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1. Introduction

This report, and in the context of the Magnetic Field Perturbations by Thermo-Electric
Effects ESA’s project (from now on referred as THEMA project), summarize the technical
activities and main results obtained during the timeline of the project.

11 Objective
The main objective behind this document is to highlight the main findings under the THEMA
project.

12 Scope

Final report on the activities of THEMA project.

1.3 Audience

The audience of this report are the project members.

14 Definitions and acronyms

Acronyms Description

CMT Critical Materials, S.A.

BCM Basque Centre for Materials Applications and Nanostructures
FE Finite Element

WP Work-Package

FEA Finite Element Analysis

ASM Absolute Scalar Magnetometer

VFM Vector Fluxgate Magnetometer

FEM Finite Element Method

CFRP Carbon-Fibre Reinforced Polymer.

15 Document structure

The report is divided in six sections, including the Introduction section. The second section
briefly contextualize thermoelectric and thermomagnetic effects and its impact on space
applications. The section entitted “Assessment to thermoelectric/thermomagnetic
behaviour” summarize the numerical and experimental findings towards the experimental
characterization and the numerical modelling of thermoelectricthermomagnetic effects.
Mitigation actions of thermomagnetic perturbation are discussed in section number four while
Conclusions and Recommendations and Future Work are outlined in sections five and six,
respectively.
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2. Thermoelectric and thermomagnetic effects
211  Thermoelectric effect

The thermoelectric (TE) and thermomagnetic (TM) theory phenomena in metals has been
built in 1930s-1950s and it is based on the kinetic approach [1], where transport equations
are formulated and solved for different systems in order to obtain the transport coefficients
characterizing the TE and TM effects [2].

Thermoelectric phenomena were discovered first by Thomas J. Seebeck, who discovered
that a compass needle would be deflected by a closed loop formed by two different metals
joined in two places, with a temperature difference between the joints [3]. This effect
illustrates the coupling of two thermodynamic potentials: the electrochemical potential
and the temperature [4].

Heat flow, O

Heat sink

O Current flow, |
=]

Power genaration mode

Figure 1 - lllustration of how a thermoelectric material can convert heat directly to electricity (Seebeck effect). Adapted
from [5].

Thermoelectric devices have found many applications that include temperature
measurement, solid-state heating or cooling and direct energy conversion from waste
heat [6]. When a metallic bar is subjected to a voltage (V) or a temperature (T) difference,
an electric current is generated. For small voltage and temperature gradients we may
assume, in the absence of a magnetic field, a linear relation between the electric current
density / and the gradients (Ohm’s law):

212 Thermomagnetic effect

While travelling in a magnetic field, electric charges are exposed to transverse forces.
And by consequence, thermoelectric effects change while under the influence of the
applied magnetic field and new singularities arise. The Seebeck and Peltier effects will
have corresponding thermomagnetic effects, the Nernst |N| and Ettinghausen |P| effects

(71
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In Figure 2 is graphically demonstrated the inter-relation between thermoelectric (a) and
thermomagnetic effects (b).

AAndNpuo) uidg

Seebeck Effect

Electrical
Conductivity

X
\

Peltier Effect

(a)

(b)

Figure 2 - Multiphysics interaction diagram (MPID) demonstrating (a) thermoelectric transport processes in the absence
of external magnetic fields, and (b) galvanomagnetic, thermomagnetic, and spin-induced transport processes in the
presence of external magnetic fields, in: [8].

2.2 Thermomagnetic effects in space

In the aerospace industry, the missions that require a magnetically clean spacecraft can see
its performance deteriorated due to magnetic fields arising from sources that were not, a priori,
considered as potential sources of magnetic field “contamination”. During the extensive
magnetic qualification campaign of the individual components of the ASM sensors no relevant
magnetic perturbation was found as it was reported an overall precision of less than 45 pT
[9]. However, during the execution of final integration tests of the SWARM satellites [10],
unexpected thermomagnetic perturbation did show up in the 10nT range when the heaters,
dedicated to thermal control of the Absolute Scalar Magnetometer (ASM), were activated [11].
Again according to [11], magnetic fields originated from thermoelectric currents in a Titanium
(Ti) alloy bracket and brass harness lead the replacement (or removal) of those components
during the on-ground satellite test campaign. The original titanium brackets, including the
heaters for the thermal control of the ASM were replaced by CFRP (Carbon Fibre Reinforced
Polymer). The hardware upgrade result has demonstrated efficiency as demonstrated by the
reduction of thermomagnetic perturbations to the 20-30 pT + 5 pT peak-to-peak range [11]..
In mission context the SWARM satellite operation show systematic disagreements between
the norm of the Vector Field Magnetometer (VFM) and the magnetic field intensity data
obtained from the ASM scalar data [12], namely outside sun-eclipses. In fact, in the Absolute
Scalar Magnetometer (ASM), of the three satellites of the SWARM project suffer for
unforeseen magnetic disturbances, soon after launch of SWARM which could not be captured
by the traditional in-flight calibration methods [13]. Also in LISA Pathfinder, a demonstration
mission to validate important technologies to observe gravitational waves [14], unexpected
magnetic fields created by thermal gradients were detected during the development of gold-
platinum (AuPt) test mass that are used to detect gravitational waves through the continuous
monitoring of the distance between them by interferometer measurements [15]. However,
the origin of this magnetic perturbations is not completely understood but the microscopic
inhomogeneity and grain boundaries of AuPt alloy could be contributing to the appearance of
localized thermal gradients and, consequently, to differences in electric potential as result of
a thermoelectric effect. The appearance of magnetic disturbances or other external
disturbances can contribute to an unexpected behaviour of the test masses.

3. Assessment of thermoelectric/thermomagnetic behaviour

In this section are summarized the main experimental and numerical findings obtained during
the timeline of the project

PRINTED ON 13/03/2019 7 EXECUTIVE SUMMARY
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31
311

312

Numerical modelling of thermoelectric behaviour

Introduction and objectives

The use of numerical tools for the modelling of thermoelectric and thermomagnetic effects is
crucial for the evaluation of the impact that those phenomena can have on environments for
which the magnetic cleanness is of crucial importance. In this context, FEA tools, as a
potential tool the numerical modelling of these phenomena. In fact, its intrinsic capability of 1)
modelling stationary and non-stationary thermal events; 2) account different types of thermal
loadings and thermal interactions; 3) consider thermal dependency on material properties
(electrical and/or thermal); 4) capacity of inclusion of different materials in the same simulation
domain and 5) consider geometrical complex parts; is of crucial importance for correctly
account these electromagnetic effects. However, due to the non-conventionality of these
phenomena, commercial finite element codes (besides COMSOL™ [16]) do not consider
these effects in multiphysical simulations. In consequence it is mandatory to specialize these
commercial codes to accurately simulate these phenomena. In consequence an analysis
subroutine for the Abaqus™ [17] code (see Section 3.1.3) was implemented for accounting
thermoelectrical effects (due to the Seebeck effect) in stationary and transient thermal
analysis. Also, several post-processing tools to compute the electrical potential difference
arise from the need of extracting the electrical potential difference resulting from thermal
gradient considered in the simulation.

Thermoelectric analysis procedure

As already mentioned, Abaqus™ FE code does not account thermoelectric effect due to
Seebeck effect. To overcome this situation a dedicated FORTRAN user subroutine
(*UVARM) was coded to include this feature in the commercial FE code Abaqus™. The
numerical procedure should allow to: 1) consider stationary and non-stationary thermal
events; 2) account the temperature dependency of the Seebeck coefficient; 3) output the
electric field (E), in equation in vectorial form.

Algorithm 1, schematizes the numerical procedure considered for the simulation of the
thermoelectric phenomena. It should be noticed that the considered subroutine is called at
each time increment and for each elemental integration point that compose the simulation
domain.

Algorithm 1 — Thermoelectric analysis procedure

FOR each time increment (dt):

FOR each integration point (IP):

INPUT: Thermal conductivity (x(T)), Seebeck coefficient (S(T))

CALL: Auxiliary Subroutine *GETVRM and OUTPUT heat flux vector (¢b) at
integration point (IP).

CALL: Auxiliary Subroutine *GETVRM and OUTPUT current temperature

1
2
3: CALL: Subroutine *UVARM
4
5

6: (T) at IP.

7 INTERPOLATE: Seebeck coefficient (S) for the current temperature (T')
8: INTERPOLATE: Thermal conductivity (x) for the current temperature (T')
9: COMPUTE: Thermal gradient VT through VT = %

10: COMPUTE: Electric field (E) vector through: E = S(T)VT

11 OUTPUT: Electric field vector components (E;, E,, E3 )

PRINTED ON 13/03/2019 8 EXECUTIVE SUMMARY
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From Algorithm 1 it is possible to that the main output is the electric field vector (originated
from an electromotive force) that is computed for each element in the mesh domain. This
vector field is a direct consequence of the Seebeck effect (see Equation 1) that when
expressed for a steady-state condition (J = 0) is given by Equation (2) and computed in the
step 10 of Algorithm 1.

J=0(E-SVT) (1
E =5SVT (2

From Equation (2) it is possible to compute the electric potential difference V (between two
points a and b, through the line integral expressed in (3).

b
Vabzf E-dl (3
a

3.1.3 Thermoelectric behaviour numerical results
3.1.3.1 Thermoelectric field

Results obtained for a cooper cylinder are shown in Figure 3 where it is possible to visualize
the inhomogeneous distribution of heat flux which has a direct influence on the distribution of
the electric field (Figure 3-b). The electric potential difference V12 (see Figure 3-c) and Va4, is
equal to 1.1408mV and 1.040mV, respectively.

b)

Figure 3 - Results for model 2: a) Temperature; b) Electric field (Es) and c) points for electrical potential
measurement.

Results obtained with the numerical procedure proposed were successfully validated through

comparison with results obtained with COMSOL™ multiphysics commercial package, for the
same geometry, loading conditions and material.
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Figure 4 — Results for model 2: a) Temperature; b) Electric field (E) and c) electrical potential.

3.2  Numerical modelling of thermomagnetic behaviour

321 Introduction and objectives

In this section are detailed the numerical analysis procedure proposed for the modelling of the
thermomagnetic behaviour, together with the thermomagnetic results obtained for a well-
known case-study documented in the literature [11]. The proposed thermomagnetic analysis
procedure proposed was implemented in Abaqus™ FEA package, making use of the intrinsic
capabilities of this software package that allows the creation of dedicated analysis subroutines
and results post-processing scripts.

322 Thethermomagnetic analysis procedure

The coupled thermoelectric/thermomagnetic analysis procedure is divided into three different
steps that should be considered sequentially:

1) Thermoelectric analysis;
2) Extraction of electrical loading via post-processing script;
3) Thermomagnetic analysis.

In Figure 5 is summarized the coupled thermoelectric/thermomagnetic analysis procedure
proposed.

L} Pt g e | D e iy AR R ST I A
— . : Extraction of E,, I i Electric loading input data :. e
(per element) H | ‘ AAAAAAA (per element) | 1
4 " K
v dE, /dt i
I
Thermoelectric (Seebeck) analysis ' Post-processing ' Electr g ly
1 operations |

Figure 5 - Coupled thermoelectric/thermomagnetic analysis procedure, where 1, is the thermoelectric analysis block, 2
the post-processing block and 3, the thermomagnetic analysis block.

This block of post-processing operations is responsible for extracting thermoelectric results
and computing the electrical current density vector per each element that will be considered
in the subsequent thermomagnetic analysis procedure. In Algorithm 2 is summarized the
results post-processing procedure considered for the extraction of the thermoelectrically
induced electrical current density.

PRINTED ON 13/03/2019 10 EXECUTIVE SUMMARY



MAGNETIC FIELD PERTURBATIONS BY THERMO-ELECTRIC EFFECTS EXECUTIVE SUMMARY

Algorithm 2 — Post-processing operations (electrical current density loading)

FOR: each element in thermoelectric domain:
FOR: each component (n):
INCREMENT AMPLITUDE: i +=1
OPEN DATAFILE: AMPLITUDE i
EXTRACT: E, (Electrical field per component):

FOR: each time increment (dt)
COMPUTE: ]a through the derivative dEn/dt
WRITE TO DATA FILE: AMPLITUDE i

N g A w N R

The final result of this post-processing block is a data file that fully defines the electrical loading
(per element and time) in function of the thermal loadings imposed and consequent
thermoelectric response obtained. The data file is composed by different electrical current
density transients (three per element) that are defined per element and vector component. It
should be noticed that this data file is called by the thermomagnetic analysis procedure and
fully defined the thermomagnetic phenomena transiency.

3.23 Thermomagnetic analysis case-study

In this section are outlined the characteristics of the FE models considered for the modelling
of the experimental case reported in [11]. Also, the main results obtained with the proposed
thermomagnetic analysis procedure are highlighted.

3.2.3.1 The FE (thermal) model

The thermoelectric model of the rod was defined with two different convective heat transfer
coefficients (top and bottom surfaces) as seen in Figure 6. The initial temperature of the rod
(To) was set to 293.15K equal to the surrounding temperature (Tamb). A thermal gradient was
applied to the rod considering Thot equal to 523.15K and T equal to 293.15K, being constant
with time.

T,oq= 293.15K

h, =3Wm-2K-!

/

To= 293.15K
Toms= 293.15K

/

h=1.5Wm2K-1

Cylinder

Too= 523.15K

Thermoelectric Model (Jager experience)
ODB: Jager_Thermoelectric_Model.odb  Abaqus/Standard 3DEXPERIENCE R2017x  Mon Nov 26 17:05:21 GV

X Step: Thermal_Analysis, Transient Thermal Analysis (Jager experience)
Increment 0: Step Time =  0.000

v Deformed Var: not set Deformation Scale Factor: not set

Figure 6 — Thermal boundary conditions considered for the rod.

The thermoelectric model was composed by, approximately, 50.000 (linear) elements and
thermal conductivity and specific heat considered to be dependent on temperature. Seebeck

PRINTED ON 13/03/2019 11 EXECUTIVE SUMMARY
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coefficient for Titanium (3.3uVK™) considered to be not-dependent on temperature and
thermoelectric based vector fields computed via the dedicated analysis subroutine.

3.2.3.2 Thermoelectrical loading scheme and thermomagnetic model

In Figure 7 is shown the thermomagnetic model where is visible the Ti rod (conductive region)
and the surrounding air (non-conductive region).

Figure 7 — Thermomagnetic model (air + rod) and two different section-cuts.

3.2.3.3 Results

Thermoelectric variables

From the thermoelectric analysis block, in relation to the thermal conditions considered are
obtained the electrical current density values for the entire rod domain. In Figure 8 is shown
the evolution, with analysis time, of the electrical current density (J) for two different points in
the YZ plane of the rod. It is visible a non-symmetric behaviour of the electrical response for
the first and second component of J. This behaviour is due to the differential convective heat
transfer coefficient imposed to the rod’s top and bottom surfaces that conditionate the heat
fluxes on the rod.
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Figure 8 — Transient of electrical current density (1 and 2 components) for two different elements.

Thermomagnetic variables
The asymmetry of the magnetic flux density field (B) is perfectly visible on Figure 9.
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Figure 9 — Magnitude of magnetic flux density for t=31s (YZ plane).

From the observation of Figure 9 and Figure 10 it is possible to conclude that the
thermomagnetic field is dependent on the rod’s angle, indicating the possibility of magnetic
polarization. In fact, observing the complementary information on Figure 11 and Figure 12 is
possible to conclude that the thermoelectric response originated by the rod’s thermal loading
conditions induces magnetic polarization on the rod’s surrounding air.
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Figure 10 — Magnetic flux density field (magnitude component) for t=25s (XY plane).
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Figure 11 —Magnetic flux density field (tangential component) for t=25s (XY plane).
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Variation with angle (t=30s)
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Figure 12 — Variation of the magnitude (in blue) and tangential component (in red) of magnetic flux density with rod’s angle.

The 3D graph displayed in Figure 13 summarizes the dependence of the magnetic flux
density field with rod’s angle and analysis time. From the analysis of Figure 13 itis visible that
the magnetic flux density decays with time which is in accordance with the thermoelectric
loading profiles defined. Also, the minimum value of magnetic field is obtained at 270°,
corresponding to the bottom region of the rod, where the heat flux rate is minimum due to the
differential heat convection coefficient considered for the rod’s perimeter.
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Figure 13 — Variation of the magnitude flux density (magnitude component) with rod’s angle and analysis time, for a
specific rod’s axial position.

33 Experimental findings
The main goal of the experiments was to evaluate the reliability of the results obtained with
the different simulations with three interrelated experimental procedures.

(i) Analysis of the produced currents from applied temperature variations. For that, a copper
wire connected to Peltier cells in its extremities was subjected to different temperatures and
the resulting current intensity was measured.
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(i) With an idea of the magnitude of the generated currents from experiment one, currents of
the same magnitude (or higher) were applied to the same copper wire and the produced
magnetic field was measured.

(iii) The wire was placed with a temperature variation under an external magnetic field in order
to evaluate if there are any variations when compared with the first experiment.

3.3.1 Results

As it was mentioned in TNO2 a shield assembly, from Schonstedt Instrument Company, flux
gate sensor, Mag585 from Bartigton and the cylindrical sample placed in a PCB board were
used (more details about the devices are in TN02). In addition, a homemade Helmholtz coil
was built and a Rigol DP832 programable DC power supply and Keithley 6430 sourcemeter,
to apply smaller currents in the A range, were used as shown in Figure 14.

Figure 14 - a) setup of the PCB board with the copper cylindrical sample placed over the fluxgate sensor and centered
in the Helmholtz coil and b) Rigol power supply (left) and Keithley sourcemeter (right).

3.3.1.1 Results
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Attempts to reduce the background level in the measurements were carried out initially by
placing the fluxgate sensor centered inside the Helmholtz coils, in the shield assembly and
controlling the applied magnetic field with the Rigol power supply. Initially, the background
had a value of 0.24 uT and the lowest baseline obtained with the coils was of ~72 nT with 1
mA steps providing defined step changes in the magnetic field with good linearity as
presented in Figure 15 a). A trendline from this was traced, Figure 15 b), and magnetic field
values were calculated for the predicted current values of the simulations which will be
discussed later.
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Figure 15—a) Magnetic field increment as a function of time for 1 mA current increments and b) magnetic field correlation
with the applied current.

With the introduction of a resistance in the coail, a lower background of ~7 nT was obtained
with this setup. In this case, steps from 500 and 300 pA produced measurable changes in the
total magnetic field as well, with the same relation as for the first attempt in reducing the
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background as presented in Figure 16. In Figure 16 a) it can also be observed the
reproducibility of the produced magnetic field at 1000 pA.
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Figure 16 - Magnetic field increment as a function of time for 500 pA a) and 300 pA b) current increments.

The same linear relation as before was observed for the magnetic field with the applied
current, Figure 17 with good correlation to the previous results.
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Figure 17 — Magnetic field correlation with 300 pA current steps.

With the previous results, the sensitivity needed to measure the magnetic fields generated
from thermal currents was still not met. As an alternative route, a comparison was performed
taking into account the simulated and experimental results, as indicated in Table 1. Only
smaller temperatures were considered due to the abnormalities for higher temperatures
reported in TNO2 with COMSOL™ simulations.

Table 1 - Results for the simulated data compared with the data obtained experimentally.

AT Current Simulated Experimental Experimental
(K) (A) Mag Field Mag Field (1 Mag Field
M mA) (T (300pA) (M)
10 2.94x10 2.75x1013 1.50x1013 1.48x1013
8
20 2.94x10 2.75x1012 1.50x101? 1.48x101?
7
40 5.88x10- 5.51x1012 3.18x1012 2.95x1012

7
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80 1.18x10 1.10x1011 6.38x1012 5.92x1012

6

160 1.18x10 1.10x1010 6.38x10-11 5.92x10-11
5

A suitable match between the simulation and experimental values are observed with the
background reduction. The discrepancies in the values can be attributed to various factors
such as, the noise contribution of the PCB board and setup and impurities in the copper
cylinder.

4. Thermomagnetic Perturbation Mitigation Techniques
In Table 2 is summarized the actions that could be followed towards the minimization of
thermomagnetic perturbations. Also, the effect on the major drivers of thermomagnetic

perturbations is briefly described, for each action considered.

Table 2 - Actions and effects towards the minimization of thermomagnetic perturbations.

Actions

Effect

Maximization of the thermal conductivity of selected
materials, for equivalent value of Seebeck coefficient

Minimize the spatial thermal gradient and the time
needed to reach a thermal steady state response.

Decrease component’s mass through topological
optimization.

Reducing the component’s mass decreases the time to
reach a thermal steady-state response, minimizing
thermomagnetic perturbation through the minimization
of electrical current density.

Improve the thermal insulation of metallic components
more susceptible to generation thermoelectric currents
through the exposition to high thermal gradients.

. Minimization of heat flux;
. Minimize spatial thermal gradient;
. Minimize the variation of thermal gradient with

time and consequent generation of electrical current
density;

. Keeps the component at a steady-state
thermal condition (no electrical current density
generation).

Select materials with reduced Seebeck coefficients.

Minimization of electrical potential difference and
electrical flux density values for a given temperature.

Reduce the number of metallic parts

Being metallic materials more susceptible to
thermoelectric currents, the reduction of the number of
metallic parts (and its substitution to non-metallic
materials) contribute to the minimization of
thermoelectrical driven currents and, consequently,
thermomagnetic perturbation.

Avoid junctions of different metals

Sustainable circular currents could be generated, and a
constant magnetic field is generated if the loop is closed
(see Seebeck experiment)
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Avoid magnetic polarized or polarizable materials The effect of temperature on a permanent or
magnetisable material changes its B value.

Use materials with = 1. The effect of the material in the presence of a magnetic
field must not change the B magnetic field lines.

5. Conclusions

The technical activities covered during the project allowed the creation of several numerical
tools that can predict the thermoelectric/thermomagnetic response to different thermal loading
conditions, material properties (thermal and electrical) and geometrical configurations.

Several numerical studies were performed using both commercial and dedicated numerical
analysis procedure for the assessment of the thermoelectric behaviour of simple geometries
under specific thermal loading conditions.

Thermomagnetic response was exclusively obtained using the proposed numerical
methodology, which allowed a detailed characterization of the thermomagnetic effect on
several case-studies. It should be referenced that, on the knowledge of the authors, the
modelling capabilities of the thermomagnetic analysis technique proposed in this project are
not covered by any solution available on the market;

An exhaustive state-of-the-art review was performed covering the mains aspects of
thermoelectric/thermomagnetic effect, and served as the theoretical basis for further
developments in the context of the project

Experiments were designed to validate and thermomagnetic phenomena simulations.
However, the sensitivity needed for measuring the magnetic fields generated by thermal
currents was not fully obtained. On the other hand, indirect assessment of the results indicate
a suitable match between the experimental results and the simulations.

The technigues proposed have great potential of use in the design of sensitive systems,
namely the ones that require the maximum of magnetic cleanliness. This is the case of in-
space measuring systems that require the minimum of magnetic perturbation for performing
accurate measurements.

6. Recommendations and Future Work

Based on the project outcome several recommendations can be made in order to enhance
the applicability of the techniques developed during the timeline of the project:

1) Define a dedicated and exhaustive plan for the qualification of the proposed
thermomagnetic analysis procedure, considering several experimental case-studies
and the respective numerical models for experimental/numerical correlation studies
- to reflect in-orbit conditions, experimental case-studies should consider thermal
radiation loading and rotation of the system in relation to a fixed radiation source;

2) Apply for an R&D project with the final goal of delivering an integrated and qualified
solution for the thermomagnetic response assessment of highly sensitive systems;

3) The potential benefits of the use of the proposed numerical modelling techniques
should be clearly demonstrated near potential users in order to potentiate its use
during preliminary phases of system design, towards the minimization of
thermomagnetic perturbation via an optimized structural design driven by the
reduction of thermomagnetic perturbations.
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