SPACE TRIPS: THE UP TO DATE SITUATION
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1. Recall about the Space Trips Project
Space TRIPS project aims to demonstrate the feasibility of an advanced radio isotopic power
system for space exploration, with high efficiency and no moving parts. The concept relies on
a thermoacoustic (TAc) engine, coupled with a magneto hydrodynamic (MHD) electrical
generator. The global process of the energy transfer is as in the following:
The thermo acoustic loop allows transferring thermal energy, produced by a radio
isotopic source, into mechanical energy delivered on the form of a high amplitude vibration,
then the MHD generator converts this vibration in AC electrical current. The cold source is
constituted of a radiative cooler.
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Figure 1:Schematic view of the EU project “spaceTRIPS” composed by thermo acoustic loop and
MHD electrical generator:

The project consists in the study, design, construction and test of an earth prototype similar
but not identical to the space concept, the main and first objective is to demonstrate the
feasibility of the process.

2- The main characteristics of MHD generator.
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The determination of the main characteristics of MHD generator was established by taking the
following elements (see table 1 hereafter) as inlet parameters.
Main parameters considered as input conditions for designing and sizing
Temperature of the hot source
Temperature of the cold source
Melting point of the sodium
Carnot efficiency
Global expected efficiency
Level of electrical power
Hot source power
Gas for the thermo-acoustic engine
Frequency
Operating pressure in the Tac loop
Calculating pressure in the Tac loop and the MHD generator
Pressure in the MHD generator:

1100 K
400 K
373 K
0,64
0,25
200 W
1400 W
Argon
45 Hz
4 MPa ± 0,07 MPa
5 MPa
4 MPa ±,0.7 MPa

Table 1: Inlet conditions used for sizing the electrical generator.

The sizing and performances of the both elements of generator have been performed in
several stages.
The preliminary elements of sizing were realized by Armand Krauze, from IPUL,
from which the global size of the system, including the connection between the MHD
generator and thermo acoustic loop, that was established on the base of impedance adaptation.
The main elements and more precisely, the MHD generator, was one of the main results of
this work. The calculation used a numerical axisymetric model based on a linear
approximation of the liquid sodium flow inside the generator. In particular this model
supposes that induce magnetic field is small in comparison of the applied one imposed by the
permanent magnet.
The detail of the modelisation of the MHD generator and thermoacoustic loop, as well as the
impedance method of connection between both, is given on the report D1.1: Space Trips
report validated model and the main results in the report D1.2.
But after this first stage some doubt was persisting about the starting conditions of the
system. Thus from the 4 configuration that was examined, reported hereafter, two was more
specifically studied:
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Figure 2: main possible concepts examined for the connection between the thermo acoustic loop and the
MHD generator.

The configuration 2 in which the MHD generator is located between two traveling waves
thermo acoustic loop, but due to the incertitude about the starting conditions it was finally
decided to adopt the configuration 3 that gives more security about these starting conditions.
This configuration is used for the first time with electrical generator in such situation, with
two stakes positioned in pull-push action. Thus new calculations about the Thermo acoustic loop, by
using similar model used by Armand Krauze were performed by the ASTER company, more
competent about the calculation of this type of TAc loop.

Consequently, the current concept of the electrical generator (TAc loop + MHD Generator) is
represented on figure 1.
To conclude with this first part of the definition of the concept and performances, the MHD
generator was evaluated by two other scientists working independently with an approach
different than the one established and used by Armands Krauze from IPUL.
1- Christian Chillet, from CNRS office in G2eLab laboratory Grenoble, calculated the
performances of the MHD generator taking into account the longitudinal end effect by using
very efficient software called FLUX3D. Due to the nature of the physical problem the
problem was treated in 3D situation.
2 – Taha Mirhoseini, in collaboration with Antoine Alemany established an analytical
model of the generator. This model was introduced on the MATLAB tool to obtain the
performances of the MHD generator when the sizing parameters are introduced as inlet
conditions. The comparison between the two last complementary approaches are given
hereafter (see annex 4 of the first review meeting “space system requirements” for the two
approaches).
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Table1: Comparison between the 3D approaches (FLUX3D) used by Christian Chillet and the analytical
approaches performed by Taha Mirhoseini and Antoine Alemany (without and with viscosity).

The good correlation between the two models can be observed in the table 1 above. Finally
the evolution of the main parameters resulting from Christian Chillet’s approach is given
(figure 2) versus the evolution of the load resistance.

5

Figure 3: Main results obtained by Christian Chillet with 3D simulation of MHD generator.

3- Calculation of the two parts of the electrical generator in terms of
stresses and strains.
Purpose of the technical report is to check, in a first part (see annex 1), the thermo-mechanical
behavior of the MHD module to validate the MHD generator parts (sizing, materials) and the
assembly (clearance, contact, assembly process).
In a second part (see annex 2) the detail of the simulation about the main thermo-mechanical
behavior of the Thermoacoustic loop will be given. It is important to notice that this part of
the electrical generator is submitted to a high temperature gradient which generates very
important thermal stresses. Nevertheless, this second part is less critical than the MHD
module that is calculated for the first time, so this second part is less detailed.
Most of the components are checked in a global axisymmetrical model. Those calculations
and results are presented in the annex 1 and 2 of this note. Local models were also created for
critical areas with complex design in order to check them more precisely.
The MHD module corresponds to the active part of the converter. The main parts are listed in
the figure 4. For better understanding, the liquid sodium is represented in yellow in the crosssection drawings.
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Figure 4 : View of the global drawing of MHD generator.

The two parts concerning thermo-mechanical behavior of MHD generator (annex 1) and
Thermo acoustic loop (annex 2) are followed by the global and detail design of these two
elements.
Annex 3 is related to the MHD generator.
Annex 4 is related to the thermoacoustic loop.

4- Environmental constraints.
There are no particular constraints to observe in the tests of the generator.
Concerning the temperature, the test programmed in room temperature environment does not
affect the working conditions. Theoretically the cold source will be controlled at the level of
the cold exchanger (using water) and the hot source is thermally insulated so it will be not
affected by the external temperature.
Concerning the humidity, the two parts of the generator, theoretically waterproof, are not
influenced by this parameter.
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The two problems that can be consider in the environmental rubric concerns the thermo
acoustic loop using pressurized gas and the MHD generator using sodium.
1- For the pressurized gas loop, the product P.V (P is the pressure and V the volume of the
loop) has to be quantified to determine if pressure tests are required:
P > 40bars and V = 5.77L for all the TAc loop
So P.V > 80 bar.liter
All the components of the TAc loop require specific safety conditions as tests under
hydraulic pressure using 1.5 time the operating pressure.
For the sodium part of the generator, (MHD electrical generator) there is no specific safety
conditions when the volume of sodium is lower than 50 l. Nevertheless, the IPUL laboratory
benefits of a very high experience about sodium use and test. IPUL has already manufactured
many sodium loops, for example, for testing electromagnetic pumps, and IPUL built and
tested the dynamo experiment using about 2 T of sodium. Therefore, IPUL has special rooms,
for sodium loop test and the spaceTRIPS facility will be installed in one of them. So the
Safety precautions to work with MHD generator are summarized here after.
The MHD and TAc generators will be placed in special room designated for work with
liquid sodium. Around the devices will be built short-lived removable wall to protect from
possible leaks due to high pressure inside the apparatus. All experiments control will be
performed from another control room.
All devices heating and vacuuming and filling with sodium or gasses will be performed using
IPUL standard devices.

5- Maintenance
There are possibilities to replace some parts of both thermo acoustic loop and MHD
generator. But it depends on the localization of pieces that needs to be changed.
The external parts of the MHD generator can be dismantled by removing the screws and bolts
that maintain external flanges and TAc loop / MHD module connection pipes. This operation
allows access to the inner assembly which is constituted of the core, the titanium shell, the
magnet, the coil and the yoke.
Dismantling this sub-assembly is not recommended because
1) it needs to break the titanium flange weldings, and
2) several parts are glued one another and shall not be removed. Moreover, there is a high
riskof collapsing the magnets and the coil with the effect of strong magnetic forces due to the
magnet elements, if the Somaloy core is absent.
External equipment, such as thermocouples, level and pressure sensors remain accessible
andcan be removed or replaced, keeping in mind that sodium-tightness must be respected.
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Of course, any dismantling operation shall be preceded by draining the sodium volume off of
the generator.
Concerning the Thermoacoustic loop, there are two methods to assemble the parts : by
welding or by bolting.
The welded parts are the pipes of the Tac loop between them and the stainless steel flanges
with them. More exactly, the welded parts are : the pipes, the 3-way connections, the cooling
flanges, the adaptor flanges and the CHX divergents.
The other parts concern the exchangers, on one hand, and the MHD adaptors, on the other
hand.
The MHD adaptors are assembled with the adaptor flanges. It allows modifying the length of
the Transformer tubes to realize experiments.
About the exchangers, The Hot Heat exchangers can be decoupled from the Inconel Shields
by removing the Inconel screws and nuts. Before dimantling this assembly, the Zirconia
flange needs to be removed with particular care to have access to the regenerator (stack of
grids are very thin and fragile). After that, all the other parts are easy to dismantle by
removing the bolt accessories.
Except in the interface of the Inconel parts where the screws and nuts are in Inconel, the
others are in stainless steel. Furthermore, the heating elements to be placed on the HHX for
the earth prototype are simply adjusted with the internal diameter.
The Tac loop has 2 bolted interfaces. The one which allows to limit the vibrations is located
between the CHXs and the frame structure:the exchangers are suspended to it. The other
interface is with the MHD module.

6- Life time.
The problem of life time was examined for the TAC tubes. The repeated tensile solicitation
generates a stress ratio R = 0.8. For straight tubes in stainless steel 316LN, and with a
maximum stress about 55Mpa, the fatigue stress model gives a highly probable lifetime of
about 109 cycles or 1 month.
Concerning the MHD generator, the sodium pressure is considered as a constant value,
because only the sodium flow’s direction reverses. So lifetime hasn’t been checked but a
sufficiently high safety factor with a value of 2 was taken regarding the level of mechanical
and thermal stresses. Moreover, the pressure level that was considered in the calculation was
3 bars above the maximum value. It is important to notice that the mean pressure is several
times higher than the pressure oscillations. It means that the stress has always the same sign
which is favorable regarding to the life time.
This a simple approach but as mentioned at the beginning of the present report, the main
objective is to demonstrate the feasibility of the system by construction and test of the
electrical generator that will be realized for the first time.
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Concerning the thermo acoustic loop many an other project was realized by Hekyom with the
same method of calculation than the one used for spaceTRIPS, at the same level of frequency.
This results of the fact that to supply any electrical generator using solid or liquid piston
imposes more or less at the frequency to be small. After some months of test the Hekyom
thermo acoustic loop is always in operation.
On the other hand, the level of pressure oscillations in the TAc loop is very low (about 50
times lower than the mean pressure level). That means that the oscillating constraints are not
so important about the life time. So it seems that the present situation of TAc loop of space
TRIPS is sufficiently well dimensioned to bear many months of tests.
The problem of MHD generator is more critical, it is the reason why the calculation is largely
developed in the annex of the present report. But nevertheless the essential of the efforts
exerted on this element are supported by external very big ferro magnetic material. Thus we
expected also this part able to support some month of tests.
Of course in the hypothesis of realization of a true space prototype the question of the launch
must be considered carefully, which was not done in the current project.

7- Conclusion
The sizing and the performances of both MHD generator and thermoacoustic loop have been
established according to the method of calculation summarized in the deliverables D1.1, D1.2,
and the first review meeting (annex 4). The calculation was done by Armand Krauze (IPUL),
Christian Chillet (CNRS) and Taha Mirhoseini and Antoine Alemany for the analytical
approaches;
Under the characteristics resulting from this calculation, the calculation of the stresses and
strains due to the pressure forces and temperature gradient was performed by Mathilde
Heïgeas and Loïc Jean from the SERAS offices of the CNRS Grenoble. The main results of
this approach are given in annex 1 and 2 of the present deliverable;
In parallel, the global and detail design of the main elements of the two parts of the electrical
generator, i.e. TAc loop and MHD engine was established by respectively Alain Cobessi and
Jerome Lacipiere, under the supervision of Philippe Jeantet.
All these elements are presently used by IPUL for the construction of the both elements of the
generator. That will be finished probably at the end of May. So the program evolution will be
respected.
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2. Description of the Space Trips Project and the MHD Generator
Space TRIPS project aims to demonstrate the feasibility of an advanced radioisotopic power
system for space exploration, with high efficiency and free moving parts. The concept relies
on thermoacoustic (TAc) engine, coupled with a magnetohydrodynamics (MHD) electrical
generator.
This project includes the design and the manufacturing of an earth demonstrator.

Purpose of this technical report is to check the thermo-mechanical behavior of the MHD
module to validate the MHD generator parts (sizing, materials) and the assembly
(clearance, contact, assembly process).
Most of the components are checked in a global axisymmetrical model. Those calculations
and results are presented in the first part of this note. Local models were also created for little
assemblies or single components in order to check them more precisely.

The MHD module corresponds to the active part of the converter. The main parts are listed in
the figure 1, below. For better understanding, the liquid sodium is represented in yellow in the
cross-section drawings.
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Figure 1 : Detail of the parts constituting the MHD generator
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3. Axisymmetric Global Model

3.1. Description of the Model
It is an axisymmetric model. A quarter of the cross section is modeled regarding the
symmetry axis and the symmetry plane.
Symmetry axis

Symmetry plane
Figure 2 : Comparison of the CAD model (CATIA) and the modelisation for calculation (SAMCEF)

It is a simplified model in the way that screws and clamping elements aren’t modeled. Six
elements between enclosure and external flange are glued to represent screws. Holes for
screws are not taken into account. The same process has been applied on holes for sodium in
inner core and channel external flange. Similarly, discontinuities aren’t taken into account.
Nodes of the magnet, the coil and the channel external shell are glued together in order to
modelise the composite resin (see Figure 3). The nodes of the coil are also glued with the coil
enclosure. The channel flange, the channel external shell and the ring are welded together,
nodes are glued to modelise the welding seam.
A large area between channel flange and inner core is left without contact, in order to
modelise thin fins of the channel flange.

3.1.1. Mesh
As the model is axisymmetric, calculations runs quickly, even with many elements. So, for a
maximum element size of 1mm, the model contains 9500 elements and 28000 nodes.
For the channel external shell, the 0.2mm thickness is divided in 3 element layers.
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Figure 3 : MHD generator meshing with the glued parts
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3.1.2. Contact
Channel flange / external flange
Channel flange in
contact with inner core

External flange /
enclosure

External flange /
yoke assembly
Channel external
shell in contact with
inner core, and with
yoke assembly

Enclosure / yoke
assembly

Coil / yoke
assembly

Figure 4 : MHD generator contacts
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tightening ring
Channel flange /
external shell, and
external shell /
tightening ring
contacts

Yoke assembly /
tightening ring
Figure 5 : Detail of the titanium ring contacts
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yoke assembly

Coil enclosure / channel
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Coil / yoke
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Figure 6 : Detail of the coil enclosure contact

3.1.3. Boundary Conditions

Y displacements
blocked

Figure 7 : MHD modulus boundary conditions
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There is no coupling fluid/structure. Sodium action is modeled by pressure. Parts cutting the
symmetry plane XZ are blocked along Y direction, excepted the inner core to model
sinusoidal effects of the sodium pressure fluctuation which needs to push against channel
flange because of sodium acceleration.
An axisymmetric condition around Y axis is applied (not visible on Figure 7)

3.1.4. Loads

Thermal:
The sodium melting point is about 100°C at atmospheric pressure. Thus, the MHD modulus
will be operating at 400°K (127°C).
But if the MHD generator is vacuumed, sodium melting point will increase as pressure
decreases, and we will need to heat the system over 100°C to have liquid sodium. To be
conservative and to take into account possible operating errors, calculations are computed
using a 200°C temperature load.

Mechanical:
The MHD operating pressure is 40bars ±7 bars. The calculation pressure adopted is 5 MPa.
It is applied on all the surfaces in contact with sodium (channel external shell, inner core, and
channel flange).
We take into account that sodium acceleration axially pushes the inner core against the
channel flange, so an additional pressure is applied:
• Determination of the sodium acceleration:
a = ±D (2πf)²
with ±D = 25 mm maximum amplitude for 480g Na
f = 45 Hz operating frequency
• Force = m x a ≈ 1000 N
with m = 0.5kg, sodium mass
Inner core and channel flange surfaces in contact: S ≈ 10 000 mm²
So the additional pressure due to sodium acceleration is
Therefore a 5.1MPa pressure is applied on the inner core toward flange.
We make the assumption that sodium can infiltrate between channel external shell and flange
till the weld, in spite of the tightening ring.
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Figure 8 : Pressure description applied on the MHD modulus
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3.1.5. Materials
As temperature evolves from 20°C to 200°C, materials characteristics are considered constant
along all the temperature range. The values are given in the table hereafter :
Material (part)

Sm2Co17
(Magnet)
TiAl6V (shell,
ring,
flanges…)
Estimated
composite *
(30% epoxy,
70% Cu)
Somaloy **
Vetronite
epoxy G11
Silicium / Iron
compact sheet

Young
Modulus
E (MPa)

Poisson
ratio ν

Density
ρ
(T/mm3)
-9

Thermal
dilatation
α (/K)

Thermal
Heat
conductivity capacity C
Λ (W/m/K)
(J/kg/K)

X=1.10-5
Y=1.2.10-5
Z=1.2.10-5

12

0.390.103

110 000

0.33

4.43.10

110 000

0.33

4.43.10-9

9.3.10-6

7

0.522.103

71 560

0.334

6.821.10-9

1.605.10-5

281

0.506.103

117 000
20 000
(// fiber)

0.266
0.3
(// fiber)

7.37.10-9

1.17.10-5
13.10-6
(// fiber)
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0.050.103

0.25

0.500.103

160 000

0.33

8.2.10-9

46

0.460.103

2.52.10-9

4.10-6 x 2

Table 1 : Materials characteristics

* Copper coil is wrapped with epoxy resin. According to copper wire diameter and
organization, the copper proportion in that composite is estimated at about 70%, with 30% of
epoxy proportion.
** Some Somaloy characteristics where given by M. Szabo Philippe from Höganäs France.
But we have no value concerning Thermal,conductivity, Heat capacity and Yield strength.
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3.2. Results for Static Thermal Analysis
Regarding the different materials used for the MHD module and the boundary conditions, we
have displacements and stress generated by thermal effect.

Figure 9 : Global displacements in mm

Global displacements are given in figure 12. The maximum is for the external flange.

Figure 10 : Radial displacements in mm

We can see uniform and non-uniform displacements along X axis in the MHD parts.
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Figure 11 : Axial displacements in mm

We can see uniform and non-uniform displacements along Y axis in the MHD parts.
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Figure 12 : Von Mises stress by element, and by node by element (extrapolated) for the MHD modulus

Figure 13 : Von Mises stress by element, and by node by element (extrapolated) for the enclosure and the
external flange

Maximum stress on the enclosure and external flange is located at the intersection with the
tightening ring and the yoke assembly. The maximum stress is very under the TA6V Yield
strength (Re = 870MPa).
Enclosure and external flange are titanium parts in order to avoid strain and stresses in the
assembly due to thermal expansion coefficients difference. When those parts are modeled
with stainless steel, stresses are much more greater than 316L Yield Strength (190MPa).
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Figure 14 : Von Mises stress by element, for the channel flange, the channel external shell and the
tightening ring

Max 257MPa
171MPa
Figure 15 : Von Mises stress by node by element (extrapolated), for the channel flange, the channel
external shell and the tightening ring

Maximum stress on those 3 TA6V welded parts are located on the channel external shell, at
the intersection with the inner core and with the washer. The maximum stress is very under
the TA6V Yield strength (Re = 870MPa).
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Figure 16 : Von Mises stress by element, and by node by element (extrapolated) for the washer

Maximum stress on the washer is located at the intersection with the magnet. It is a
traction/compression mixing. The maximum stress is very under the vétronite epoxy G11
traction Yield strength (Re = 375MPa) and compression Yield strength (Re = 260MPa).

Figure 17 : XY Shear stresses for the washer
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Figure 18 : Principal stresses for the washer

We can see very local shear stresses at the junction between the washer, the coil and the
magnet. The peak of XY shear stress is slightly under the vétronite epoxy G11 shear strength
(30MPa).

Figure 19 : Von Mises stress by element, and by node by element (extrapolated) for the magnet assembly
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Figure 20 : Stress tensor for the magnet assembly

Magnet is clearly in bending on the upper part, with stresses below flexural strength criteria of
100MPa.
Maximum stress on the magnet is located in the corner at the intersection with the coil and
washer. This purely tensile stress is above the Sm2Co17 tensile strength criteria of 40MPa,
and below compressive strength of 650MPa.
The second important stress is located at the center of its face glued on the shell. This tensile
stress is above the tensile strength criteria of 40MPa.
So we suppose that magnet will probably break in several parts, but it is near the 2D model
limits. A 3D model could be useful to determine it. The magnet will still be glued to the
TA6V shell anyway.

Figure 21 : Von Mises stress by element, and by node by element (extrapolated) for the yoke assembly
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Maximum stresses on the yoke are located on the channel external shell, at the intersection
with the inner core and with the washer. The maximum stress is very under the Fe/Si Yield
strength (Re = 420MPa).
max

Figure 22 : Von Mises stress by element, and by node by element (extrapolated) for the coil

Figure 23 : Stress tensor for the coil

Maximum stress on the coil is located at the intersection with the magnet core and with the
washer. The maximum stress is smaller than the Copper Yield strength (Re = 200MPa) and
than the Epoxy resin Compressive strength (Re = 120MPa).
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Figure 24 : Von Mises stress by element for the inner core

Figure 25 : Von Mises stress by node by element (extrapolated) for the inner core

Maximum stress on the inner core is located at the macor isolating insert position. We cannot
compare the maximum stress with the Somaloy Yield strength because we don’t have any
value. A complete analysis of the inner core has been realized with Catia, taking into account
holes for sodium (see §5).
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3.3. Results for Mechanical Analysis

Figure 26 : Global displacements in mm

The maximum global displacement is near the channel flange center (mainly longitudinal
displacement).

Figure 27 : Radial displacements in mm
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We can see uniform and non-uniform displacements along X axis in MHD parts.

Figure 28 : Axial displacements in mm

We can see uniform and non-uniform displacements along Y axis in MHD parts.
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Figure 29 : Von Mises stress by element, and by node by element (extrapolated) for the MHD modulus

Figure 30 : Von Mises stress by element, and by node by element (extrapolated) for the enclosure and the
external flange

Maximum stress on the enclosure and external flange is located at the intersection with the
tightening ring and the yoke. The maximum stress is very under the TA6V Yield strength (Re
= 870MPa).
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Figure 31 : Von Mises stress by element, for the channel flange, the channel external shell and the
tightening ring

Max 261MPa

580MPa
Figure 32 : Von Mises stress by node by element (extrapolated), for the channel flange, the channel
external shell and the tightening ring

Maximum stresses on the 3 TA6V welded parts are located on the channel external shell, at
the extremity of the weld with the channel flange and the tightening ring. The maximum
stress is under the TA6V Yield strength (Re = 870MPa).
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Figure 33 : Von Mises stress by element, and by node by element (extrapolated) for the washer

Maximum stress on the washer is located at the intersection with the magnet and is due to
compression. The maximum stress is very under the vétronite epoxy G11 compression Yield
strength (Re = 260MPa).

Figure 34 : Von Mises stress by element, and by node by element (extrapolated) for the magnet assembly
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Figure 35 : Stress tensor for the magnet assembly

Stresses on magnet due to pressure are more important than stresses due to temperature (see
§3.2Erreur ! Source du renvoi introuvable., with a Von Mises maximum stress of
100MPa).
Maximum stress on the magnet is located in the corner at the intersection with the shell and
washer. This tensile stress is above the Sm2Co17 tensile strength criteria of 40MPa, and
below compressive strength criteria of 650MPa. It is very local.
Magnet will probably break in several parts, but still glued to the TA6V shell.

Figure 36 : Von Mises stress by element, and by node by element (extrapolated) for the yoke assembly
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Maximum stresses on the yoke are located on the channel external shell, at the intersection
with the inner core and with the washer. The maximum stress is very under the Fe/Si Yield
strength (Re = 420MPa) and very local. The yoke assembly isn’t much solicited with only a
5MPa pressure.

Figure 37 : Von Mises stress by element, and by node by element (extrapolated) for the coil
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Figure 38 : Stress tensor for the coil

Maximum stress on the coil is located at the intersection with the magnet core and with the
washer. The maximum stress is smaller than the Copper Yield strength (Re = 200MPa) and
than the Epoxy resin Compressive strength (Re = 120MPa).

Figure 39 : Von Mises stress by element for the inner core

Figure 40 : Von Mises stress by node by element (extrapolated) for the inner core

Maximum stress on the inner core is located at the intersection with the tightening ring. We
cannot compare the maximum stress with the Somaloy Yield strength because we don’t have
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any value A complete analysis of the inner core has been realized with Catia, taking into
account holes for sodium (see §5).
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3.4. Results for Thermo-Mechanical Analysis
3.4.1. Displacements

Figure 41 : Global displacements in mm

The maximum global displacement is near the channel flange center (mainly longitudinal
displacement).

Figure 42 : Radial displacements in mm
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We can see uniform and non-uniform displacements along X axis in MHD parts.

Figure 43 : Axial displacements in mm

We can see uniform and non-uniform displacements along Y axis in MHD parts.
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3.4.2. Von Mises Stress

Figure 44 : Von Mises stress by element, and by node by element (extrapolated) for the enclosure and the
external flange

Maximum stress on the enclosure and external flange is located at the intersection with the
tightening ring and the yoke. The maximum stress is very under the TA6V Yield strength (Re
= 870MPa).

Figure 45 : Von Mises stress by element, for the channel flange, the channel external shell and the
tightening ring
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Max 572MPa
525MPa
Figure 46 : Von Mises stress by node by element (extrapolated), for the channel flange, the channel
external shell and the tightening ring

Maximum stresses on the 3 TA6V welded parts are located on the channel external shell, at
the intersection with the inner core and with the washer. The maximum stress is under the
TA6V Yield strength (Re = 870MPa).

Figure 47 : Von Mises stress by element, and by node by element (extrapolated) for the washer

Maximum stress on the washer is located at the intersection with the magnet. It is a
traction/compression mixing. The maximum stress is very under the vétronite epoxy G11
traction Yield strength (Re = 375MPa) and compression Yield strength (Re = 260MPa).
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Figure 48 : Von Mises stress by element, and by node by element (extrapolated) for the magnet assembly

Figure 49 : Stress tensor for the magnet assembly

Maximum stress on the magnet is located in the corner at the intersection with the shell. This
tensile+compressive stress is above the Sm2Co17 tensile strength of 40MPa, and below
compressive strength of 650MPa. It is very local.
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The second important stress is located at the center of its face glued on the shell. This tensile
stress is above the tensile strength of 40MPa.
Magnet will probably break in several parts, but still glued to the TA6V shell.

Figure 50 : Von Mises stress by element, and by node by element (extrapolated) for the yoke assembly

Maximum stresses on the yoke assembly are located at the intersection with the inner core and
with the washer. The maximum stress is very under the Fe/Si Yield strength (Re = 420MPa).
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Figure 51 : Von Mises stress by element, and by node by element (extrapolated) for the coil

Figure 52 : Stress tensor for the coil

Maximum stress on the coil is located at the intersection with the magnet core and with the
washer. The maximum stress is smaller than the Copper Yield strength (Re = 200MPa) and
than the Epoxy resin Compressive strength (Re = 120MPa).
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Figure 53 : Von Mises stress by element, and by node by element (extrapolated) for the inner core

Maximum stress on the inner core is located at the intersection with the tightening ring. The
maximum stress is smaller than the Somaloy Yield strength (Re = 250MPa). A local analysis
of the inner core has been realized with Catia (see §0).
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4. Study of the Channel Flange, Connection Duct and MHD Adaptor
The aim of this study is to validate channel flange, elbow connector and MHD adaptor.

4.1. Description of the Model
It is a 3D model. Only half of each part is modeled, thanks to XZ symmetry plane.

Transformer
tube

MHD module
adaptor

Channel
internal
flange

Elbow
connector

Graphite
seals

Figure 54 : Design in Catia and screw modelisation

Screws are modeled by beams and relied to parts by rigids bodies. Tensile force is applied on
beam in order to modelise tightening torque. Maximum stress in a screw: Fp = 0.7 x Fub x As
with Fub maximal traction resistance, and As resistant section.
For M6 class 8.8 screws, As = 17.9mm², Yield stress Re = 640 MPa, and Ultimate stress Fub
= 800MPa.
We will a take a 80% safety margin on Fp, so screw connexions are modeled with a 2004 N
preload.
Contacts are created between the 6 parts.
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4.1.1. Mesh
For the whole model there are about 500 000 elements and 800 000 nodes. This huge number
is principally due to very little dimensions in the channel flange. There are small fillets
(0.2mm) on the channel flange fins but they are not modeled here in order to lighten the
model (already heavy). Their impact is evaluated in a local model (see §4.3).

Refined at
0.5mm
Figure 55 : Channel internal flange mesh

Refined
at 1mm
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Figure 56 : Elbow connector mesh

4.1.2. Boundary Conditions
Edge displacements
blocked in X

Y displacements
blocked

Center
displacements
blocked in Y
and Z

Figure 57 : channel flange, connection duct and MHD adaptor boundary conditions

The edge of the channel flange is blocked in X direction to simulate the contact with the
external flange. Parts cutting the symmetry plane XY are blocked along Y axis. The center of
the channel flange is blocked in Y and Z directions.

X displacements
blocked

Transformer tubes are relied together by a beam, also in
stainless steel. So we can suppose that the tube thermal
expansion will not be totally restrained in X direction. A
good modelisation is probably a mixing between a free tube
extremity, and a X blocking. A comparative study has been
made, so results with and without X fixation will be
compared to take into account the dimensioning case.

Figure 58 : transformer tube boundary conditions for the X fixed case
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4.1.3. Loads
MHD operating pressure is 40bars ±7 bars. To be conservative and to take into account
possible operating errors, a 5MPa pressure is applied on every surface in contact with sodium
and argon gas.
We take into account that sodium acceleration axially pushes the inner core against the
channel flange, so a force is also applied:
• Determination of the sodium acceleration:
a = ±D (2πf)²
with ±D = 25 mm maximum amplitude for 480g Na
f = 45 Hz operating frequency
• Force = m x a = 960 N
with m = 0.48kg, sodium mass
Therefore a 960N is applied on the inner face of the channel flange.

Temperature applied is 200°C.

4.1.4. Materials
As temperature evolves from 20°C to 200°C, materials characteristics are considered constant
along all the temperature range. See values in the table below:
Material (part)
TiAl6V (flange,
elbow connector)
Graphite (seals)
Stainless steel
316LN (MHD
adaptor, tube)

Poisson
ratio ν

Density ρ
(T/mm3)

110 000

0.33

4.43.10-9

9.3.10-6

10 000

0.3

2.26.10-9

4.3.10-6

196 000

0.3

7.9.10-9

16.5.10-6

Young Modulus
E (MPa)

Table 2 : Materials characteristics

55

Thermal
dilatation α (/K)

4.2. Results

Figure 59 : global displacements for free TAc and X blocked TAc

We can see the efficiency of the X blocking, which halves global displacements.
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238 MPa

Figure 60 : Von Mises stresses on stainless steel parts for free TAc

274 MPa

Figure 61 : Von Mises stresses on stainless steel parts for X blocked TAc

Overstresses near screws are not realistic. Our software Catia cannot calculate virtual
tightening connections thermal expansion, so it generates huge stresses due to temperature in
parts and screws.
Transformer tubes are validated in a Samcef calculation, described in the TAc calculation
report.
MHD modulus adaptor is very solicited at the weld of the flange in contact with elbow
connector. The maximum value given by the two different boundary conditions shows a peak
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here about 274MPa with an X blocked TAc. As stainless steel 316L yield strength is 190MPa,
we preconize not to grind down the weld to have more matter at this critical area.

463 MPa

Figure 62 : Von Mises stresses on elbow connector for free TAc

440 MPa

Figure 63 : Von Mises stresses on elbow connector for X blocked TAc

Elbow connector is very solicited at the weld of the flange in contact with channel flange. We
can see a pic here about 463MPa, for a 870MPa yield strength, so we preconize not to grind
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down the weld to have more matter at this critical place, and to avoid beginning the weld at
this critical place but rather near the boss.
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425 MPa

Figure 64 : Von Mises stresses on channel internal flange for free TAc
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451 MPa

Figure 65 : Von Mises stresses on channel internal flange for X blocked TAc

Maximum stresses at boundary condition places (flange center and external edge) will not be
taken into account.
Channel flange is very solicited at fins intersections. We can see a pic here about 451MPa, for
a 870MPa yield strength, which lets a 2 safety factor.
Moreover, small fillets of the channel flange haven’t been modeled.
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4.3. Local Model for Channel Flange Details
Small fillets (0.2mm) of the channel flange have been modeled to evaluate their impact on
stresses. So another local model has been studied with only channel flange, one graphite seal,
and elbow connector to lighten the model.

0.2mm

0.2mm

Figure 66 : channel flange fillets

4.3.1. Boundary Conditions

Y displacements
blocked

Edge displacements
blocked in X

Center
displacements
blocked in Z
Figure 67 : channel flange and connection duct boundary conditions
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Parts cutting the symmetry plane XY are blocked along Y direction. The center of the channel
flange is blocked in Z direction. The edge of the channel flange in contact with the external
flange, is blocked in X direction to simulate this interaction.

4.3.2. Loads
MHD operating pressure is 40bars ±7 bars. To be conservative and to take into account
possible operating errors, a 5MPa pressure is applied on every surface in contact with sodium
and argon gas.
We take into account that sodium acceleration axially pushes the inner core against the
channel flange, so a force is also applied:
• Determination of the acceleration: a = ±D (2πf)²
with ±D = 25 mm maximum amplitude for 480g Na
f = 45 Hz
• Force = m x a = 960 N
with m = 0.48kg, sodium mass
Therefore a 960N is applied on the inner face of the channel flange.

Temperature applied is 200°C.

4.3.3. Materials
As temperature evolves from 20°C to 200°C, materials characteristics are considered constant
along all the temperature range. See values in the table below:
Material (part)
TiAl6V (flange,
elbow connector)
Graphite (seals)

Poisson
ratio ν

Density ρ
(T/mm3)

110 000

0.33

4.43.10-9

9.3.10-6

10 000

0.3

2.26.10-9

4.3.10-6

Young Modulus
E (MPa)

Table 3 : Materials characteristics
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Thermal
dilatation α (/K)

4.3.4. Results

Figure 68 : global displacements

466 MPa

Figure 69 : Von Mises stresses on elbow connector

Elbow connector is very solicited at the weld of the flange in contact with channel flange. We
can see a pic here about 466MPa, for a 870MPa yield strength, so we preconize not to grind
down the weld to have more matter at this critical place, and to avoid beginning the weld at
this critical place but rather near the boss.
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486 MPa
376 MPa

Figure 70 : Von Mises stresses on channel internal flange for free TAc

Maximum stresses at boundary condition places (flange center and external edge) will not be
taken into account.
Channel flange is very solicited at fins intersections. We can see a pic here about 486MPa, for
a 870MPa yield strength, which lets a 1.8 safety factor.
Stresses are more important than in previous model without fillets, but with MHD adaptor and
transformer tubes. So we cannot measure fillets impact, but it logically decreases the stresses
at fins intersections.
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5. Study of the Innercore
The Samcef Bacon axisymetrical model (see §3.4) permits to analyze interactions between
inner core, channel flange and channel external shell. But to validate complex inner core
geometry, we need to use Catia.

5.1. Description of the Model
5.1.1. Boundary Conditions

Figure 71 : Boundary conditions

Only symmetry conditions are applied: displacements normal to geometrical plane are
blocked.
5.1.2. Loads

Figure 72 : Applied pressure
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MHD operating pressure is 40bars ±7 bars. To be conservative and to take into account
possible operating errors, a 5MPa pressure is applied on every surface in contact with sodium
(exterior surfaces and inside holes).
Temperature applied is 200°C.

5.1.3. Materials
As temperature evolves from 20°C to 200°C, materials characteristics are considered constant
along all the temperature range. See values in the table below:
Material (part)
Somaloy

Young Modulus
E (MPa)
117 000

Poisson
ratio ν

Density ρ
(T/mm3)

0.266

7.37.10-9

Table 4 : Materials characteristics

5.2. Results

Figure 73 : global displacements

A 2 sides expansion is noticed: radial and axial.
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Thermal
dilatation α (/K)
1.17.10-5

Figure 74 : Von Mises stresses

As expected, maximum stresses are located in thin matter staying between holes. We cannot
compare the maximum stress with the Somaloy Yield strength because we don’t have any
value
Even if strains due to contact with other parts aren’t taken into account, 2D global model
shows it only impacts few areas.
We can not say if inner core’s design is validated for such pressure and temperature (without
gradient).
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6. Study of the MHD support
A previous MHD support design has been validated. It has to hold up MHD modulus, and not
to enter in resonance for a 45Hz frequency in use. So the frequency criteria is 80Hz minimum.
For all the MHD support models, see materials characteristics below:
Material (part)

Young Modulus
E (MPa)

Poisson
ratio ν

196 000

0.3

Stainless Steel 304L
(X2CrNi19-11)

Density ρ
(T/mm3)

Thermal
dilatation α (/K)

7.9.10-9

1.7.10-5

Table 5 : Materials characteristics

6.1. Modal Analysis
Screws between mounts, base plate and crossbars, have been modeled by rigid connections.
MHD modulus is replaced by rigid beams, and a 30kg mass distributed on the 4 fixations.
Masses
Rigid beams
for MHD
modulus

Mount

Screws

Base plate

Crossbar
Figure 75 : MHD support model for modal calculation

6.1.1. Boundary Conditions
The four anchorings have been clamped.
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Figure 76 : Boundary conditions for modal calculation

6.1.2. Loads
No load for modal calculation.

6.1.3. Results
Mode number
1
2
3
4
5

Frequency (Hz)
171.1
186.1
398.8
503.9
578.9

Proper frequencies are very above 45Hz, the frequency in use, and our 80Hz criteria. Here
below, the three first deformation modes. So we have a safety factor of 4.
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Figure 77 : First deformation mode

Figure 78 : Second deformation mode

Figure 79 : Third deformation mode
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6.2. Static Analysis with Sodium Acceleration
Rigid beams
for MHD
modulus
Mount

Base plate

Screws

Crossbar

Figure 80 : MHD support model for static calculation with sodium acceleration

Screws between mounts, base plate and crossbars, have been modeled by virtual tightening
connections, and contact between faces.
Maximum stress in a screw: Fp = 0.7 x Fub x As
with Fub maximal traction resistance, and As resistant section.
For M10 class 8.8 screws, As = 58mm², Yield stress Re = 640 MPa, and Ultimate stress Fub =
800MPa.
We will a take a 20% safety margin on Fp, so screw connexions are modeled with a 6500 N
prestress.

6.2.1. Boundary Conditions

The four anchorings have been clamped.
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Figure 81 : Boundary conditions for static calculation with sodium acceleration

6.2.2. Loads

Sodium
acceleration

MHD
weight

Figure 82 : Applied forces due to sodium acceleration and MHD weight

To take into account MHD weight, a 300N vertical downward force has been distributed
between the 4 MHD fixations on the support.

We take into account that sodium acceleration axially pushes the inner core against the
channel flange and the support, so a lateral X force is also applied:
• Determination of the acceleration: a = ±D (2πf)²
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with

±D = 25 mm maximum amplitude for 480g Na
f = 45 Hz
• Force = m x a = 960 N
with m = 0.48kg, sodium mass
Therefore a 1000N longitudinal force is distributed between the 4 MHD fixations on the
support.

6.2.3. Results

Figure 83 : support global displacements

74

Figure 84 : Von Mises stresses

Maximum stress is about 350 MPa and is very local, due to screw modelisation. Stress state in
MHD support is very under Stainless Steel 304L Yield strength (180MPa).
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6.3. Static Analysis with MHD Internal Pressure
Rigid beams
for MHD
modulus
Mount

Base plate

Screws

Crossbar

Figure 85 : MHD support model for static calculation

Screws between mounts, base plate and crossbars, have been modeled by virtual tightening
connections, and contact between faces.
Maximum stress in a screw: Fp = 0.7 x Fub x As
with Fub maximal traction resistance, and As resistant section.
For M10 class 8.8 screws, As = 58mm², Yield stress Re = 640 MPa, and Ultimate stress Fub =
800MPa.
We will a take a 20% safety margin on Fp, so screw connexions are modeled with a 6500 N
prestress.

6.3.1. Boundary Conditions

The four anchorings have been clamped.
MHD external flange axial displacements have been extracted from 2D calculation (see
§3.4.1). They take into account a 200°C temperature and a 50bars sodium pressure on the
MHD modulus. Those displacements have been applied on the support model, at MHD
modulus fixations.
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0.3mm displacements
due to MHD expansion

Figure 86 : Boundary conditions for static calculation with MHD internal pressure

6.3.2. Loads
No load applied.

6.3.3. Results

Figure 87 : support global displacements
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Figure 88 : Von Mises stresses

Maximum stress is very local, due to screw modelisation. Von Mises stresses over Stainless
Steel 304L Yield strength (180MPa) are localized near boundary conditions, at MHD
fixations.
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Figure 89 : Von Mises stresses in cross-section near MHD fixation

Those stresses are to be watched because they are over criteria along all the plate thickness.
But the load case doesn’t take into account a possible thermal expansion of the MHD support
which is in contact with a 200°C device. And the design is a proposal for IPUL.
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7. Local Study of the TA6V Thin Channel External Shell
The aim of this study is to determine the TA6V shell displacement in the thermocouple area.
It has been realized by Vincent Roger.

7.1. Description of the Model
7.1.1. Mesh:
We chose to realise a local model: only a few part of the shell has been modeled and it has
been considered flat. Only ¼ of the structure is modeled.

Titanium shell

z
Thermocouple guide

y

Figure 90 : Mesh of the shell and thermocouple guide

7.1.2. Boundary Conditions:
The lower face of the shell is blocked along Z axis.
Symmetry boundary conditions are applied on the cross-sections.

7.1.3. Loads:
A 5 MPa pressure is applied on the upper face of the shell.

7.1.4. Materials:
TA6V
 Young modulus: 110 GPa
 Poisson ratio: 0.33
 Density: 4 430 kg/m3
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x

7.2. Analytical Calculation:
Uniformely distributed load q on a plate

Stresses:

Deflections:

Using above formulas, we will surround the results considering 2 values of the radius « a » :
one corresponding to the interior radius of the pipe, the other corresponding to the external
radius of the pipe with a gap of 0.5mm added.
Considering the following data: e = 0.5 mm ; a = 1.1 mm ; E = 110 GPa ; v = 0.33 , we get a
0.089μm deflection and a 12MPa maximum stress.
Considering the following data: e = 0.5 mm ; a = 2.6 mm ; E = 110 GPa ; v = 0.33 , we get a
2.8μm deflection and a 68MPa maximum stress.
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7.3. Results
Displacements along z Axis:

Figure 91 : Displacements along z axis of the shell and the thermocouple guide

The deflection is 1.137 μm. This value is included in the interval [0.089 μm ; 2.8 μm]
obtained by analytical calculation.

Extrapolated Von Mises Stress:

Figure 92 : Extrapolated Von Mises stress of the shell and thermocouple guide

Overstress is noticed near the boundary conditions, it is not physical. There is other stress at
the intersection of the pipe and the shell because the bending radius hasn’t been modeled. In
the other areas, the maximal stress is lower than 44 MPa, which is very under the TA6V Yield
Strength (Re = 870MPa).
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8. Conclusion on the MHD Generator
Part

Model
used

Material

Enclosure

2D
axisym
2D
axisym
2D
axisym
2D
axisym
2D
axisym

TiAl6V

External
flange
Channel ext
shell
Tightening
ring
Washer

Magnet

2D
axisym

Yoke
assembly

2D
axisym

Coil

2D
axisym

Channel
flange
Connection
duct
Innercore

3D
model
3D
model
3D
model

TiAl6V
TiAl6V
TiAl6V
Vetronite
epoxy
G11
Sm2Co17

Max Von
Mises
stresses
(MPa)
281
281
525
< 200
44

98

FeSi
compact
sheet
30%
epoxy,
70% Cu

181

TiAl6V

451

TiAl6V
Somaloy

62

463
74

Yield
Strength
(MPa)
Tensile
870
Tensile
870
Tensile
870
Tensile
870
375 tensile
260 compr
550 flex
40 tensile
650 compr
90 flexural
Tensile
300
Tensile
200 copper
Compress
120 epoxy
Tensile
870
Tensile
870
Unknown

Safety
factor

3.1
3.1
1.7
4.4
8.5
5.9
12.5

1.7

3.2
1.9
1.9
1.9
Unkno
wn

Ultimate
Strength
(MPa)
Tensile
930
Tensile
930
Tensile
930
Tensile
930
375 tens
260 comp
550 flex
40 tens
650 comp
90 flex
Tensile
420
Tensile
270 Cu
Compress
120 epox
Tensile
930
Tensile
930
Unknown

Safety
factor

3.3
3.3
1.8*
4.7
8.5
5.9
12.5

Validation

OK
OK
OK
OK
OK

**

2.3

4.4

OK

OK

1.9***
2.1
2
Unkno
wn

OK
OK
Not
defined

Table 6 : Results for all MHD parts

* Maximum stress on the channel external shell is located at the intersection with the inner
core. It is very local and due to contact conditions. A safety factor of 2 for ultimate strength
can’t be reached if this peak is taken into account.
** Maximum stress on the magnet is located in the corners of the magnet at the junction with
the shell. This tensile+compressive stress is above the Sm2Co17 tensile strength of 40MPa,
and below compressive strength of 650MPa. It is very local.
So we suppose that magnet will probably break in several parts, but it is near the
axisymmetric model limits. A 3D model could be useful to determine it. The magnet will still
be glued to the TA6V shell, the parts don’t move and the technological function of magnets is
still ensured.
*** Maximum stress on the coil is located at the junction with the magnet core and with the
washer. It is widely compressive and very local. A safety factor of 2 for ultimate strength
can’t be reached if this peak is taken into account.
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9. Description of the Space Trips Project and the TAC Loop
Space TRIPS project aims to demonstrate the feasibility of an advanced radioisotopic power
system for space exploration, with high efficiency and free moving parts. The concept relies
on thermoacoustic (TAc) engine, coupled with a magnetohydrodynamics (MHD) electrical
generator. This project includes the design and the manufacturing of an earth demonstrator.
Thermo-acoustic principle: thermodynamic principle which converts heat in alternative
mechanical work (acoustic wave).
To obtain an acoustic wave, a huge local temperature difference is necessary. With this
variation, the gas cinematic is accelerated by the internal convection coming from the
temperature difference between the cold source and the hot source.
The technological solution is displayed below:

Figure 93 : principle outline
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Figure 94 : TAC loop design and physical criteria
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10. Loïc Jean Studies
Calculations were realized from the first design and along the design evolution of the TAc
engine. This is a compilation of those studies, still useful for the current design.

10.1. TAC Pre-Study
The aim is to determine the importance of thermal stresses and to identify critical zones.

10.1.1. Modelisation
The HHX has to transfer the best possible heat towards fins, so a high thermal conductivity is
needed, combined to a high mechanical resistance. On this studied design, Beryllium was
chosen because of its high thermal conductivity (200 W.m-1.K-1, see Table 7). But because of
its price, its weak resistance at high temperature, and the precautions to take for its machining,
then inconel 718 was preferred. It has a good resistance at high temperature.
For the entire paragraph 2.2, the design is considered with an HHX made in Beryllium.
Another material used is zirconia Y-TZP, a technical ceramic with a zirconium oxide basis. It
has a high temperature resistance, but a weak conductivity (2 W.m-1.K-1)

Figure 95 : first TAC loop design

To simplify calculations, fins, regenerator, and CHX’s inside tubes aren’t modeled.
The design is reworked to keep only elementary geometries. 50 000 finite elements and
140 000 nodes for this study.
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10.1.2. Thermal Linear Simulation
Materials: Characteristics of the materials don’t evolve with temperature, for a first
approximation. Characteristics are constant values and taken for a 20°C temperature. Only
conduction and convection are taken into account.
Density ρ
(T/mm3)

Material (part)
Stainless steel (tubes, CHX,
cooling flange, divergent, T)
Beryllium (HHX)
Zircon (CHX flanges, CHX
elbow)

Thermal conductivity Λ
(W/m/K)

Heat capacity C
(J/kg/K)

7.9.10-9

15.3

0.500.103

1.85.10-9

200

1.820.103

5.9.10-9

1.7

0.435.103

Table 7 : Materials thermal characteristics

Boundary Conditions: Imposed temperatures: HHX has to be at 1100K, CHX at 400K, and
the cooling flange at 400K.

Figure 96 : Boundary conditions for thermal linear simulation on first design

Loads: TAc modulus will be isolated, so almost only tubes will be exposed to a natural
convection (10-5 W.mm2.K-1 for 293K fluid temperature).
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Figure 97 : Natural convection in tubes

Results:

Figure 98 : Temperature field

We can notice the temperature gradient on the zirconia flange. It will have consequences on
thermomechanics studies.
In T and curves stainless steel tubes, temperature reaches 540K, so stresses due to differential
expansions can be expected.
Analytical Calculation for Conduction Loses:
In order to validate previous results, we need to estimate conduction loses.

With
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For Rext = 53mm, Rint = 50mm and lenveloppe = 75mm

Numerical Calculation for Conduction Loses:
Samcef thermal loses of the zirconia flange have to be compared to previous analytical
calculation.

Figure 99 : Thermal loses in zirconia flange

Samcef default unit is kW.m-2, a flux density and not a flux, strictly. So, it gives in average:

To switch from a flux density to a flux, it has to be multiplied by the area, normal to the flux
direction. The transverse area in our case:

Samcef result has a 4% difference with the analytical calculation, which is satisfying. This
difference could come from the Samcef approximation on the surface.
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10.1.3. Mechanical Linear Simulation
Loads: Only pressure and structure’s proper weight
The 5MPa static pressure is applied on shell and 3D elements:

Figure 100 : Pressure on TAc loop

A first approach is to clamp the blue parts (HHX’s bottom and MHD’s flange)

Figure 101 : Mechanical boundary conditions
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Materials: Characteristics of the materials don’t evolve with temperature, for a first
approximation
Material (part)
Young Modulus Poisson
Density ρ Thermal
E (MPa)
ratio ν
(T/mm3)
dilatation α (/K)
Stainless steel (tubes,
196 000
0.3
7.9.10-9
16.8.10-6
CHX, cooling flange,
divergent, T)
300 000
0.065
1.85.10-9
18.4.10-6
Beryllium (HHX)
Zircon (CHX flanges,
210 000
0.25
5.9.10-9
11.5.10-6
CHX elbow)
Table 8 : Materials mechanical characteristics

Stress Analysis:
Stresses are concentrated on zirconia parts, and more precisely at the intersection between
elbow and flange.

Figure 102 : Von Mises extrapolated equivalent stresses, mechanical loading

Maximum extrapolated Von Mises stress is 264MPa. Zirconia’s yield stress for ambient
temperature is 850MPa, so we are in linear material’s area.
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Figure 103 : Von Mises extrapolated equivalent stresses, mechanical loading, interesting areas

Displacement’s Analysis:
Displacements are more important on Z axis. The loop tends to bend forward because of the
structural weak created by T junctions. The maximum displacement modulus is about 95.10-3
mm. For a 1000mm high loop, it’s clear the linear approach is valid because of the small
deformations.

Figure 104 : Displacements modulus (left) and Z displacements (right)

96

10.1.4. Dynamic Study
For a first approximation, the vibration characteristic frequencies’ calculation doesn’t take
into account the preload. As parts are in tension, small pressure will slightly increase the
tubes’ rigidity. So it is conservative not to take into account pressure. Modes 1 and 2 concern
feedback tubes. Their oscillations take place around two axis (in black) relying CHX and
opposite cooling flange. For modes 3 and 4, oscillations take place around transformer tubes
which have a spring behavior, rolling and unrolling.
Frequencies for the 2 firsts modes are near the TAc loop’s frequency of use (45Hz). The
structure needs to be rigidified to avoid being in resonance, which would make it unstable and
would ruin it. A framework is recommended. Feedback tubes can also been attached together,
at isotherm places to avoid more thermal stress.

Figure 105 : TAC loop vibration characteristic frequencies
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10.1.5. ThermoMechanical Simulation
The aim is to take into account thermal and mechanical loadings. The coupling of those 2
physics is necessary to have a better representation of the real physical phenomes.
Thermal expansions are taken into account in the linear mechanical calculation, with pressure.
Boundary conditions are the same than the mechanical study: HHX’s bottom and MHD flange
are clamped.

Stress Analysis:

Figure 106 : Von Mises extrapolated equivalent stresses, thermomechanical loading

Stresses explode and reach about 9800 MPa close to boundary conditions. It can be explained
by the clamped face, and the extended HHX to keep away boundary conditions from the
studied area. Here, the St Venant’s principle is respected because the length is 3 time the
diameter.
At the zirconia-beryllium interface, stress is well above zirconia’s yield strength and even
ultimate strength, because zirconia is a fragile material. Differential expansions create a
rupture at the interface.
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Figure 107 : Von Mises extrapolated equivalent stresses, thermomechanical loading, interesting areas

Figure 108 : Von Mises extrapolated equivalent stresses, thermomechanical loading, singularities

Displacements Analysis:
Displacements increased about a factor 200 compared to the mechanical study, from 0.1mm
to 17mm. They stay small compared to the TAc loop length (1000mm). But rotations are very
important.
Displacements became more important in X direction than in Z direction. Expansions stretch
out the structure along its major axis. This design modification could disturb TAc loop good
working.
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Figure 109 : Displacements modulus (left) and X displacements (right)
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Figure 110 : Nodal rotations, thermomechanical loading

In some places, rotations reach 70°. Those important rotations are localized at the interface
zirconia flange / beryllium HHX. We can say that the geometrical linearity hypothesis isn’t
respected anymore.

10.1.6. Conclusion
This study permits to concentrate future analysis on TAc modulus. Temperature rise creates
expansions, which lead to thermal stresses.
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10.2. Tubes’ Design Recommendations
Only the resistance criteria will be evaluated, with a temperature field of about 400°K

Figure 111 : Von Mises stress in the TAC loop at T=400°K

Stress concentration is about 360MPa at the T junction for a 2mm thickness. We are not
material linear if we use Stainless steel 310, which yield strength is 260MPa. We recommend
doubling the thickness at the T junction, what reduce the stress to 180MPa. But to take into
account fatigue effects, an empirical result is to apply a security coefficient of 3 for 107
lifecycles. It gives a yield strength of 90MPa not to exceed, so a 8mm thickness at the T
junction.
Thinking the same way, the average tube thickness should be doubled too, so it means a 4mm
thickness while it is currently 2mm.
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10.3. Thermal Transitory Simulation on the Last Design
Thermal boundary conditions:
A 400K temperature is imposed inside the CHX and the cooling flange. A 1100K temperature
is imposed on the red surfaces of the HHX

Figure 112 : Imposed temperature

As it is a thermal transitory calculation, temperature are not constant in time. At t=0s
temperatures are equal to 293K (ambient). The imposed temperature of 400K is reached at
t=10s, and the 1100K imposed one at t=20s. This evolution is arbitrary and can be improved
following heating resistance supplier’s data, or experimentation data.
Or a thermomechanical transitory calculation could be carried out.
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10.3.1. Simulation without Radiation
Radiation from fins isn’t taken into account but conduction is modeled. Temperature gradient
starts from the hot source and progressively decreases to the cold source.

Figure 113 : Temperature field without radiation

The following temperature evolution occurs on the black point situated at Inconel shield midheight.

Figure 114 : Temperature evolution on the black point on Inconel shield without radiation
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10.3.2. Simulation with Radiation:
With radiation taken into account, temperature gradient is quite different. It starts at the halfheight of the fins and progressively decreases to the cold source. The model is consistent with
hypothesis.
But in reality, temperature gradient should be the same than without radiation because fins
touch regenerator. The error comes from the parietal radiation represented here, instead of the
mutual radiation. Temperature from conduction isn’t collected and used as data for radiation.
This type of modeling isn’t yet implemented in Samcef Field.
Another method has been used: the temperature evolution on 2 nodes (one outside the fins,
the other one inside the shield, see black point) has been collected. Then, the results have been
applied as temperature of their respective wall.

Figure 115 : Temperature field with radiation
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Figure 116 : Temperature evolution on the black point on Inconel shield with radiation

Temperature data show that the time for reaching the same temperature varies with or without
radiation. For example, in the model with conduction only, the 950K temperature will be
reached in about 10 000 s, whereas taking into account radiation, this time is reduced by an
hour, to 3 500s. It can be explained by a better thermal transfer with radiation. Temperature
variation is more important, and the steady state is reached more quickly. Analyzing the
temperature curve, we can say that temperature variation becomes very small after 8 000s. So
the steady state is reached at 2.2 hours. But this is a non-physical time because it depends on
the temperature increase which is not physical.

10.3.3. Conclusion:
There is an important difference with and without taking into account radiation in the model.
The steady state is reached more quickly if radiation is modeled. However, calculation seems
less physical on the temperature data with radiation. If mutual radiation were simulated, the
physical behavior of the TAc engine would be better modeled, because the steady state needs
to be determined at every moment.
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11. Modal Calculations
The aim of this study is to determine the frequencies of the TAc loop, and if it is far away
from the frequency of use (45Hz).
A previous calculation was done by Loïc Jean but with the old design (see §10.1.4).
Nevertheless, it permitted to notice that the TAc loop frequencies were close to 45Hz and that
the system needed to be rigidified to avoid resonance, and then its ruin. So the following
calculations show two different solutions to improve the rigidity of the system.

11.1. Using BACON software
11.1.1. Description of the models

Figure 117 : Last design description

All the following parts are 4mm thick: CHX, divergent, feedback tubes, T junction, beam,
transformer tubes, MHD adapter, cooling flange.
We decided to not apply pressure in order to be conservative. With internal 5MPa pressure,
the frequencies are about 5Hz higher.
Material (part)
Stainless steel (tubes,
CHX, cooling flange,
divergent, T)
Inconel (HHX)
Zircon (CHX flanges,
CHX elbow)

Young Modulus
E (MPa)

Poisson
ratio ν

Density ρ
(T/mm3)

Thermal
dilatation α (/K)

196 000

0.3

7.9.10-9

16.8.10-6

154 000

0.289

8.19.10-9

18.4.10-6

210 000

0.25

5.9.10-9

11.5.10-6

Table 9 : Materials characteristics in Bacon software
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First model :

Beam 46.5x5 in stainless
steel.
Boundary Conditions:
-center of the beam blocked
in Y and Z directions
-bottom of the HHX and
MHD adapter tubes are
clamped.

Figure 118 : First Bacon model

Second model :
Beam 50x50x4 in stainless
steel.
Reduction of the HHX’s
height, from 300mm to
37mm.
Modification of the Inconel
density (x2.8) and the
zirconia flange density
(x9.5) to get the current
design mass.
Boundary Conditions:
-center of the beam blocked
in Y and Z directions
-bottom of the HHX and
MHD adapter tubes are
clamped.
Figure 119 : Second Bacon model

108

11.1.2. Results
Frequencies (Hz)
1rst
2nd
3rd

1rst model, with a 46x5 plate
74.5
85.6
97.6

2nd model, with a 50x50x4 tube
82.2
89.8
98.8

Table 10 : Modal results using Bacon software

First model :

Figure 120 : Three firsts modes on first Bacon model

The 1rst mode is a large frontward translation of one tube, and a small translation of the
second tube backward.
The 2nd mode is a large translation of one feedback tube, and a small translation of the
second feedback tube, which increase the distance between tubes.
The 3rd mode shows the torsion of the whole structure.
The 4th mode (see below) shows the forward translation of the feedback tubes, while the
transformer tubes are getting closer.
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Figure 121 : Fourth mode on first Bacon model

Second model :
For the second Bacon model, the three firsts modes have the same shape. It’s slightly different
for the fourth mode.

Figure 122 : Fourth mode on second Bacon model

There is no frontward translation of the feedback tubes. And only one of the transformer tube
is getting closer to the other.
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11.2. Using CATIA software
11.2.1. Description of the model
Materials: Characteristics of the materials don’t evolve with temperature, for a first
approximation. Only conduction and convection are taken into account.
Material (part)

Young Modulus
E (MPa)

Stainless steel 316L
(CHX)
Stainless steel 316LN
(connection beam, tubes, T
junction, divergent)
Aluminium (CHX support)
Zircon (connection,
flange)
TA6V (elbow connector)
Inconel 718 (HHX)

Poisson
ratio ν

Density ρ
(T/mm3)

Thermal
dilatation α (/K)

196 000

0.3

7.9.10-9

16.5.10-6

196 000

0.3

7.9.10-9

16.5.10-6

70 000

0.346

2.71.10-9

23.6.10-6

210 000

0.24

6.16.10-9

8.8.10-6

110 000
154 000

0.34
0.289

4.43.10-9
8.19.10-9

9.5.10-6
17.10-6

Table 11 : Materials characteristics in Catia software

1 822 000 nodes, 1 089 000 elements

Z free

Clamped
Figure 123 : Model on Catia software

Boundary Conditions:
The base of the HHX is clamped. The MHD side of the connection ducts is clamped too. And
the holes for the fixation of the CHX support are clamped.
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The center of the 46.5x5 beam is blocked in X and Y direction. The Z direction is left free to
avoid stresses due to tube’s thermal dilatation.
All the screws are modeled by rigid connection beams. Contact is created between the bottom
of the CHX and the top of the regenerator. HHX and Inconel shield are glued to lighten the
model and reduce calculation time.
The results are the same with all the parts glued together (less than 2% difference).

11.2.2. Results
Frequencies (Hz)
1rst
2nd
3rd
4th

In Catia, with a 46x5 plate and connection duct
72.5
74.5
91.7
98.4

Table 12 : Modal results using Catia software

Figure 124 : 1rst and 2nd modes on Catia model

Figure 125 : 3rd and 4th modes on Catia model

The 1rst and 2nd modes are symmetrical and show the torsion of one tube. The 3rd and 4th
show the translation, backwards and forwards, of one tube.
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11.3. Comparison and conclusion
Frequencies (Hz)
1rst
2nd
3rd
4th

1rst Bacon model, with a 46x5
plate
74.5
85.6
97.6
110.6

In Catia, with a 46x5 plate and
connection duct
72.5
74.5
91.7
98.4

Table 13 : Comparing modal results using Bacon and Catia softwares

The two models are noticeably different:
-one with shell tubes, the other with volumic tubes
-one with the old design, one with the current design
-one with the connection ducts, and one without it
However, frequencies values are close, and some vibration modes are very similar.
This first solution with a beam 46.5x5mm fixed in lateral directions, is really efficient to
improve the TAc loop rigidity. But it is even better with a 50x50x4 beam.
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12. Conclusion
The whole study shows that tubes and their welds are validated. The structure is safe from a
modal point of view. We need now to focus on all the detail points, especially for thermal
solicitations.
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