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In this study, hydrodynamic characteristics of a Stirling regenerator matrix are 

predicted by porous medium based modeling. A regenerator is designed to be used 

in the beta type Stirling engine. CFD analysis of the designed regenerator is 

performed by the ANSYS Fluent software with porous media model. The flow 

properties in porous media are generally approximated by Forchheimer or Ergun 

flow regime. The equation of the Forchheimer flow model consists of two-term: 

viscous loss and the inertial loss. The viscous resistance and inertial resistance 

factors of the porous medium to be used in CFD analysis is determined from 

published experimental results for a regenerator made by stainless steel with the 

porosity of 70 %. The CFD simulation are validated by comparing the calculated 

the velocity distributions at the exit of the regenerator with results of previously 

published paper. By using both resistance factors, pressure drops, and friction 

factors of the regenerator matrix are calculated via CFD analysis. The friction 

results are interpolated to generate a correlation equation that can be able to 

calculate the pressure drops in the flow direction of the regenerator and to use in 

future numerical simulations. 
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1. Introduction 

The first regenerator idea is identified by Robert 

Stirling namely as an economizer in a patent that 

is known as the regenerative principle in 1816 

[1]. The regenerator which consists of a packed 

stack of wire screens or a solid matrix structure 

is one of the crucial components in the Stirling 

engine. It is located between the heater and 

cooler of the engine and works as a thermal 

energy storage component in the engine. The 

regenerator stores the waste energy from the 

working fluid when the working fluid flows 

from the heater to cooler and transfers the heat 

to working fluid during the reverse process [2, 

3]. Since the regenerator provides thermal 

energy equilibrium of the thermodynamic 

process in the closed cycle, the performance of 

the regenerator instantly affects the engine 

efficiency [4,5,6]. Numerically predicting the 

heat transfer and pressure drop phenomenon in 

regenerator are too complex due to its porous 

structure [7, 8]. To numerically examined flow 

and heat transfer phenomena in a regenerator, 

commercial or open-source Computational 

Fluid Dynamics (CFD) software packages such 

as Star CCM+, Fluent, CFX, Open Foam, and 

etc. exists. These software packages implement 

macroscopic porous media model that required 
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porosity, permeability, viscous and inertial 

coefficients as the inputs [9]. To determine the 

input parameters, pressure drop, and 

temperature variations of porous media are 

needed to be obtained by the experiments.  

Chen et al. conducted a study focused on 

examining the effects of various regenerator 

parameters on helium charge gamma-type twin 

power piston Stirling engine performance. The 

authors presented the results of experiments 

performed with the parameters of regenerator 

matrix material, matrix arrangement, matrix 

wire diameter, and fill factor versus engine 

speed at several engine’s hot-end temperatures. 

As a result, they reported that very small matrix 

wire diameter reduces the engine effectiveness 

because of resulting in large pressure drop and 

also the perpendicular installation of matrix 

screen increases the engine performance [10]. 

Costa et al. carried out a numerical study to 

derive a heat transfer correlation equation for 

both types stacked and wound woven wire 

matrices of the porous medium forming the 

Stirling regenerator. Authors use the finite 

volume method (FVM) based numerical flow 

solver for the laminar flow solutions by 

discretizing the continuity and momentum 

equations via second order upwind scheme. To 

validate the numerical method, empirical 

correlation results obtained from experiments 

for a misaligned stacked woven wire matrix are 

compared with numerical results and found to 

be less than 6% deviation between them [11]. In 

another study by the authors with more 

coworkers, the pressure drop and heat transfer 

characteristics of Stirling engine regenerators 

are investigated under oscillating flow 

conditions by conducting on two stages study, 

experimental and numerical. In experiments, 

instantaneous pressure drop and temperature 

distributions in regenerator determined under 

oscillating flow conditions which is established 

with the operating conditions of a commercial 

micro-CHP Stirling engine WhisperGen. As a 

result, they obtained experimental friction factor 

and Stanton number correlations. In numerical 

study, authors generated wire matrix models 

based on the Stirling regenerator matrix of the 

WhisperGen™micro-CHP Stirling. The 

numerical simulate of matrix models are 

executed with finite volume method (FVM) 

based numerical flow solver for different 

porosity levels. The authors reported that the 

numerical results are found to be good 

agreement with the results of Darcy's law and to 

validate the models, further examinations are 

required for wide parametric range [12]. Kim et 

al. examine and optimize the free piston Stirling 

regenerator performance with respect to 

regenerator diameter porosity, mesh screen 

structure and mesh diameter via SAGE program 

which solves theoretical and empirical Stirling 

cycle equations. For porosity level under 88%, 

random woven screen generate more indicated 

work and efficiency than random wire screen 

and after the porosity level 88%, reverse 

situation is observed. The authors reported that 

large and small fiber diameter dimensions 

decrease the regenerator efficiency for same 

porosity level. The dead volume of regenerator 

increase with expanding the regenerator 

volume, thus, indicated work and efficiency of 

the regenerator decrease because of decreasing 

in heat transfer between working gas and matrix 

structure [13]. Mohammadi and Jafarian carry 

out a CFD study to investigate the 

hydrodynamic characteristic of commercial beta 

type Stirling engine namely GPU-3 under 

oscillating flow condition. The authors proposed 

a CFD model by neglecting mechanical friction, 

shuttle effect, mass leakage and regenerator 

ineffectiveness. The simulation of the Stirling 

engine is performed with OpenFoam fluent 

solver via dynamic mesh and k-ω SST 

turbulence model. To validate the CFD model, 

second order thermodynamic theoretical model 

are developed. Authors are compared CFD 

results with results of theoretical model and 

experiments and found to be good agreement 

with simulation results [14]. Gedeon and Wood 

conducted on a study experimentally to 

investigate effect of the regenerator matrix type 

on the performance of Stirling engine. Authors 

obtained the correlation equations of friction 

factor and Nusselt number for matrix types of 

wire screen mesh and felt by using different 

mesh densities [15]. 

In this paper, the hydrodynamic characteristic of 

a beta type Stirling engine regenerator examined 

based on a porous media model by ANSYS 

Fluent program. The viscous and inertial 

resistance factors are determined from 

published experimental [16] data for the wire 

screen mesh model of the regenerator. For the 
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proposed regenerator, pressure drops and 

friction factor are determined from CFD 

simulation throughout the flow direction by 

using both of resistance factors. 

2. Theory and Flow Field Governing 

Equations 

The porous media approach is generally used for 

the modeling of the problems encountered in the 

branches of science such as geology, nuclear 

energy and chemistry. It has also been used in 

the modeling of large surface area heat 

exchangers such as regenerator and automobile 

radiator [17, 18]. 

Since the distribution of pores is irregular in a 

natural porous environment, the distribution of 

flow magnitudes (velocity, pressure, etc.) on the 

pore scale (microscopic scale) is also irregular. 

However, in a typical experiment, flow 

magnitudes are measured in a macroscopic 

environment from many overlapping pores. The 

macroscopic data obtained from the 

experiments show similar flow properties to the 

regular variation of spatial-averaged 

macroscopic scale, depending on location and 

time. Therefore, this similarity enables the 

theoretical investigation of heat transfer and 

flow in porous media [19]. According to this 

approach, porous media flow and heat transfer 

can be modeled on a macroscopic scale by 

taking the spatial or statistical averages of 

conservation (mass, momentum and energy) 

equations.  

The velocity of fluid flow in a porous medium 

is calculated by two approaches. The first; 

Darcy velocity, v  calculated according to the 

entire volume element (solid and fluid volume) 

forming the porous medium, the second; it is 

defined as the intrinsic velocity, V  (specific or 

leakage velocity) calculated according to the 

volume element occupied only by the fluid 

material. Both velocities are calculated by the 

volumetric average method. Darcy velocity 

directly linked to intrinsic velocity as follow, 

v V      (1) 

where  is the porosity. By neglecting external 

forces of the compressible flow, for a porous 

medium, the continuity equation is expressed as 

  0
f

f
t


  


  


Ñ V    (2) 

where f  and t  denote mean fluid density and 

time respectively. 

Vafai and Tien, Hsu and Cheng derived the 

general momentum equation for flow in a 

homogeneous and rigid isotropic porous 

medium [19, 20]. They arranged the 

microscopic equations into the macroscopic-

scaled equation form by taking the volume 

average on the representation volume element of 

the general equation. Macroscopic momentum 

equation of the porous medium stated as 

𝜌𝑓 [
1

𝜀

𝜕�̅�

𝜕𝑡
+

1

𝜀2
(�̅� ∙ ∇)�̅�] = −∇𝜌𝑓̅̅ ̅ +

�̃�∇2�̅� −
𝜇

𝜅
�̅� −

𝑐𝐹

𝜅
𝜌𝑓|�̅�|�̅� + 𝜌𝑓𝑔  (3) 

The term on the left side of the last equation 

indicates momentum transport. The terms on the 

right side the Eq (3) from the left to right present 

pressure drop, viscous forces, viscous drag 

force, drag force, and body forces respectively. 

The symbols of  𝜇, 𝜇,  𝑐𝐹 and 𝜅 given in 

Equation 3, denote effective viscosity, dynamic 

viscosity, dimensionless form-drag constant and 

intrinsic permeability respectively. 

In ANSYS Fluent Software, the governing 

equation of the porous media flow are based on 

Forchheimer’s law. The Forchheimer’s flow 

model is an empirical equation resulting from 

experimental studies and is used to model the 

flow of high speed porous media with laminar 

regime [20]. The general Forchheimer’s 

equation is stated as 

∇𝑝 = −
𝜇

𝜅
�̅� −

𝑐𝐹

𝜅
𝜌𝑓|�̅�|�̅�   (4) 

In ANSYS Fluent theory guide, the last equation 

(4) is introduced as 

|∆𝑝|

𝐿
=

1

𝛼
𝜇𝑣∞ +

𝐶2

2
𝜌𝑣∞

2    (5) 

where 
1

𝛼
 is the viscous inertial resistance factor 

and 𝐶2 is the inertial resistance factor. In Eq. (5). 

The first term is the viscous loss and the second 

term is the inertial loss.  

In this study, friction factor is calculated with 

the equation of Darcy-Weisbach via pressure 

drop calculated from the CFD simulation. The 

friction factor is calculated from 

𝑓 =
𝐷ℎ

𝐿

∆𝑝

𝜌𝑓𝑣ℎ
2 2⁄

    (6) 

where 𝐷ℎ and 𝑣ℎ denote hydraulic diameter and 
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flow velocity respectively of porous media. The 

hydraulic diameter is expressed as 

𝐷ℎ =
𝜀𝑑

1−𝜀
     (7) 

where 𝑑 indicates wire diameter. Velocity 𝑣ℎ is 

defined as follows 

𝑣ℎ =
𝑄

𝜀𝐴
     (8) 

where 𝑄 and 𝜀𝐴 indicate flow rate and effective 

open area respectively [16]. The Reynolds 

number is calculated from 

𝑅𝑒ℎ =
𝐷ℎ𝑣ℎ

𝜐
     (9) 

where 𝜐 is kinematic viscosity of the fluid. 

3. Validation of Viscous and Inertial 

Resistance Factors 

To examine the flow in a regenerator with 

porous media approach, CFD solver requires 

some constants such as viscous resistance and 

inertial resistance factors. Experimental data are 

needed to conduct to determine viscous and 

inertial resistance factors. As seen on Eq. (4) 

pressure drop is the function of inlet velocity. In 

this study, the resistance factors were 

determined using the experimental results of the 

study performed on a regenerator model by 

Yamashita and Hamaguchi [16]. The 

regenerator specifications to be used to validate 

the resistance factors are given in Table 1. 

Table 1. Regenerator specifications and fluid type 

Specifications Descriptions 

Regenerator material stainless steel 

Porostiy ( ) 70 % 

Wire screen number 150 

Wire diameter  ( d ) 0.061 mm 

Screen alignment stacked wire 

Length of the regenerator 13.6 mm 

Regenerator enterance diameter 38 mm 

Regenerator exit diameter 34 mm 

Fluid air 

Figure 1 indicates the experimental data of the 

regenerator that has specifications given in 

Table 1 and fitting data. By using the fitting 

equation constants, viscous and inertial 

resistance factors are determined as 
510181.16 10  and 1030.78  respectively. 

The regenerator, whose properties are given in 

Table 1, is modelled with design modeler of 

ANSYS software. The mesh structure of the 

solution domain is seen in Figure 2. To attain 

quick convergence and accurate results, mesh 

structure has to create considering the mesh 

quality parameters such as aspect ratio, 

skewness and orthogonal quality. In the 

simulation, the average of aspect ratio, skewness 

and orthogonal quality of solution domain mesh 

structure are 1.7843, 0.10614 and 0.9674 

respectively. 

 
Figure 1. Experimental and curve fitting data 

 
Figure 2. Regenerator model validated with CFD 

analysis 

The simulation of the regenerator has been 

performed for 30 L/min air flow rate using 

determined viscous and inertial resistance 

factors. In the experimental study conducted by 

Yamashita and Hamaguchi [16], the pressure 

drop is measured approximately as 600 Pa for 

30 L/min flow rate. The CFD calculations 

showed good agreement with experimental 

measurements for pressure drop and flow 

velocity profile. As a result, calculated pressure 

drop from the CFD analysis is 6% less than the 

experiment. As seen in Figure 3, both velocity 

profiles resemble each other. 
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(a) (b) 

Figure 3. Velocity profile view at exit a) CFD result b) Experimental result [16] 

4. CFD Analysis of Proposed Stirling Engine 

Regenerator 

Figure 5 indicates location and dimensions of 

the proposed regenerator in the beta type 

Stirling engine. The regenerator shape is annular 

ring type. As seen in Figure 5a fluid flow 

interface at hot volume side of the regenerator is 

larger than the cold volume side. The 

regenerator is modelled considering this 

interface differences. Dimensions of the 

regenerator are given in Figure 5b. 

 

(a) (b) 
Figure 5. Proposed regenerator a) Location of the 

regenerator b) Regenerator dimensions 

To ensure mesh independence of simulation 

results, the number of elements of the solution 

domain has been optimized for 4 L/s fluid flow 

rate by considering mesh quality metrics. The 

average mesh quality values of aspect ratio, 

skewness, orthogonal quality and mesh grow 

rate are 1.6939, 3.8272e-002, 0.99735 and 1.2 

respectively. As seen in Figure 6 the value of the 

pressure loss is almost the same for the number 

of 180000 elements and above. All simulations 

are carried out using the 180000 elements in 

order to save solution time. 

 
Figure 6. Mesh independency 

In Figure 7, the variations of pressure drop and 

friction factor are presented for flow rate 

ranging from 4 L/s to 200 L/s. Pressure drop 

values are taken from simulation results 

directly. Friction factor is calculated via 

Equation (5). For proposed regenerator 

hydraulic diameter with porous media 𝐷ℎ and 

effective open area 𝜀𝐴 are calculated as 

0.000412 m and 4.66x10-3 m2 respectively by 

using Equation (6) and (7). While increasing the 

flow rate, the pressure drop is almost linearly 

increased and friction factor is reduced 

exponentially. After 60 L/s flow rate, the 

friction drop is decelerating reduced because of 

increasing kinetic energy (proportional to 

velocity squared). 
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Figure 7. The variations of pressure drop and friction 

factor 

An exponential equation has been created by 

interpolating the calculated friction factor data 

depending on the flow rate given in Figure 7. 

This correlation equation is stated as 

𝑓 = 14.502 − 12.61 (1 − 𝑒−
𝑄

4.109) −

1.528 (1 − 𝑒−
𝑄

35.56)             (10) 

where Q denotes the flow rate. Friction factor 

correlation depend on Reynolds number is 

expressed as 

𝑓 = 50.6168 𝑅𝑒ℎ + 0.09443𝑅𝑒ℎ
0.15498⁄        (10) 

Provided that the porous media properties given 

in Table 1 remain the same, pressure drop and 

friction factor in different sizes of regenerators 

can be calculated with the Equation 10 or 11. 

The last two equations provide to directly 

calculate the pressure drop of the regenerator in 

numerically modelled and simulated Stirling 

engines with codes such as Fortran, Matlab, 

C++, and etc. 

5. Conclusions 

In the present study, the variations of pressure 

drop and friction factor of a proposed Stirling 

engine regenerator is determined with porous 

media approach via CFD software namely 

ANSYS Fluent. Flow properties in porous 

media obtained from published experimental 

data are used in the simulation and found to be 

good agreement between CFD simulation and 

experimental results. Viscous and inertial 

resistance factors were determined as 
510181.16 10  and 1030.78  respecitvely for use 

in CFD analysis based on porous media. A 

friction correlation equation based on flow rate 

are created from simulation results to be used in 

numerically analysis of Stirling engine 

performance. More realistic results can be 

obtained by adding the correlation equations to 

the third order approach namely nodal analysis. 
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