to characterize the different types 

f regenerators. Fig. 16 presents the results of the comparison. 

ue to the substantial difference of the hydraulic Reynolds num- 

er Re h between the literature and this study, the f h and the Nu h 
f the woven screen regenerators and miniature-channel regener- 

tors are predicted in a larger Re h range according to the experi- 

ental or numerical correlations. As expected, it is clear that the 

ow resistance of the CBR is between the woven screen regenera- 

ors and the miniature-channel regenerators. In addition, the heat 

ransfer performance of the CBR is slightly lower than that of the 

oven screen regenerators, while significantly higher than that of 

he miniature-channel regenerators. Consequently, it can be proved 

hat compared with the most commonly used porous regenera- 

ors currently, the CBR evidently reduces the flow loss, meanwhile 

voids the deterioration of heat transfer performance. 

. Conclusion 

In this paper, a new annular constructal bifurcation regenerator 

CBR) was designed to reduce the fluid flow and axial heat conduc- 

ion losses in the regenerator of Stirling engines based on the con- 

tructal concept. The flow and heat transfer characteristics of the 

BRs with different geometry parameters were investigated and 

ompared using the numerical simulation and the response surface 

ethodology (RSM). The following conclusions can be drawn: 

1. Due to the existence of inclined wire mesh and numerous 

pseudo-channels, a consecutive core flow with a large axial ve- 

locity component is formed in the CBR, thus substantially re- 

ducing the flow loss of the regenerator. Additionally, multitudi- 

nous local eddy structures are generated in the flow, which ef- 

fectively intensifies the shock of the gas on the matrix solid and 

accelerates the gas mixing, so that the thermal performance of 

the regenerator will be significantly enhanced. 

2. The quadratic polynomial regression models between the geo- 

metric parameters and the regenerator performance were es- 

tablished using RSM based on the data obtained by numeri- 

cal simulation. The ANOVA analysis has demonstrated that the 

current regression models have sufficient significance and accu- 

racy, with the deviations between the predicted values and the 

actual values being 9.7% and 8.2% for the f and NTU , respec- 

tively. 

3. The dimension parameters such as the central angle θ , the in- 

clined angle β , the pitch s , and the wire diameter d w 

of the

wire mesh have a powerful effect on the overall performance 

of the CBR. In general, the flow resistance and thermal per- 

formance of the CBR raise synchronously with the decrease of 

the θ , β , and s , and the increase of d w 

. Different flow patterns

caused by the various geometric structures are the main rea- 

sons for the performance differences of the regenerators. 
14 
4. The multi-objective optimization was performed for minimizing 

the global friction factor f and maximizing the number of heat 

transfer units NTU by NSGA- Ⅱ . The optimal combination of geo- 

metric parameters of θ = 10.91 °, β = 29.25 °, s = 1.512 mm, and 

d w 

= 1.197 mm was selected using the TOPSIS decision-making 

method. This optimal solution has been proven to present a su- 

perior performance within the range of studied geometric pa- 

rameters by comparing with the extreme solutions. 

5. In comparison with the commonly used traditional porous re- 

generators, the flow loss of the CBR is evidently decreased. 

Meanwhile, the CBR provides an excellent thermal performance 

slightly lower than the porous regenerators but significantly 

higher than the parallel geometry type regenerators. Moreover, 

the separation of the wire mesh layers indicates that an ex- 

tremely low axial heat conduction loss will be generated in the 

CBR. Therefore, the CBR achieves a high comprehensive perfor- 

mance, which has the potential for improving the performance 

of Stirling engines. 
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