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Abstract - Stirling engines are external combustion engines that have recently attracted the
attention of researchers due to their ability to use renewable heat sources (solar, geothermal,
biomass, etc.). One drawback of these engines is that they have a low power-to-weight ratio, and
one way to increase this ratio is to increase the average working pressure of the working gas, which
leads to increased stresses on the outer casing of the engine, which must then be dimensioned to be
safe in operation. This article presents a method for designing and verifying the outer casing of an
external combustion Stirling engine through finite element analysis using the open-source Code-

Aster / Salome-Meca calculation program.
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1. Introduction

The Stirling engine is an external combustion heat
engine that converts thermal energy into mechanical
work through cyclic compression and expansion of a
working gas (typically helium, hydrogen, or air).

One of the key factors determining its
performance is the mean working gas pressure.

In practical implementations, most Stirling
engines operate at or near atmospheric pressure,

limiting the maximum indicated power.

The image of the studied Stirling Engine (gamma
model) realized in project "New Techniques and
Methods for the Manufacture of Solar Thermal
Systems with Flat-Plate Concentrators Using
Additive = Manufacturing  Methods" as an
experimental model is presented in figure 1.

Figure 1: Gamma Stirling engine
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Previous studies (e.g., Walker [11; Senftl12]) have
shown that increasing the mean gas pressure
increases the mass of working gas enclosed in the
cycle, resulting in higher work per cycle.
However, the mechanical implications of increased
pressure on the engine structure (especially the
Carter crankcase and displacer cylinder) must be
verified to ensure safe operation.

This study provides:

1. A theoretical proof that Stirling engine
power scales with mean pressure.

2. A proposal to validate the mechanical safety
of the Carter engine under pressure using Salome-
Meca finite element analysis (FEA).

2. Theoretical Background
2.1. Ideal Stirling Cycle Work
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Figure 2: Ideal Stirling cycle

The ideal Stirling cycle consists of four processes:
1. Isothermal expansion at the hot temperature
Th, from Vmin to Vmax.
2. Isochoric (constant-volume) cooling from Th
to Tc.
3. Isothermal compression at the cold
temperature Tc from Vmax back to Vmin
4. Isochoric heating back to Th
Only the isothermal processes (1) and (3)
perform net work.
The constant-volume steps exchange heat but do
not contribute to the total mechanical work.
For an ideal gas under isothermal expansion or
compression:
Energy for a gas
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where:
n - is the number of moles of gas
R - the gas constant,
Th and Tc - the hot and cold temperatures,
Vmax, Vmin - the maximum and minimum
volumes of the engine.
So, for the two active branches:
Expansion at Th:
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Adding the two:
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In conclusion
For an ideal Stirling engine, the work per cycle is
given by:
l'I TLET
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The mean pressure is related to the total mass of
gas by:

AT mean

By = (6)
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Thus, for a fixed geometry and temperature range
energy is proportional with pressure:

W o B, (7)
and since the power P is W x f (frequency), then:
Pﬂ'i.!f oo Pi"l'. (8)

This shows that increasing mean pressure
directly increases mechanical power output,
assuming the same cycle speed and temperatures,
thus for increase the power of a Stirling Engine is
sufficient to increase the mean working pressure.
Increasing working pressure means that external
case of the engine needs to be designed to resists of
the working pressure.

Simple case forms could be made by formula
calculation but for complicated case forms (as
Stirling Engine case) the results could be obtained
only by finite element analysis.

3. Experimental and Simulation

Methodology
3.1. Pressure-Assisted Operation

To experimentally or numerically simulate a
pressurized Stirling engine, the entire working
chamber and crankcase can be placed in a sealed
enclosure filled with a gas at a controlled pressure
(e.g., 1-10 bar). The purpose is to increase the mean
gas density without altering geometry.

3.2. Mechanical Verification Using Salome-
Meca

To verify the Carter-type Stirling engine under
supplementary pressure, the following finite
element analysis (FEA) procedure is proposed:

3D CAD Model:

Import the Carter mechanism geometry
(crankcase, cylinder, piston) into Salome-Meca.

Material Definition:

Define materials of the enclosure (plastic resin
used in 3D printer):
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Table 1: Tensile Properties

Green Post
Cured
Ultimate Tensile Strength |38 MPa |65 MPa
Tensile Modulus 1.6 GPa |2.8GPa
Elongation at Break 12% 6%

Boundary Conditions:

¢ Apply internal pressure Ptest=1...10 bar on all
surfaces in contact with the gas.

o Fix crankshaft bearing supports.

e Constrain symmetry if possible to reduce
computation time.

e Meshing:
Use tetrahedral second-order mesh (NETGEN
1.2) with refinement in thin wall regions.

Solver Setup:

e Use Code_Aster under
analysis to compute:

e Maximum von Mises stress

e Total deformation

o Safety factor 5F =

MECA_STATIQUE

Tyiold
- 9)
SYmar

Verification Criterion:
Mechanical integrity is verified if SF >1.5 under
maximum intended pressure.

4. Effective Simulation
4.1 Testing the finite element analysis method of
Salome-Meca software.

In order to compare the stress results applied to a
closed enclosure filled with pressurized gas (air)
obtained by the Salome-Meca software, a stress test
will first be performed on a thick-walled tube
containing pressurized air, for which the formula for
calculating the total stress is known. The results
obtained will be compared with the theoretical
results applied to the same tube.

Tube characteristic

Dinner = 400 mm

Douter = 520 mm

Young’s modulus = 210 GPa
Poissons ratio = 0.25

4.1.1 Theoretic Calculation

The pressure inside a thick-walled tube filled
with a pressurized gas is given by the formula:
R} (—pi)  R}-Ri
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where:
pi - internal pressure
r - radius at which the tension is calculated
Ri- inner radius of the tube
Re - outer radius of the tube

Radial stresses have the following law of
variation:

_ p:-RY
o, (r) = 25 (1 -

%) (11)
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and the tangential stresses have the following law
of variation:
J[rj=ﬁf—[l+£j (12)
g RE-R] e
The maximum values of radial stress are given by
the formula
pi-R R
0. (r) === (1-23) (13)
I

RE—R}
(for r=Rj)

and the maximum values of the tangential stress
are given by the formula

— 2-p;-R;
Jr(rj RZ-R? (14)
(for r=Re)

From the graphs below, for the two categories of
stress, it can be seen that the dangerous stress on the
tube occurs on the inside, where the stress state is
flat with the extreme principal stresses having
opposite signs; in such cases, it is useful to calculate
their overall effect using the Tmax rupture hypothesis,
and the resistance calculation relationship is
obtained as follows:

...........

Figure 3: Radial and tangential tensions

i ] z
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By inserting the physical dimensions of the test
tube (shown above) into formula [15], we obtain the
maximum theoretical stress value:

og=9797MPa (16)

4.1.2 Finite Element Simulation
To verify the accuracy of the calculation of the
maximum stress of the thick-walled tube using the

Salome-Meca program, the following steps were
taken:
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A 3D model of the thick-walled tube with the
dimensions shown above was created (in the
theoretical formulas, the tube is considered to be of
infinite length; in the 3D model, we will use a length
of 2 m). At the same time, the elements (surfaces) to

be used in the simulation were created on the 3D
model - the surfaces that will be fixed and the
surface on which the pressure will be applied, and
the grid used for the finite element calculation was
created (Fig. 4)

Figure 4: Discretization of thick-walled tube for finite element simulation of stress created by internal pressure

The characteristics of the network used for finite UNITE=20

element calculation are shown in Figure 5. )

model = AFFE_MODELE(
AFFE=_F(

Mesh Information
MODELISATION=('3D’,),
Base Info | Element Info | Additional Info | Quality Info PHENOMENE='MECANIQUE',
Onject . TOUT="0UT"
Nodes: 3531 ),
Elements: Total Linear Quadratic Bi-Quadratic MAILLAGE=mesh
17813 17813 4] Q )
o: G mater = DEFI_MATERIAU(
Balls: o ELAS:_F(
1D tedges): 237 237 o E=210000000000.0,
2D (faces): 6756 6756 0 0 NU=0.3
Triangles: 6756 6756 o Q )
Quadrangles: 0 4] 0 [7]
Polygons: 0 o o )
3D (volumes): 10820 || 10820 o o materfl = AFFE_MATERIAU(
Tee::h:d::::: 10820 10820 7] AFFE:_F(
zyran:'dj.- 2 2 Z ’ MATER=(mater, ),
e —— e Ll TOUT="0UT
Polyhedrons: 0 ).
e aelp )MODELE=m0deI
Figure 5: Mesh characteristics of the tested tube mecabc = AFFE_CHAR_MECA(
DDL_IMPO=_F(
A Code-Aster study is being conducted with the DX=0.0,
following components: DY=0.0,
DZ=0.0,
mesh = LIRE_MAILLAGE( GROUP_MA-=('fix', )
FORMAT="MED/, ),
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MODELE=model
)
mecach = AFFE_CHAR_MECA(
MODELE=model,
PRES_REP=_F(
GROUP_MA=("presiune', ),
PRES=20000000.0
)

)
result = MECA_STATIQUE(
CHAM_MATER=materfl,
EXCIT=(_F(
CHARGE=mecabc
), F(
CHARGE=mecach

)
MODELE=model

)
result = CALC_CHAMP(
CHAM_MATER=materfl,

CONTRAINTE=("'SIGM_ELGA, 'SIGM_ELNO"),
CRITERES=('SIEQ_ELGA', 'SIEQ_ELNO"),
MODELE=model,

RESULTAT=result,

TOUT="0UI'

)

IMPR_RESU(
FORMAT='MED’,
RESU=_F(

RESULTAT=result
),
UNITE=80
)

We perform the request and view the verification
result using the maximum and minimum display
function for the imposed request. For the result, we
will use the request composed according to the Von
Mises criterion [16].

1
O = ‘JE [{J.x.x - .}’.}’:JE + {g}’.}’ - Jzz:lz + {gzz - Jxsz] + 3{5-7:%}’ tot }rzz + gng

Where:

.

xx

Yy 9=z axial forces

Maximum; 9.781587E+07
Minimur: 2 238805E-+07

CODE aster

salome_meca 2022

(16)

. .

xyt }’E’g

== tangential forces

We visualize the result of the stress, shown in
Figure 6.

9.8e+07
9e+7
8e+7
Te+7 —

6e+7 —

5e+7 —

Equivalent stress - VMIS

de+7

3e+7

2.2e+07

Figure 6: Maximum and minimum stress values according to the Von Mises criterion. The maximum stress value with
finite elements is 9.781E7 Pa = 97.81 Mpa.

Table 2. Maximum stress values obtained by the two methods

Theoretical (MPa) |Obtained with finite element |Percentage error
(MPa)

Maximum request value [97,97 97.81 0.16 %
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From the comparison of the results for the two
methods used (Table 2), the theoretical one and the
finite element one using Salome-Meca CODE aster
software, the values differ by a very small
percentage, so we can move on to checking the
Stirling engine enclosure.

The first variant of the engine crankcase analyzed is shown in Figure 7.

AAYEIAYLY,

4.1.2 Finite Element Verification of the Stirling
Engine Enclosure

The Stirling engine crankcase has a complex
shape, and therefore it is necessary to use a finite
element method to test the maximum working
pressure values under which the external
combustion engine can operate.

Figure 7: Variant 1 of the engine crankcase, prepared for finite element analysis

To perform the finite element analysis, zero
displacement is imposed on the support surface, and
various pressures are applied to the inner surface,
with the resulting stress being verified for each of
the applied pressures.

An Isotropic linear elasticity stress is applied
with the following structure:

mesh = LIRE_MAILLAGE(
FORMAT="MED',
UNITE=20

)
model = AFFE_MODELE(

AFFE=_F(
MODELISATION=('3D",),
PHENOMENE="MECANIQUE',
TOUT='0UI'

),

MAILLAGE=mesh

)
mater = DEFI_MATERIAU(
ELAS=_F(
E=2575000000.0,
NU=0.3
)
)

materfl = AFFE_MATERIAU(
AFFE=_F(
MATER=(mater, ),
TOUT='0UI'

);
MODELE=model

)
mecabc = AFFE_CHAR_MECA(
DDL_IMPO=_F(
DX=0.0,
DY=0.0,
DZ=0.0,
GROUP_MA-=("'Support’, )
),
MODELE=model

)
mecach = AFFE_CHAR_MECA(

MODELE=model,

PRES_REP=_F(
GROUP_MA-=('Pressiune’, ),
PRES=505000.0

)

result = MECA_STATIQUE(
CHAM_MATER=materfl,
EXCIT=(_F(

CHARGE=mecabc
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), _F( RESULTAT=result,
CHARGE=mecach TOUT_CHAM='0UI'
)), ),
MODELE=model UNITE=80
) )

result = CALC_CHAMP(
CHAM_MATER=materfl,
CONTRAINTE=('SIGM_ELGA', 'SIGM_ELNOQ"),
CRITERES=('SIEQ_ELGA', 'SIEQ_ELNOQ"),

The finite element analysis is run and a graphical
representation of the stresses caused by applying
pressure to the inner surface is obtained. Figure 8

MODELE=model, shows the stress generateq by applying a pressure of
505000 Pa (5 atm) to the inner surface and displays
RESULTAT=result . : .
) the minimum and maximum stresses to which the
Stirling engine body is subjected.

FOIRMI\I';E'i‘lEFI\ig]()' Finite element analyses were performed for
RESU= FE ! different pressures, and the final results are

MAILLAGE=mesh, presented in Table 3.

1.38+08
12048 ]
le+8

b8+7 —

Equivalent strass - VMIS

do+

2!+7:I
2.1e-13

Figure 8: Representation of maximum and minimum stresses on the motor body
(according to the Von Mises criterion)

CODE aster

alome_meca 2022

Table 3. Results for variant 1 of the casing

1

2

3

4

5

Simulation result [MPa]

25.7347

51.4649

77.2041

102.9328

128.6735

Limit Value [Mpa]

43

43

43

43

43

The imposed limit value (safety) results from the
values in Table 1 and formula [9].

The graphical representation of the stresses is
shown in Figure 9.

140

Simulation result [MPa]

120

Limit Value [Mpa]
100
80
60

w —

20

Stress [MPa]

Pressure [atm]

Figure 9: Numerical simulation result for housing variant 1
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Figure 9 shows that the pressure can be
increased to approximately 1.5 atm, and Figure 8
shows that a stress concentrator appears at one of

the engine supports.

Based on these results, the Stirling engine casing
is redesigned by removing the lower supports and
replacing them with a side surface as shown in
Figure 10.

Figure 10: New base of the motor

The simulation is repeated as in the previous
body variant and the following results are obtained,

represented graphically in Figure 11 and numerically

in Table 4:

Table 4. Simulation results for the new engine mount

Pressure [atm] 1 2 3 4 5 10 15 20
Simulation result 3.571 7.142 13.28 15.35 17.851 | 35.714 | 53.57 71.42
[MPa]

Limit Value [Mpa] 43 43 43 43 43 43 43 43

30

Stress [MPa]
B
o

—— Simulation result [MPa]

10

15

Pressure[atm]

20

—— Limit Value [Mpal]

25

Figure 11: Stress variation for the new position of the support

From the graph resulting from the simulations
(Fig. 11), the maximum pressure to which the second

engine casing variant

can be

subjected

is

approximately 12 atm, which is more than 10 times

higher than the first casing variant.
Figure 12 shows the positioning of the maximum
and minimum positions points for the new position

of the base.
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CODE aster

solome_meca 2022

3.6e+06

3e+6 I

258+6 —
2e+6 —

1.5e+6 —

le+6
500000
3.8e+03

Equivalent stress - VMIS

Figure 12: Position of the maximum stress on the motor enclosure for the second position of the support

5. Results and Conclusions

Following simulations and tests performed using
Salome Meca software on the Stirling engine casing
subjected to different pressures, it was found that the
initial version with supports at the bottom
introduces force concentrators that significantly
reduce the strength of the analyzed part. By
eliminating these concentrators and moving the
engine support to a new position, an improvement of
more than 10 times was achieved in the designed
Stirling engine casing.

From point 4.1.1, it follows that the open source
finite element testing software environment Salome-
Meca offers very good analysis accuracy with very
small differences between the simulation performed
and the theoretical value obtained and thus by using
this freely accessible finite element analysis
environment, we can obtain results similar to those
obtained with closed-source finite element analysis
programs can be achieved and successfully can to
replace expensive other finite element software from
the market.

This study was conducted as part of the project
"NEW TECHNIQUES AND METHODS FOR THE
MANUFACTURE OF SOLAR THERMAL SYSTEMS
WITH FLAT-PLATE CONCENTRATORS USING
ADDITIVE MANUFACTURING METHODS" within the
NUCLEU program sponsored by the Romanian
Ministry of Education and Research.
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