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In this paper, the effect of using the square wire meshes as regenerative media in the 
displacer space of a beta-type Stirling engine on the engine performance was introduced. 
Three different configurations of Stirling machines; namely alpha, beta and gamma-
configurations, are commonly used. Each configuration has the same thermodynamic cycle 
but it has different mechanical design arrangements. In the conventional beta-configuration; 

a displacer and a power piston are incorporated in one cylinder. The displacer transfers the 
working fluid between expansion and compression spaces via a heater, a regenerator, and a 
cooler. In the present work, successive homogeneous layers of the square wire meshes will 
occupy the displacer space in a beta-type engine that make the displacer to be a displacer 
and a regenerator simultaneously. The theoretical analysis of the proposed engine is mainly 
based on Schmidt Theory. The main optimum dimensions of the heater, cooler, regenerator, 
piston stroke, displacer stroke as dimensionless ratios of the bore, the optimum phase angle 
between the piston and the displacer and the optimum ranges of the speed for each working 
fluid were found. The present Schmidt model was validated by resolving the technical data 
of two practical engines and comparing the results from the model with the experimental 
data of them. The comparison among the proposed engine which has a regenerative 
displacer and two practical engines having solid displacer and fixed regenerator provided 

that; the proposed engine gives 16% more power per cc per 1 C temperature difference 

between the heat source and the heat sink at a higher speed range than that of the practical 
SCM81-engine. 

علرى  تأثير استخدام مصفوفة السلك المربعة الشكل كمسترجع حرارى فى كاسح محررك حررارى ارراي بيترافي هذا البحث تم دراسة 
تتواجد الماكينات التى تعمل وفقا لدورة أسترلنج على شكل ثلاثة تصميمات ميكانيكية مختلفة هرم ألفرا وبيترا وجامرا  كرل  أداء المحرك.

رة. محررك أسرترلنج ارراي بيترا المترداول يتكروس مرس أسراوانة واحردة تحتروى علرى مكربس وكاسرح ويعمرل منهم يعمل وفقا لنفس الردو
الكاسح على الكسح الترددى لمائع التشغيل مس حيي التمدد الى حييالانضغاا بالأساوانة والعكس مارا بمسترجع حررار  ثابرت. هرذا 

والمتجانسة لتشغل الحيي الذى يشغله الكاسرح المصرمت فري  ربعة الشكلاستخدام ابقات متتالية مس مصفوفات السلك الم البحث يقترح
محرك اراي بيتا وبذلك يؤدى الكاسح وظيفتى الكاسح والمسترجع الحرار  فى نفس الوقت بدلا مس المسترجع الحررار  الثابرت فري 

أوجردت هرذا الدراسرة الأبعراد المثلرى نظريرة شرميت. هرذا وقرد  ضروءللمحرك المقترح فى  المحرك المتداول. تم عمل التحليل النظر 
للمسخس والمبرد والمسترجع الحرارى واول مشوار المكبس واول مشوار الكاسح )نسب لابعدية مس قار الأساوانة( كمرا أوجردت 

جيس الهيردرو –النيترروجيس  –الدراسة ياوية الاور المثلى والمدى الأمثل لسرعة دوراس المحرك عند شحنه بموائرع مختلفرة )الهرواء 
الهيليوم(. ترم التحقرم مرس صرلاحية النمروذظ النظررى ) نظريرة شرميت( وذلرك بأخرذ المواصرفات الفنيرة لمحرركيس حررارييس عمليريس  –

درجرة مئويرة فررم بريس درجترى  C لكرل  cm3وإعادة حل دورة كل منهما باستخدام النموذظ النظرى الحالى. تم حساب القدرة لكرل 
والمصرب الحررارى وقرد ترم مقارنرة القردرة المحسروبة والعمليرة الناتجرة مرس المحرركيس الحررارييس حرارة كلا مرس المصردر الحررارى 

  SCM81% ييرادة فرى القردرة عرس محررك 61العملييس والمحرك الحرارى المقترح وقرد تبريس اس المحررك الحررارى الحرالى يعارى 
 .على لسرعة الدوراسأالعملى وذلك عند مدى 

 
Keywords: Stirling engines, Schmidt theory, Beta-type, Wire meshes, Regenerator  
   displacer 

 

 

1. Introduction 

 

Stirling engine is a simple type of the 

external-combustion engines that use 
compressible fluids as working media. Stirling 

engine is theoretically arranged as a 

frictionless engine to convert heat into 

mechanical work at Carnot efficiency. The 

thermal limit for the operation of a Stirling 

engine depends on the material used for its 

construction. In most instances, the engines 
operate within a heater and cooler tempera-

tures of 923 K and 338 K, respectively, [1]. 
Fig. 1 shows the p–V diagram of an ideal 
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Stirling cycle with a complete regeneration. 

The total heat rejected during process 4-1 is 

absorbed during process 2-3. An external heat 
sink and heat source are required during 

processes 1-2 and 3-4 respectively, [2]. The 

first Stirling machine was built up and tested 

by Robert Stirling in year 1816 as an 

alternative to the steam engines and other 

heat engines. Since Stirling engines are 
externally heated, they can be powered using 

a wide variety of fuels and heat sources. On 

the other hand, the Stirling-cycle refrigerator 

has no ozone depletion potential, [3]. Referring 

to fig. 2, three different configurations; namely 
alpha, beta and gamma-configurations, are 

commonly used. Each configuration has the 

same thermodynamic cycle but it has different 

mechanical design characteristics. In alpha-

configuration, twin power pistons; called the 

hot and cold pistons, are reciprocating in two 
cylinders. The working fluid fluctuates via 

heater, regenerator and cooler. In the beta-

configuration; a displacer and a power piston 

are incorporated in the same cylinder. The 

displacer transfers the working fluid between 
the hot space and the cold space of the 

cylinder through the heater, regenerator, and 

cooler. The gamma-configuration uses two 

separated cylinders; one for the displacer and 

the other is for the power piston. The power 

cylinder connected to the displacer cylinder by 
using a connection port, [4]. The regenerator 

design and assembly is difficult to satisfy high 

effectiveness. Regenerator effectiveness is 

depended on regenerator surface area, void 

volume, flow rate, stacking pressure, mesh 
orientation and screen contamination, [5]. The 

laminate screen matrix regenerator is 

fabricated from stainless steel screen sheets 

that were stacked on top of each other at 

certain angular orientation. This laminate is 

porous structure media with highly repeatable 
properties. On the other hand, the regenerator 

may be assembled from successive layers of 

stainless steel wire mesh of different 

pores/inch and of different wire diameters as 

indicated by [6]. Homogenous or 
heterogeneous regenerator can enhance the 

regenerator effectiveness as well as it may 

reduce the pressure loss as reported 

experimentally by [7]. A thermo hydraulic 

investigation on the packed bed solar air 

heater having wire screen matrices of different 

geometrical parameters (wire diameter and 

pitch) was mathematically modeled by [8]. The 
thermo hydraulic performance of the air 

heater was determined from the thermal 

energy gain subtracted by the energy required 

to pump air through the packed bed. The 

results indicated that the packed bed solar air 

heater is thermo hydraulically efficient as 
compared to flat plate collectors. The search 

for an engine cycle with high efficiency, multi-

sources of energy and less pollution has led to 

reconsideration of Stirling cycle. Several 

engine prototypes were designed but their 
performances remain relatively weak when 

compared with other types of combustion 

engines, [9]. This is due to external and 

internal conduction, pressure drops in the 

regenerator and shuttle effect in the pistons. 

The current researches indicate that Stirling 
engines that are working with relatively low 

temperature with helium as working fluid are 

attractive engines in the future. This is 

especially related to solar-powered low-

temperature differential Stirling engines with 
double acting, beta and gamma 

configurations, [10].  

 

 

 

 
 

 

 

 

 
 

 
Fig. 1. Ideal Stirling cycle. 

 

 
 

 
Fig. 2. Different configurations of sterling machines. 

After [4]. 

In the present work, the effect of using 

successive layers of the square wire meshes as 
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regenerative media that occupy the displacer 

space in a beta-type Stirling engine on the 

engine performance will be studied. Referring 
to fig. 2, the conventional beta-type Stirling 

engine with a stationary regenerator is clear. 

However, the proposed beta-type Stirling 

engine with the regenerative displacer is 

shown in fig. 3. Where, the working fluid will 

fluctuate through a reciprocating regenerator 
instead of the stationary one. The selection of 

beta-type Stirling engine is referred to its 

higher specific power rather than alpha and 

gamma types, [11 and 12]. The selection of 

wire meshes as regenerative media is due to 
their rigidity under high pressure, high 

durability, stability under expansion and 

compression and their high regeneration 

effectiveness, [6]. The classical analysis of the 

operation of the real Stirling engine depends 

on Schmidt Theory, [13]. This theory is 
provided for harmonic motion of the 

reciprocating elements and it retains the 

assumptions of the isothermal compression 

and expansion, perfect regeneration and it is 

certainly more realistic than the ideal Stirling 
cycle. The present work matches among the 

more suitable dimensions of the heater, cooler 

and regenerator, piston stroke, displacer 

stroke as dimensionless ratios of the cylinder 

bore for six wire meshes sizes. The effects of 

the phase angle, charging pressure and speed 
on the engine performance for each wire mesh 

size were also exhibited.  

 

2. Beta heat engine 

 
Referring to fig. 3, the proposed beta-

configuration heat engine is clear. It consists 

of a single cylinder with a hot head at the 

cylinder head, power piston, cooler and a 

regenerative displacer. It differs from the 

conventional beta-configuration engine which 
is shown in fig. 2 in that, the solid displacer 

piston is replaced by porous regenerative 

displacer, i.e. the displacer piston performs 

two jobs; the displacement of the working fluid 

between expansion and compression spaces 
and the regenerator job. Thus; the fixed 

regenerator of the conventional beta-form 

engine which is shown in fig. 2 is replaced by 

a reciprocating regenerator (regenerative 

displacer) as shown in fig. 3. This was 

identified as an idea for gamma type Stirling 

engine by [11]. The synchronization of the 

reciprocation of both power piston and 
displacer is controlled by using a rhombic 

drive mechanism. Fig. 4 shows a schematic 

diagram of the rhombic drive mechanism with 

power piston and displacer are connected to 
the cross bars c’b’ and cb, respectively. Two 

inter-meshing gears are used to keep the 
synchronization of the reciprocation of both, 

[14]. The dimensions of the links of the 

mechanism are as shown in fig. 4. The 

position, velocity and acceleration vector of 

each link of the drive mechanism can be 

determined as follows: 
                  

jrirrr gao  sincos)(  ,     (1) 

 

,cossin)( 1 jrwwrr
dt

rd
g

ao
ao         (2) 

 

,]cos)(cos[ 1 irrrrrr giaobabo      (3) 

  

iwrrwr
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bo
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irrrrrr giaobabo ]cos)(cos[ 1           
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Similarly; 

 

)(sin( 222 rrwr
dt

rd
g
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ob 


     

wsin] jφrφwri ]sincos( 222   .   (6) 

 

As x-component of bor is constant, i.e. 

2/]cos)(cos[ 311 rrrr g   hence; 

  

./}cos)(2/[{cos 13
1

1 rrrr g         (7)               

 

And as a consequence, the y-component of  

bor  which is the displacer movement by , is: 

 

Yb = r1 sin  + r sin   .                          (8) 
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Similarly;  

 

2 = cos-1 [{r3/2 –(rg – r) cos }/r2].        (9) 

 

The y-component of obr   which is the piston 

movement obr  , which is the piston movement 

by   is: 

 

by = r2 sin 2 + r sin    .                           (10) 

 

Fig. 5 shows the cyclic movement of both 

piston and displacer, from which one can get 

piston and displacer strokes as well as the 

phase angle shift between them. Also, the 

swept volume of both expansion and 
compression spaces can be stated. Thus; the 

variation of both expansion and compression 

spaces are as follows: 

 

VE = (VSE /2) x (1 + cos )+Vcl..E.         (11) 

 

VC = (VSE /2) x (1 + cos )  

      +(VSC /2) x (1– cos ( -)} +Vcl,C +VPO.     (12) 

 

The engine work space is divided into three 
isothermal regions in the vision of Schmidt 

Theory, [13]. The expansion and heater spaces 
are at the higher temperature TE, the 

compression and positive overlap spaces are 
at the lower temperature TC and the 

regenerator space at an intermediate 
temperature TR which is expressed as follows: 

 
TR = (TE – TC) / ln (TE / TC).                         (13) 

 

According to Schmidt Theory; the instantane-

ous pressure is kept constant throughout the 

engine work space, and as a consequence, the 
mass of the charged working fluid is: 

 
mt = (mE + mh) + mR + (mC + mPO) 

 

C

pOC

R

R
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RT
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Thus; the Schmidt pressure is: 

 

     














poCRhE
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VVVVV
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 1

1

/1ln(
.  (15) 

 

The cyclic Schmidt p-V is represented in fig. 6. 
Referring to fig. 3; and applying the mass 

conservation equation between the different 

spaces of the engine workspace, [15]; 

 

For the heater space;   
 

Eh
h m

dt

dm
 0  .          (16) 

 

For the expansion space; 

 

REEh
h mm

dt

dm
  0                            (17) 

For the regenerator space;  

 

PORRE
R mm

dt

dm
                                 (18) 

 

For the positive overlap and compression 

spaces: 

 

0 POR
C m

dt

dm
                                       (19) 

 
From the eqs. (16-19); one can find; 

REEh mm 
 ,  and PORm 

 . Hence the flow 

rate through the heater, the regenerator and 

the cooler can be found as follows; 

 

hEh mm                                                  (20) 

 

2/( )PORRER mmm     .                        (21)                                         

 

PORk mm   .            (22) 

 

Fig. 7 shows the cyclic mass fluctuations 

via the heater, the cooler and the regenerator 

during a complete cycle of the engine. Thus, 
the instantaneous Reynolds numbers through 

the heater, the regenerator and the cooler are 

as follows: 
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Fig. 3. Scheme of the proposed beta-type stirling engine. 
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Fig. 4. Dimensions and angles of rhombic drive. 
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Figure (5), Piston and displacer movement 

versus crank angle. 

Figure (6), Schmidt p-V diagram at a 

charging pressure of 20 bar. 

 

 
 

Fig. 5. Piston and displacer movement 
versus crank angle. 

 

Fig. 6. Schmidt p-V diagram at a charging  
pressure of 20 bar. 
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Figure (7), Cyclic mass flow rate variation 

through cooler, heater and regenerator. 

Figure (8), Half-cross-section in the heater and 

cylinder 
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Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 

and compression spaces. 
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Figure (11), Variation of power versus heater 

height for different wire-meshes. 

Figure (12), Variation of efficiency versus heater 

height for different wire-meshes.  
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Fig. 7. Cyclic mass flow rate variation through cooler, 

heater and regenerator. 

 

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

1.00

0 60 120 180 240 300 360

, (degree)

m
. , (

k
g

/s
)

Cooler
Regenrator
Heater

 

 

 

 

 

 

     

 

 

 

 

 

 

 

Figure (7), Cyclic mass flow rate variation 

through cooler, heater and regenerator. 

Figure (8), Half-cross-section in the heater and 

cylinder 
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Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 

and compression spaces. 
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Figure (11), Variation of power versus heater 

height for different wire-meshes. 

Figure (12), Variation of efficiency versus heater 

height for different wire-meshes.  
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Fig. 8. Half-cross-section in the heater and cylinder. 
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2.1. Heater 

 

The suggested heater for the proposed 
engine is as the one which was experimentally 

tested by [16]. The suggested heater is 

inverted U-shaped stainless steel cups that 

can be heated externally by the exhaust gases 

as shown in fig. 8. The data from experimental 

tests of such heaters were concluded that the 
overall heat transfer coefficient during a 

complete cycle is; U = 311 W/m2 C for the 
exhaust of LPG fuel at a temperature of Tf = 

600 C, for air as a working fluid. Thus; 

Qh = U Ah,o  (Tf – TE) .          (26) 

 

The pressure drop through the heater is, [17]: 

 

.]2/[6.1 2
hKph                           (27) 

 
2.2. Regenerator 

 

The regenerative displacer has a cylindrical 

shape, as shown in fig. 8. The regenerator is 
formed from successive layers of stainless 

steel wire meshes having the same mesh size. 

The meshes layers were homogenously 

stacked on the top of each other without 

revolving angle between any two successive 

layers and without a stacking pressure upon 
all. Referring to fig. 9, six meshes of different 

pitch and different wire diameters were 

suggested to be used in the proposed 

regenerative displacer; their technical data are 

given in table 1, [6]. 
The pressure drop through the regenera-

tive displacer is, [18]: 

 

RhddHfpR ]2/)/([ 2           (28) 

 

Where;  

 

whyd dd  ]1[(                          (29) 

 
The friction factor, f, is given as follows, [18]: 

 
log (fR) = 1.73 – 0.93 log (ReR)        (30)   

 
If 0 < ReR ≤ 60  

 
log (fR) = 0.714 – 0.365 log (ReR)        (31)                                 
 

 
Table 1 

Technical data of meshes 
 

Mesh-i dw, (mm) Porosity;  (%) 

Mesh-50 0.200 69.08 

Mesh-100 0.112 65.37 

Mesh-200 0.050 69.08 

Mesh-300 0.030 72.17 

Mesh-400 0.030 62.89 

Mesh-500 0.025 61.35 
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Figure (7), Cyclic mass flow rate variation 

through cooler, heater and regenerator. 

Figure (8), Half-cross-section in the heater and 

cylinder 
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Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 

and compression spaces. 
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Figure (11), Variation of power versus heater 

height for different wire-meshes. 

Figure (12), Variation of efficiency versus heater 

height for different wire-meshes.  
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Fig. 9. Schematic diagram of the wire mesh. (After, [6]). 

 
If 60 < ReR ≤ 1000  

 
log (fR) = 0.015 – 0.125 log (ReR) 

 
If ReR ≤ 1000.             (32)                              

 

The regenerator effectiveness is, [18]: 
 

)1/( RR NTUNTU  .         (33) 

 

NTUR = RhydRR dHtS ,/2                    (34) 

 

And   
 

StR = 0.595 / ReR0.4 × PrR                          (35) 

 
2.3. Cooler 
 

A water-jacket about the compression 

space in the engine cylinder was selected to be 

a cooler in the proposed engine. The working 

fluid is cooled during its fluctuation through 
the compression space. The cooling rate is, 

[19]: 

 

)( ,, wokokok TTAhQ   

      = 2 )/ln(/)( ,,,, ikokokikkk ddTTLk   

      = hi Ak,i (TC – Tk,i).          (36) 

 

The pressure drop through the cooler tubes is 

as follows, [17]: 

 

kk dfLp ]2/)/[6.1 2           (37) 

 

3. Power and efficiency 

 

The elliptic p-V diagram for both 

expansion and compression spaces when 

taken the pressure losses into consideration is 

illustrated in fig. 10.  The indicated power is 

as follows, [12]: 
 

Pind = N ×    CCEE dVpdVp .                 (38) 

 

The rate of heat added is: 

 

 EEh dVpNQ .             (39) 

 

The indicated efficiency is: 

 

hindind QP /h .           (40)  

 

A computer program in the form of a 

spreadsheet was prepared on the Microsoft 

EXCEL to compute the instantaneous volumes 
of expansion and compression spaces, 

instantaneous mass flow rates through the 

three heat exchangers, instantaneous 

Reynolds numbers in the heat exchangers, 

heat transfer rates, pressure drop, indicated 

power and efficiency. This was done for a 
complete revolution of the crank at a step of 1 

degree of the crank angle . Throughout the 

calculations, it was assumed that the engine 

works between two constant higher and lower 

temperature limits of Tmax = 600 C and Tmin = 

80 C and the cylinder bore is constant at 100 
mm.  
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Figure (7), Cyclic mass flow rate variation 

through cooler, heater and regenerator. 

Figure (8), Half-cross-section in the heater and 

cylinder 

 

 

 

 

 

 

 

 

 

 

 

 

 

20

25

30

35

40

45

50

55

60

0.0000 0.0005 0.0010 0.0015

V, (m
3 

)

p
, (

b
ar

)

Expansion

space

Compression

space

 
Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 
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height for different wire-meshes.  
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The program has the possibility to vary the 

dimensions of the heater, cooler, regenerator, 

piston stroke and displacer stroke as 
dimensionless ratios of the cylinder bore for 

each mesh size. Also, it can optimize the 

phase angle, charging pressure and speed for 

each mesh size and for the type of the working 

fluid. 

 
4. Results and discussion 

 

The results of the present work aim at the 

clarification of the influence of the dimensions 

of the inverted U-cub heater, regenerator and 
cooler as dimensionless ratios of the bore on 

the performance of the proposed engine. Also, 

the effects of stroke to bore ratio for both 

piston and displacer, phase angle, charging 

pressure, speed and working fluid on the 

performance of the proposed engine were also 
exhibited. 

The heater height to bore ratio, Hh/D was 

changed from 0.75 to 1.55 at a step of 0.1 

each, and the corresponding values of both 

indicated power and efficiency were 

determined. Fig. 11 shows a higher rate of 
increase in the power with the increase of the 

heater height ratio up to about 1.0. Beyond 

this value, the rate of increase of the power is 

reduced some how. This is referred to the 

increase in the heat transfer area; however, 
further increase in the heater height causes 

an increase in the dead volume space which 

reduces both compression and pressure ratios 

that decrease the power. Also, thin wire 

meshes cause higher pressure losses than the 

thick ones that reduce the power as shown in 
fig. 11.  The same tendency is even remarked 

in fig. 12 for the indicated efficiency versus the 

height of the heater. Therefore; the heater 
height was chosen at Hh/D = 1 for each wire 

mesh size. 

For the same displacer height, the thin 
wire meshes show more decrease in the power 

than that of thick ones as shown in fig. 13. 

This due to, the thin wire meshes have more 

pores/inch that reduce both pitch and free 

flow area, and as a consequence, the flow 
velocity and pressure losses increase. The 

increase in the pressure losses reduces the 

area of the p-V cycle which reduces the 

work/cycle and power. The increase in the 

displacer height increases the engine work 

space and the charged mass of the working 

fluid will increase which raises the indicated 
power. Also, the increase in the displacer 

height increases the regenerator effectiveness 

which raises the power. The indicated 

efficiency is slightly increased as the displacer 

height increases as shown in fig. 14. 

Increasing piston stroke to bore ratio 
increases the mass of the charged fluid, which 

increases the indicated power up to about 
Sp/D, as shown in fig. 15. Beyond this value, 

the more increase in the piston stroke 

increases the total charged mass of the fluid 
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Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 

and compression spaces. 
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Figure (12), Variation of efficiency versus heater 

height for different wire-meshes.  
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Fig. 11. Variation of power versus heater height for 
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Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 

and compression spaces. 
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Figure (11), Variation of power versus heater 

height for different wire-meshes. 

Figure (12), Variation of efficiency versus heater 

height for different wire-meshes.  

 

Heater 

 Cylinder 

 

Displacer 

(regenerative) 

 

wd s 

 
 

Fig. 12. Variation of power versus heater height for 
different wire-meshes. 
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Figure (9), Schematic digram of the wire mesh. 

(After, [6]) 

Figure (10), p-V diagrams for both expansion 

and compression spaces. 
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Figure (11), Variation of power versus heater 

height for different wire-meshes. 

Figure (12), Variation of efficiency versus heater 

height for different wire-meshes.  
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Fig. 13. Variation of power versus displace height for 
different wire-meshes. 
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Figure (13), Variation of power versus displacer 

height for different wire-meshes. 

Figure (14), Variation of efficiency versus 

displacer height for different wire-meshes.  
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Figure (15), Variation of power versus piston 

stroke for different wire-meshes. 

Figure (16), Variation of efficiency versus piston 

stroke for different wire-meshes.  
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Figure (17), Variation of power versus displacer 

stroke for different wire-meshes. 

Figure (18), Schmidt p-V diagram for different 

displacer strokes for mesh 100.  

 
 

Fig. 14. Variation of efficiency versus displacer height for 
different wire-meshes. 
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Figure (13), Variation of power versus displacer 

height for different wire-meshes. 

Figure (14), Variation of efficiency versus 

displacer height for different wire-meshes.  
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Figure (15), Variation of power versus piston 

stroke for different wire-meshes. 

Figure (16), Variation of efficiency versus piston 

stroke for different wire-meshes.  
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Figure (17), Variation of power versus displacer 

stroke for different wire-meshes. 

Figure (18), Schmidt p-V diagram for different 

displacer strokes for mesh 100.  

 
 

Fig. 15. Variation of power versus piston stroke for 

different wire-meshes. 

 

which results in high flow velocity and high 

pressure drop throughout the heater, 

regenerator and cooler and as a consequence 
the power decreases. The efficiency decreases 

as the piston stroke increases as shown in fig. 

16. This due to the increase in the heat 

rejected by the cooler resulted from the 

increase in its surface area. Referring to fig. 

17, it is obvious that each wire mesh size has 
an optimal value of the displacer stroke to 

bore ratio as the following: 

    

Mesh 

size 

50 100 200 300 40

0 

500 

/dS D  5 4 3 2 2 2 

 

Increasing displacer stroke increases the 
total charged mass inside the engine 

workspace which will increase the power 

delivered. Further increase in the displacer 

stroke causes an increase in the pressure 

losses through the regenerator and this drop 

is highly increased as increasing the mesh size 
number. This is why the optimum displacer 

stroke to bore ratio decreases as the mesh size 

increases. The increase in the cycle work 

resulted from the increase of displacer stroke 

is clear in fig. 18. Where as the increase in the 
displacer stroke resulted in an increase in the 

elliptic p-V area for a mesh size of 100 

pores/inch. 
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Figure (14), Variation of efficiency versus 

displacer height for different wire-meshes.  

 

0.5

1.0

1.5

2.0

2.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Sp/D

P
o

w
er

, (
K

w
)

Mesh-50 Mesh-100
Mesh-200 Mesh-300
Mesh-400 Mesh-500

 

5

10

15

20

25

30

35

40

45

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Sp/D

h
, 
(%

)

Mesh-50
Mesh-100
Mesh-200
Mesh-300
Mesh-400
Mesh-500

 

Figure (15), Variation of power versus piston 
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Figure (16), Variation of efficiency versus piston 

stroke for different wire-meshes.  
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Figure (17), Variation of power versus displacer 

stroke for different wire-meshes. 

Figure (18), Schmidt p-V diagram for different 

displacer strokes for mesh 100.  

 
 

Fig. 16. Variation of efficiency versus piston stroke for 
different wire-meshes. 
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Figure (13), Variation of power versus displacer 

height for different wire-meshes. 

Figure (14), Variation of efficiency versus 

displacer height for different wire-meshes.  
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Figure (15), Variation of power versus piston 

stroke for different wire-meshes. 

Figure (16), Variation of efficiency versus piston 

stroke for different wire-meshes.  
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Figure (17), Variation of power versus displacer 

stroke for different wire-meshes. 

Figure (18), Schmidt p-V diagram for different 

displacer strokes for mesh 100.  

 
 

Fig. 17. Variation of power versus displacer stroke for 
different wire-meshes. 
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Figure (13), Variation of power versus displacer 

height for different wire-meshes. 

Figure (14), Variation of efficiency versus 

displacer height for different wire-meshes.  
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Figure (15), Variation of power versus piston 

stroke for different wire-meshes. 

Figure (16), Variation of efficiency versus piston 

stroke for different wire-meshes.  
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Figure (17), Variation of power versus displacer 

stroke for different wire-meshes. 

Figure (18), Schmidt p-V diagram for different 

displacer strokes for mesh 100.  

 
 

Fig. 18. Schmidt p-V diagram for different displacer 
strokes for mesh 100. 
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Figure (19), Variation of power versus phase 

angle for different wire-meshes. 

Figure (20), Variation of efficiency versus 

phase angle for different wire-meshes.  
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Figure (21), Variation of power versus the speed 

for air as a working fluid. 

Figure (22), Variation of efficiency versus the 

speed for air as a working fluid. 
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Figure (23), Variation of power versus the speed 

for nitrogen as a working fluid. 

Figure (24), Variation of efficiency versus the 

speed for nitrogen as a working fluid. 

 

 
 

Fig. 19. Variation of power versus phase angle for  
different wire-meshes. 

 

The change of the phase angle between the 

piston and the displacer can be done by the 

changing of the dimensions of the rhombic 
drive mechanism, [20]. The change in the 

phase angle resulted in a change of both 

compression and pressure ratios that affect 

the work per cycle and consequently the 

power. The phase angle was varied from 45 

degree to 135 degree for the six wire meshes. 
Referring to fig. 19, it is evident that the more 

optimum phase angle for most of wire mesh 

sizes is about 90 degree, which is 

corresponding to maximum pressure and 

compression ratios. Also, the increase in the 
compression and pressure ratios increase the 

temperature in both compression and 

expansion spaces that increase the heat 

rejection rate and reduce the heat addition 

rate and as a consequence the efficiency will 

decrease as shown in fig. 20. 
Figs. 21, 23, 25 and 27 provide the 

variation of the power with the engine speed 

when the engine is charged with air, nitrogen, 

hydrogen and helium respectively for the six 

wire meshes. These results were obtained at a 
charging pressure of 20 bar and using the 

optimum dimensions of heater, cooler, 

regenerator, piston stroke, displacer stroke 

and phase angle for each wire mesh size. The 

range of the optimum engine speed for each 

working fluid and wire mesh size leads to an 
acceptable efficiency as shown in figs. 22, 24, 

26 and 28.  
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Figure (19), Variation of power versus phase 

angle for different wire-meshes. 

Figure (20), Variation of efficiency versus 

phase angle for different wire-meshes.  
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Figure (21), Variation of power versus the speed 

for air as a working fluid. 

Figure (22), Variation of efficiency versus the 

speed for air as a working fluid. 
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Figure (23), Variation of power versus the speed 

for nitrogen as a working fluid. 

Figure (24), Variation of efficiency versus the 

speed for nitrogen as a working fluid. 

 

 
 

Fig. 20. Variation of efficiency versus phase angle for 
different wire-meshes. 
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Figure (19), Variation of power versus phase 

angle for different wire-meshes. 

Figure (20), Variation of efficiency versus 

phase angle for different wire-meshes.  
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Figure (21), Variation of power versus the speed 

for air as a working fluid. 

Figure (22), Variation of efficiency versus the 

speed for air as a working fluid. 
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Figure (23), Variation of power versus the speed 

for nitrogen as a working fluid. 

Figure (24), Variation of efficiency versus the 

speed for nitrogen as a working fluid. 

 

 
 

Fig. 21. Variation of power versus the speed for air a 

working fluid. 
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Figure (19), Variation of power versus phase 

angle for different wire-meshes. 

Figure (20), Variation of efficiency versus 

phase angle for different wire-meshes.  
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Figure (21), Variation of power versus the speed 

for air as a working fluid. 

Figure (22), Variation of efficiency versus the 

speed for air as a working fluid. 
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Figure (23), Variation of power versus the speed 

for nitrogen as a working fluid. 

Figure (24), Variation of efficiency versus the 

speed for nitrogen as a working fluid. 

 

 
 

Fig. 22. Variation of efficiency versus the speed for  

air as a working fluid. 
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Figure (19), Variation of power versus phase 

angle for different wire-meshes. 

Figure (20), Variation of efficiency versus 

phase angle for different wire-meshes.  
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Figure (21), Variation of power versus the speed 

for air as a working fluid. 

Figure (22), Variation of efficiency versus the 

speed for air as a working fluid. 
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Figure (23), Variation of power versus the speed 

for nitrogen as a working fluid. 

Figure (24), Variation of efficiency versus the 

speed for nitrogen as a working fluid. 

 

 
 
Fig. 23. Variation of power  versus the speed for nitrogen 

as a working fluid. 
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Figure (19), Variation of power versus phase 

angle for different wire-meshes. 

Figure (20), Variation of efficiency versus 

phase angle for different wire-meshes.  
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Figure (21), Variation of power versus the speed 

for air as a working fluid. 

Figure (22), Variation of efficiency versus the 

speed for air as a working fluid. 
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Figure (23), Variation of power versus the speed 

for nitrogen as a working fluid. 

Figure (24), Variation of efficiency versus the 

speed for nitrogen as a working fluid. 

 

 
 

Fig. 24. Variation of efficiency versus the speed for 

nitrogen as a working fluid. 
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Figure (25), Variation of power versus the speed 

for hydrogen as a working fluid. 

 

Figure (26), Variation of efficiency versus the 

speed for hydrogen as a working fluid. 
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Figure (27), Variation of power versus the speed 

for helium as a working fluid. 

 

Figure (28), Variation of efficiency versus the 

speed for helium as a working fluid. 
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Figure (29), Variation of power versus charging 

pressure with air is the working fluid. 

Figure (30), Variation of efficiency versus 

charging pressure with air is the working fluid. 

 

 
 

Fig. 25. Variation of power versus the speed for hydrogen 

as a fluid. 
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Figure (25), Variation of power versus the speed 

for hydrogen as a working fluid. 

 

Figure (26), Variation of efficiency versus the 

speed for hydrogen as a working fluid. 
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Figure (27), Variation of power versus the speed 

for helium as a working fluid. 

 

Figure (28), Variation of efficiency versus the 

speed for helium as a working fluid. 
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Figure (29), Variation of power versus charging 

pressure with air is the working fluid. 

Figure (30), Variation of efficiency versus 

charging pressure with air is the working fluid. 

 

 
 

Fig. 26. Variation of efficiency versus the speed for 
hydrogen as a working fluid. 
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Figure (25), Variation of power versus the speed 

for hydrogen as a working fluid. 

 

Figure (26), Variation of efficiency versus the 

speed for hydrogen as a working fluid. 
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Figure (27), Variation of power versus the speed 

for helium as a working fluid. 

 

Figure (28), Variation of efficiency versus the 

speed for helium as a working fluid. 
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Figure (29), Variation of power versus charging 

pressure with air is the working fluid. 

Figure (30), Variation of efficiency versus 

charging pressure with air is the working fluid. 

 

 
 

Fig. 27. Variation of power versus the speed for 
helium as a working fluid. 
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Figure (25), Variation of power versus the speed 

for hydrogen as a working fluid. 

 

Figure (26), Variation of efficiency versus the 

speed for hydrogen as a working fluid. 
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Figure (27), Variation of power versus the speed 

for helium as a working fluid. 

 

Figure (28), Variation of efficiency versus the 

speed for helium as a working fluid. 
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Figure (29), Variation of power versus charging 

pressure with air is the working fluid. 

Figure (30), Variation of efficiency versus 

charging pressure with air is the working fluid. 

 

 
 

Fig. 28. Variation of efficiency versus charging 
pressure with air is the working fluid.  

 

Regardless of the working fluid leakage 

and the shortage in the life time of the piston 

rings, one can say; the more increase in the 

charging pressure, the more increase in the 
power delivered as shown in fig. 29. This is 

due to, the increase in the total charged mass 

of the working fluid within the engine 

workspace. However, the increase in the 

charging pressure resulted in a decrease in 
the indicated efficiency as shown in fig. 30. 

This is due to the reduction in the regenerator 

effectiveness which is represented in fig. 29; 

which increases the compression space 

temperature and decreases the expansion 

space temperature, and as a consequence the 
efficiency decreases. 
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Figure (25), Variation of power versus the speed 

for hydrogen as a working fluid. 

 

Figure (26), Variation of efficiency versus the 

speed for hydrogen as a working fluid. 
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Figure (27), Variation of power versus the speed 

for helium as a working fluid. 

 

Figure (28), Variation of efficiency versus the 

speed for helium as a working fluid. 
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Figure (29), Variation of power versus charging 

pressure with air is the working fluid. 

Figure (30), Variation of efficiency versus 

charging pressure with air is the working fluid. 

 

 
 

Fig. 29. Variation of power versus charging pressure 
with air is the working fluid.  
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Figure (25), Variation of power versus the speed 

for hydrogen as a working fluid. 

 

Figure (26), Variation of efficiency versus the 

speed for hydrogen as a working fluid. 
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Figure (27), Variation of power versus the speed 

for helium as a working fluid. 

 

Figure (28), Variation of efficiency versus the 

speed for helium as a working fluid. 

0

3

6

9

12

15

18

21

24

0 5 10 15 20 25 30 35 40 45

pch (bar)

P
o

w
er

, p
, (

K
w

)

0

15

30

45

60

75

90

105

120

135

E
ff

ec
ti

v
en

es
s,

 
, (

%
)

Mesh-50 Mesh-100
Mesh-200 Mesh-300
Mesh-400 Mesh-500
1 2
3 4
5 6



 

30

33

36

39

42

45

48

51

0 5 10 15 20 25 30 35 40 45

pch (bar)

h
, (

%
)

Mesh-50 Mesh-100
Mesh-200 Mesh-300
Mesh-400 Mesh-500

 
Figure (29), Variation of power versus charging 

pressure with air is the working fluid. 

Figure (30), Variation of efficiency versus 

charging pressure with air is the working fluid. 

 

 
 

Fig. 30. Variation of efficiency  versus charging 

pressure with air is the working fluid.  
 

5. Comparison among present work and  
    previous ones 

 

The urgent need to renewable energies has 

led to the development of Stirling engines, that 

have an excellent theoretical efficiency, 

equivalent to Carnot. They can use any source 
of energy and they are less polluting than the 

traditional engines. The experimental 

performance of SCM81 Stirling engine had 

been done by [21].The SCM81 engine was 

heated by a heat source of 750
0C  and it was 

cooled by a heat sink of 40
0C . The engine has 

72 mm bore, 20 mm stroke and it uses 

Helium as a working fluid. Also, a heat 

recovery Stirling engine which uses the 

exhaust gases from a Diesel engine of a freight 
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ship was tested experimentally by [22]. This 
engine has 100 mm bore, 32 mm displacer 

stroke and 28 mm piston stroke. It uses 

Helium as a working fluid. The heat source 

(exhaust gases) is at 400 C and the coolant 

water is at 40 C. Both practical engines of [21 
and 22] are having a fixed regenerator and 

solid displacer. For the checking of the 

validation of the present model, the technical 

data of the engines of [21 and 22] were 

resolved to get the developed power and 

efficiency by using the present Schmidt model. 
The powers developed from the proposed 

engine and engines of [21 and 22] were 

calculated per cc per 1C temperature 
differential between the heat source and the 

heat sink, T. Referring to figs. 31 and 32, and 

comparing the results from the model with the 

experimental results of engines of [21 and 22], 

it is noted a quite fare validation for the 
present Schmidt model. Moreover, it is also 

obvious that the proposed engine which 

having a regenerative displacer delivers higher 

power at higher speed range than the engines 

having solid displacer and fixed regenerator. 

 
6. Conclusions 

 

In the present work, the effect of using 

successive homogeneous stainless steel wire 

meshes to be filled the space of the displacer 
of a beta-type Stirling engine, instead of solid 

one, on its performance was exhibited. The 

porous displacer will perform as a displacer 

and as a regenerator simultaneously instead 

of both solid displacer and stationary porous 

regenerator. Six wire meshes of different mesh 
size were suggested to be the regenerative 

media. The analysis of the engine performance 

is mainly based on Schmidt Theory. The 

optimum dimensions of heater, cooler, 

regenerator, piston stroke, displacer stroke as 
dimensionless ratios of the cylinder bore, the 

optimum phase angle between the piston and 

the displacer and the optimum ranges of the 

speed for each working fluid were stated. The 

main concluded remarks of the present work 

can be systemized as follows: 

 
 

Fig. 31. Comparison of the power per cc per C versus 
speed among present work and previous works. 

 

 

 
 

Fig. 32. Comparison of the efficiency versus speed  

among present work and previous works. 
 

1. The proposed beta-engine which has a 

regenerative porous displacer instead of both 
solid displacer and a stationary regenerator 

delivers 16% more power per cc per 1C ofT, 

than that from the tested SCM81 Stirling 

engine which has a stationary regenerator and 

solid displacer with an increase in the 

efficiency by about 15%. 

2. The present analysis suggested successive 
layers of homogenous wire meshes of different 

mesh sizes. However, the present model allows 

the using of successive layers of 

heterogeneous wire meshes as well as the 

using of other types of regenerative media. 

3. The replacement of the stationary 
regenerator by a reciprocating regenerative 
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displacer incorporated inside the engine 

cylinder will reduce the total space occupied 

by the engine as well as it will slightly reduce 
the engine weight.  

The present work exhibits approximate 

design dimensions of a beta-type engine as 

dimensionless ratios of the bore. And as a 

consequence, the engine size can be adapted 

to be standard selected codes. 
 

Nomenclature 

 
A Surface area, m2 

a Cross-section area, m2 

cc Cubic centimeter, 

D Cylinder bore, m 

d Diameter, 

f Frication, 

H Height, 

S Stroke m  

h Heat transfer coef, W/m2.K 

i Wire mesh, pores/inch 

,i j  Cartesian unit vectors 

K Minor losses factor 

k  Thermal conductivity W/m.K 

L Length, m 

m  Mass, kg 

m  Mass flow rate, kg/s  
N  Speed, rps 

NTU Number of transfer units 

P Power, W 
P Pressure, N/m2 

Q Heat transfer rate, W 

R Specific gas constant, J/kg.K 
Re Reynolds number, 

r  Position vector, m 
T Temperature, K 

 t  Time, s  

U Overall heat transfer coefficient, 

W/m2.K  
 V  Volume, m3 

 v   Velocity, m/s 

v  Velocity vector, m/s 

  Angular velocity, 
,x y  Cartesian coordinates,  

   Phase angle, rad 

T  Temperature difference between 
heat source and heat sink, K 

   Regenerator effectiveness  

  Crank angle rad. 

 h  Efficiency  

   Dynamic viscosity, pa.s 

   Temp, ratio = TC/TE        

  Density, kg/m3 

  Porosity   

C  Compression space, 

cl  Clearance 

ch  Charging 

d  displacer 

E  Expansion space 
f  Flue gases 
g  Intermeshing gear 

h  Heater 

hyd Hydraulic 

I  Inner conditions 

Ind  Indicated 

k  Cooler 
o  Outer conditions 

p  Piston 
PO  Positive overlap 

R  Regenerator 

SE  Swept expansion 

SC  Swept compression 

t  Total 
w  Wire 
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