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General Description of Scientific Work

Relevance of Research

The thermo-electric generators (TEG) have found their application in the creation of
backup or emergency sources of electricity despite the relatively low efficiency and limited
reliability. Many countries, companies and universities are actively investing on thermoelectric
research. Generally thermoelectric devices are being used as power source for spacecrafts,
monitoring distant areas through wireless networks, monitoring gas pipelines, cathodic
protection stations, gas distribution points etc.

Several studies have shown that to predict sustainability of the thermoelectric device
thermally induced stresses are bottlenecks, especially for high temperature thermoelectric
devices. Due to lack of scientific and technological solution, numerical analysis plays a
significant role to optimize device geometry and boundary conditions under stress load. Despite
the fact that two decades of research has widen the range of material selection but thermoelectric
device has not yet seen success in any large-scale terrestrial applications. Much of the conducted
studies focus on the influence of device’s design, material’s phase transition and shape of the
thermoelectric device. But there are very few available studies which can quantify the effect of
thermo-mechanical stresses on device’s reliability. The existing literature on thermoelectric
reliability rely on accelerated life testing (AFT) and mean time between failure (MTBF)
methods. These methods conclude the reliability of the device based on statistical failure data
without considering factors of failure. These methods don’t provide enough characterizations of
thermoelectric devices.

Third popular method, to analyze and measure reliability of the devices, is Weibull
distribution, which is the most suitable model for modules’ operating gradient is T > 300 C.
Most of the cases, where Weibull distribution is applicable, are flaw, fracture, and volume defect
failures. But as the range of data increases and size of devices decrease, Weibull distribution has
higher relative error compared to lognormal distribution. Different universities (for example
Korea Advanced Institute of Science and Technology, School of Technology, Oxford Brookes,
University, Lulea University of Technology, Sweden) published results of experimental-
simulation to demonstrate authenticity of the lognormal distribution for high stress bodies
(Devices or system) over Weibull distribution. Many researchers (Jin Seon Kim, M.T. Todinov
etc.) have demonstrated that by considering material characteristics under stress load lognormal
Is one of suitable alternatives. The proposed research is the first attempt to model the reliability
of thermoelectric system by considering lognormal distribution.

Degree of development of the research topic

Studies, the results of which are published in the modern literature, do not quantify the
effect of thermomechanical loads on the reliability of the device. The existing literature on
thermoelectric reliability was based on the Accelerated Endurance Test (AFT) method and the
mean time between failures (MTBF). Both methods are based on the number of thermal cycles
to failure, which does not provide qualitative information about the reliability of the device.
Ephraim Sukhir presented a detailed research paper using a model of shear stress and shear
deformation, but it only provides deformation (or bending) of the device. The model cannot
predict the survivability of the device. Recently, Naveen Kishore Curry published a numerical
and finite element analysis concerning the reliability of a thermoelectric device. Although the
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model provides a qualitative study of reliability, the model uses a statistical theory of fracture
based on Weibull analysis based on destruction data. This model is specifically used for brittle
materials such as ceramics. As the data range increases and the size of the devices decreases, the
Weibull distribution has a higher relative error compared to the lognormal distribution. In this
direction , various organizations in Russia and abroad (for example, the Korea Advanced
Institute of Science and Technology, Oxford Brookes University, UK, Luled University of
Technology, Sweden) have published results based on experimental modeling, demonstrating
reliability of lognormal distribution for bodies with high voltage according to the Weibull
distribution. Many researchers (Jin Sung Kim (National University of Pukyong, South Korea);
M.T. Todinov (Oxford Brookes University), etc.) have shown that when considering the
characteristics of the material logarithmically normal voltage is one of the suitable alternatives.

The problems of thermoelectric reliability and the need for the right model, emphasizing
the reliability of the thermoelectric device, are in demand now more than ever. There is no
significant work providing mathematical work regarding the requirements for a thermoelectric
device, which was the motive for the research work.

Our research aims to optimize a mathematical model to predict thermomechanical
stresses in a thermoelectric system, offering a suitable solution to compensate for excessive
thermomechanical stresses without compromising the performance of the optimized system. To
study the possibilities of the mathematical model and the influence of geometry, boundary
conditions and the space between the branches on the thermoelectric device, simulations were
carried out in MATLAB and the finite element method. The results obtained show that the ratio
of length to thickness of a given thermoelectric branch has a significant effect on the voltages in
the system, whereas the shape has a negligible effect. The effect of thermoelectric stresses on
mechanical reliability is estimated using the parametric and nonparametric logarithmic-normal
distribution instead of Weibull, based on the analysis of the theory of failures.

Target of Research

Development of mathematical model for thermoelectric module to enhance their
operating life optimized by reducing thermo-mechanical stresses without compromising their
performance.

Tasks

1. Develop an optimized mathematical model to present relationship between heat fluxes,
electrical power and efficiency of the device. Find the impact of Joule heat on thermal
conductivity and charge carriers in the given volume and surface.

2. Developing an optimized mathematical model to measure plane stress and strain, shearing
stresses, stress function and studying thermoelastic behavior of thermoelectric legs. Compile
the results in MATLAB and develop characteristics of the thermoelectric leg, for the
segmented and unsegmented devices.

3. Developing an optimized mathematical model to predict the reliability of the thermoelectric
devices using parametric lognormal mean residual life and nonparametric Lognormal kernel
distribution.

4. Developing a comprehensive comparative discussion to illustrate the maximum likelihood
using Bayesian nonparametric Lognormal-Kernel inference method regarding to Monte
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Carlo simulation, Weibull’s distribution, and Lognormal mean residual life for various
shapes for the survival function on MATLAB.

The Scientific Novelty
Our study presents the following novel results

1. Mathematical model can predict precise characteristics of the thermoelectric device and
influence of thermally induced stress on mechanical properties. The Naotake’s plate theory
was first time optimized and applied on thermoelectric device to measure stresses.

2. Our research work first time presents a mathematical model to calculate precise number of
the thermoelectric legs in device. MATLAB simulation and COMSOL solution shows that
by increasing space between legs can compensate excessive thermally induced stresses.

3. Our research work provides first time an optimized way of utilizing lognormal distribution
to calculate lifetime of device using parametric and non-parametric lognormal distribution.

4. Additionally, first time we have mathematically derived a non-parametric survival function
to find mean residual life of devices that are working at medium and higher temperature
gradient by using discrete data.

Theoretical significance

The developed methodology, the mathematical description of thermomechanical stresses,
elements of thermoelectric devices, as well as the created software and computing tools will
serve to further develop scientific research aimed at improving the technologies for generating
thermoelectricity and their reliability.

Practical Significance
Implementation of the mathematical model has following practical significance:

1. The optimized model demonstrates possible model to increase life of the thermoelectric
system in future, without compromising its efficiency. By increasing lifetime of the device
will save project cost and increase material compatibility factor.

2. By managing stresses in thermoelectric device, thermoelectric systems will play more
significant role in future space projects, waste heat production industries, buildings, and cars.

3. The mathematical model ultimately prescribes number of the legs in device and their
sustainable height to thickness ratio for log operating life.

4. The temperature gradient can be designed according to survive able thermal stresses and
vice-versa.

5. Lognormal distribution mean residual life and non-parametric survival function are newly
introduced and will play a distinctive role in thermoelectric systems compare to Weibull
failure theory.

Methodology and methods of research

The work is based on the methods of mathematical modeling and system analysis in the
selection of optimal solutions. The basis of the developed mathematical models is represented
by the fundamental laws of the physical phenomena under study. Generally accepted, certified
databases are used to describe thermodynamic properties. Numerical methods for solving
systems of equations were used to organize the computational process.
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Fundamental Principles Submitted to Defense

1. The model that can be used to measure thermo-mechanical stresses by analyzing resultant
forces and resultant moment per unit thickness, induced due to thermal stresses. The model
considers two basic boundary conditions to measure thermal expansion of each material.

2. The relationship between principle of energy conservation, local conservation of mass
theory and maximum stress principle investigated by changing the TE geometrical
parameters to compensate thermally induced stresses and sustain reliability of the device.

3. The optimized lognormal parametric mean residual life and non-parametric survival
function derived under Bayesian inference method criteria to measure the reliability of
thermoelectric systems instead of Weibull distribution.

Degree of Reliability of the Results

e The developed models are based on facts and verified data, are consistent with the published
experimental and theoretical results on the topic of the dissertation.

e Generally accepted methods of optimization and modeling based on theories that have
confirmed their applicability were used.

o Established the qualitative and quantitative coincidence of the author's results with the results
presented in independent sources on this topic.

e Modern proven methods of processing initial information were used.

Evaluations of Work
Basic concepts and results were discussed and presented at different international

scientific conferences, seminars and department sessions:

1. Proceedings of the Il International Youth Conference. Diona Limited Liability Company
(Moscow).

2. XVI Interstate Conference ‘“Thermoelectric and their applications” October 2018, Saint-
Petersburg, Russia

3. 38" international conference on Thermoelectric and 4"  Asian conference on
Thermoelectric, South Korea (ICT/ACT 2019)

4. Advances in the Astronautical Sciences, RUDN, Moscow Russia. 2020

5. International multidisciplinary conference “Perspective element base of micro- and
nanoelectronics using Modern Achievements in Theoretical Physics™ 2019.

6. International conference on "Perspective of elemental base of micro- and nanoelectronics
using modern achievements of theoretical physics" 2021

7. XVII Interstate Conference “Thermoelectric and Their Applications” (ISCTA 2021) St.
Petersburg, Russia September 13 — 16, 2021

Publications

This work includes 6 publications: 5 published in international citation databases
(SCOPUS, WOSYS) indexed journals, 1 in (VAK — Superior Attestation Commission of the
Russian Federation) indexed journal,

Personal contribution

The author took the lead contribution from selecting the research topic to obtaining the
overall results. The author personally developed the theoretical basis, models, optimization
criteria and all technical details, performed coding, performed numerical simulations, received,
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analyzed, and summarized the results, and then wrote the manuscript. The Author’s contribution
is predominant in all stages of research: task setting, realization, and discussed research results
in scientific publications and conferences.

Structure and Volume of work

This work consists of introduction, a literature review chapter and 3 other chapters,
conclusion, glossary and References. The total volume of the dissertation is 104 pages, including
84 references, 40 figures, 5 tables, and 94 formulas.

BASIC CONTENT
Introduction The relevance of the problem solved in the dissertation is substantiated.

Chapter 1 Literature Review

The chapter 1 is divided into three sections. The first section introduces the relevance of
the thermoelectric device, it’s market importance and rising role of the thermoelectric device in
different technologies.

Second section introduces the fundamental unit of the device, its evolution over time and
current advancements. Section two highlights the difference between segmented and
unsegmented thermoelectric devices.

Third section highlights contemporary challenges that thermoelectric device counter. In
this review a comprehensive discussion has been done over crucial factors which play key role
in failure of device. We have chosen two key challenges. (i) Material Compatibility factor and
(if) thermo-mechanical stresses. The discussion also describes evolving structural challenges due
thermally induced stresses and their raising concern over reliability. The review has also
indicated the key factors which are responsible for low reliability in segmented/unsegmented
thermoelectric systems.

Chapter 2 Optimized Mathematical Model for Thermoelectric Devices

In this chapter we have considered Naotake’s plate theory and applied it to provide an
alternative prospect, especially in field of thermoelectric generators. Particularly, the impact of
shearing stress, shearing strain, thermally induced bending stress and shear forces are discussed.
The presented analytical model is comprehensive and easy to predict thermo-mechanical stresses
in TE leg to calculate reliability of the TE module. This chapter starts by describing the
background of mathematical modelling to calculate stresses in thermoelectric generators. In the
first section, we define basic components of thermoelectric device (see figure 1) in order to set
stress-strain relationship.

Hot side

» ceramic plate

Electrode «~" | e——
[

zZ

\_)x II:’\> h [:> In-plane

l Thermoelement
y

cold side L

Figure 1. Basic Structure of TE leg comprised from different components
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Two-dimensional stress—strain relationship, for in the in-plane directions, for an isotropic
thermoelement are concluded as follows:

_E 6u+ ov 0%w N 02w (1 + v)aAT
T T2 |ox Vay 9x? ”ay Ve
_E v, (0 )
=1 -vz|ay T Vox “\ayzr T Vaxz Ve
E du ov 0%w
Oxy = 2(1+v) + V@ —2z 6x6y] (1)

Here u, v, and w are displacement components in the X, y, and z directions at the neutral plane (z
= 0), o is stress, € is strain, « is coefficient of thermal expansion, AT is temperature gradient, v
is Poisson ratio and E is Young’s modulus.

Second section investigates thermoelastic characteristics of thermoelectric leg, it’s
behavior at given temperature gradient. It includes discussion around thermally induced forces
(F), bending moments (M) at the boundaries and influence of shearing stress on displacement
equation. All the equations satisfy the Kirchhoff hypothesis for in-plane stress and stress
components are concluded as follows,

1 12z 1 12z
O, = EFx +FMx +E(EFT +FMT - CZEAT)
1 12z 1 /1 12z
O'y = EFy +FMy + E(EFT + ?MT - CZEAT)
Oxy =%ny _%ZMxy (2)

Here h presents height of the element and F; and M are defined as

h/2
h/2

h/2

Fr=aE [ hr2

ATdz, My =aE [, ATzdz

For the optimization of the model, we include here stress function ¢ for compatibility
equation, which can be presented as
V2V2¢p = —V2F, (3)
Here V2= aa_xzz + %

Through this equation we can find thermally induced force for each part in plane
direction. Thermally induced forces are product of difference in thermal expansion of the
material which ultimately causes generation of thermally induced stresses.

Different differential equations of equilibrium, strain compatibility conditions and
formulas of Hooke’s law form major equations for theory of elasticity. These equations are
sufficient to define the stress-strain relation of an elastic structure. Additionally, solutions to any
particular problem must satisfy appropriate boundary conditions. When specific temperature
field is given, displacement, stress and strain are sought. Consequently, if displacement equation
IS given, stress, strain and external forces are sought. The fundamental equation of displacement
IS

1

VZW = —mMT (4)
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The third section concludes the boundary conditions for the thermoelectric leg. We

have considered two basic boundary conditions
(i) Simply supported Boundary Conditions, which are,

On x-axis when x=0 and x=I

0%w 1
= _— = __M
w =0, dx2 (1-v)p T

Ony-axiswheny=0andy=t

GCI”

present length and “t” thickness

(if) Two edges are simply supported and two are restricted (shown in figure 2), which

are,
ow? 1 l
w=0 o7 = paw T *=%
ow h
w=0 oy =0 y=1;
’ ‘ +i2 ’
/2 +1/2
_T'

Figure 2. Block diagram expressing boundary conditions for the case 2

Eh3

Whereas D is the flexure rigidity, and it can be calculated as D = () The force is
distributed symmetrically and can be defined as
Py = Z E,sina,,y (5)

m=1,3,5

Here, a,, = ? Bn = % and are defined by boundary conditions, E,,is elastic constant,

depends on boundary conditions, and can be calculated as

0o (n-1)
Em: 2 ( amCOShZVm > Z amnﬁn(_l) 2 (6)
n

1-v Ym + Sinhy,, + coshy,, & az + B2
Equation 6 effectively can show stress and strain relationship for the device which has
fixed boundary condition and dynamic temperature.
Equation 6 is very different method compared to traditional way of calculating Young

modulus, since it can calculate material expansion as per temperature change as per applied
boundary conditions.
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3‘

Thus, for the restricted boundary (condition (y = ;) the displacement, resultant

moment and shearing forces are
1

_ o oo Amn 1 Em
w = (1-v)D m=1,3,5 Zn=1,3,5 aZ,+B2 Cosamxcosﬁny oD m 1,3,5,2 2 Coshym (amysm'hamy -
ymtanymcoshamy)cosamx
_ man 1 v Em
Mx - - =1,3, Szn 1,3,5 42 +Bz cosamxcosﬁny - E m=1,3,5 coshym {(
v)amysinhamy [2v + (1 — v)yptany, |coshay,ycosay, x

Amn& m

—_ [ee]
My - m=1352n 1,3,5 2+Bz cosamxcosﬁny+ Zm 1,3,5

v)aypysinhay,y + [2 — (1 — v)y,tanyy,|cosha,, y}cosa, x

—Im_((1 —

coshym

R 1e%) oo Amn@mPBn
Myy = Xm=13, 52n=1 35 a2 4p2 sinamxsinf,y + - (1 -

V) Xm=135 ———{amycoshapyy + (1 — yptany,,)sinhyy, y}sina, x

coshy

0 Em

Ty = — m=135 ™ cOShay, YSIn Ay X

cos hy

[ee)

Ty = —Xm=135 "= sinha,, ycos o, x )

coshy

Whereas Strain-stress relationship for segmented thermoelectric devices is presented as
= Epn€xx — Eqa AT

Tl,j
€xyj = €xo T vk —| (T, y)0T(y)
TO,j
E Taj
Oxyj =gz |\ Exo t k- Y (T,y)oT (y) @
0,j

The equation of multi-leg configuration was simulated in Python to obtain Pareto Front,
as shown in figure 3. The relationship between thermally induced stress and interfacial shearing
stresses with respect to temperature for restrict boundary conditions are also demonstrated in
figure 3 (case 2). Pareto Front evaluates the thermally induced shearing stresses, within TE leg
(segmented devices).
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Figure 3 (a) (b) (c) Pareto Front of stress-strain-temperature relationship

Chapter 3. Optimized Number of Legs in TE System

Utilizing the existing literature, the method of describing Number of legs for TE system
can be mathematically expressed as

v R+1
= %k
2YAT R 9)

Here R the ratio of the load resistance to the internal resistance. In order to introduce stress-
based equation to find number of TE legs, we can find voltage as per stress. That is,

0.
v= |PR (ﬂ)

Or

N

(10)

Here o, present sum of all stress components. The results shown in figure 4 is derived from
different thermoelectric materials which are mentioned, according to their color, in table 1.
Figure 4 shows rise of stress level in thermoelectric system as we increased number of legs and
temperature.
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Figure 4. Stress-based number of legs for TE device

Table 1. Materials used in Figure 4

Material Type Color of line in the figure 4 | Temperature Range (°C)
Bismuth Chalcogenides Red 100 - 250
Group IV Tellurides Violet 200-600
Silicon-Germanium Alloys Cyan 600C — 1000
Segmented Mg2BIV Solid Solutions Blue 200-800
Segmentation of Skutterudites with Group IV Green 200-800
Tellurides
High Temperature Black 700-1100
CeFe4Sb12(p-type)
Zn4Sh3(p-type)

TAGS (p-type)

The final section includes solutions from COMSOL solver. Figure 5 presents the
solution obtained by finite element analysis. Highest power output has highest thermally

induced stress.
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40
Number of Legs

80 160

Figure 5 Thermoelectric mapping for multileg module

For all configurations of the TE modules, numerically predicted number of legs, space between
them and their relative stress were validated +5 % error and +10 % error with their maximum
efficiency values. Regardless of their arrangement and material selection, leg size, space
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between them and number has 10% effect on maximum power and efficiency. However, by
increasing space between the legs, in unsegmented devices, do decrease maximum stress of the
overall device. Whereas segmented thermoelectric devices show higher power and efficiency
but lower maximum stress by increasing space between the legs as per optimized model. The
case study of Bi2Te3-based alloys and CoSbh3-based filled skutterudites segmentation, it has
been seen that by increasing 0.01% space between the legs and decreasing +4.5% number of
legs, the maximum thermal stress was reduced from 350 MPa to 300 MPa.

Chapter 4. Developing an Optimized Reliability Model for Thermoelectric System

First section of the chapter provides an alternative model to measure reliability of the
thermoelectric devices. The proposed model is based on lognormal distribution in order to
calculate reliability instead of Weibull distribution. Apparent difference is demonstrated in
figure 6, in which each model has different probability of failure. The proposed model prefers
lognormal distribution since it has more optimal accuracy compared to Weibull distribution.

95 .
o0l ‘. e
2 75+ ""‘ .
3 o -0 ®
= 50} ® .- R
© . i
- - e
= 25| ; ._.’ ’f i
Z 10} 5 ,‘" 1
3 5- 2 - ® 4
© &
| 1t .9 .
4 0
a K
-9
®
i © g ;i i
10 20 50 100

Stress (Mpa)
Figure 6 Comparison of lognormal vs Weibull distribution

Generally, the lognormal distribution is used to measure the rate of failure for micro-
electric devices at high temperature stress. The distribution is based on the multiple failure
model, which means that at given temperature range the TE leg in any given module undergoes
a random increase of degradation, interlayer diffusion, sublimation, or oxidation, leading to
complete abruptive failure. Therefore, the use of lognormal distribution is mostly used to model
components or devices that fail primarily due to stress or fatigue. This can be mathematically
expressed as

o= srmexp |~ (ny = 7] (1)

Here & and u are standard deviation and mean value of the variable’s natural logarithm,
not the expectation and standard deviation of function itself. The second model presents Main
residual life based on lognormal distribution, which is

)[1_(p[lnay—(,u+62)

)

Ino, — u
o255

The final model presents the nonparametric probability can be given as

u+682

M(o) = e( 2 (12)

S(O-y <0 < Orp; G) =Yi1P @ (Y;?i) (13)
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Here p comes from Bayesian inference to include posterior probability, which presents
maximum likelihood of survival function derived from failure rate data. It is given as p =
E, [T55(1 - Evgy), where E,, volumetric elastic constant of i'" layer at o, and v,, = B(1, a).

B and a are two positive shapes defined as per Dirichlet process and i is the total number of
components in the model. The nonparametric lognormal distribution mixed with Kernel
distribution as per Dirichlet process model, for positive real number, is transformed as Y= log

(o) —log (ay).

08 Unsegmented LT leg

Unsegmented HT leg

Segmented LT leg o€

o | Segmented HT leg «€—
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| (}6 1 07
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Figure 7 Comparative Nonparametric Survival Function graph for Segmented and Unsegmented TE legs

Figure 7 shows the evaluation of survival function based obtained results for segmented
and unsegmented TE legs. TE module working on high and low temperature result different ratio
of reliability. Low temperature unsegmented TE modules demonstrated higher rate of survival
on given standard (4mm?q) leg volume. One of the major reasons is that unsegmented TE module
has low adverse effect from thermal expansion compared to segmented TE module. At given leg
volume unsegmented modules has 95% survival rate within range of 10 < o< 60 (MPa). Whereas
the 95% of survival rate for low temperature segmented TE module exists only between 0< 6<
30 (MPa), due to mismatch of thermal expansion between different materials. The main
difference between simple MRL and Survival function and nonparametric survival function is
rapid decline in curve, see Figure 9. compared to Weibull survival function. MRL has definite
method to predict reliability of module based on failure rate data whereas nonparametric survival
function can give us precise dimensions (volume) and thermally induce stress to produce reliable
characteristics for segmented and unsegmented TE modules. Hence more intuitive conditions
(especially boundary conditions of TE leg) are produced as alternatives on given survival
curves. This makes easy for us to obtain graphical MRL function-based reliability to analyze
survival function on sufficient conditions.

The third section of the chapter shows further investigation, see figure 8, based on
relevance vector regression on stress-strength covariance. The optimized nonparametric
lognormal distribution model, developed to understand stress-strength covariance, was
simulated under Fast Multi-output relevance vector regression (MRVR) in MATLAB.



15

0.99 -
L] L]
L] = L]
hY '*."."':—-_i. . ®
. o
S . "* [ e e
% - A
.
L]
L]
— L
&
¥
L 05
W
&
<53
=ens Parametric Tognormal Survival Function
Nonparametric Logne al Survival Function
Monte Carlo Stress-Strenpth Model
0‘1 C 1 1 | 1 1 | 1 1 1 1

1 10 25 50 100 200 300 400 500 600
o (MPa)

Figure 8 Comparison of Monte Carlo simulation with Parametric and Nonparametric

Figure 9 illustrate the distribution of Survival function in domain of threshold stress. A
noteworthy observation is that the probability of survival function encompasses characteristics
of upside-down bathtub shape for individual module threshold stress discrete analysis. The
deviations are different when compared with high temperature segmented (SKD) and relatively
decreases after 300 MPa when compared to low temperature TE modules (bismuth telluride).
This has significant implications on TE system design and optimization of discrete data
distribution to apply nonparametric lognormal survival function.

The final section of the chapter has particular focus on boundary conditions and spacing
between each leg. Fixed boundary conditions (Case 1) have been widely seen in low temperature
devices, whereas free boundary conditions (Case 2) are appropriate for medium to high
temperature devices. The hot ends of the leg are assumed to be free to expand whereas cold ends
are considered to be bounded. Figure 9, in this regard, shows the influence of the boundary
conditions on the reliability of a TE module couple with varying length size. The results are
presented for the probability of failure by using equations of nonparametric survival function.
The failure probability for p and n-types of legs have almost similar average as per the change
in temperature gradient.
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Figure 9 Probability of the TE system according to their boundary conditions
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CONCLUSION

In the dissertation work, the following main results were obtained:

. The model optimizes the Naotake plate theory, to analyze thermo-mechanical behavior
of the thermoelectric device under optimized boundary condition, geometry, and space
between the legs. The model concludes that the reliability of the segmented
thermoelectric devices, operating at intermediate temperature, could be enhanced by
using free-end boundary case. Whereas the unsegmented devices work longer under both
free and constraints boundary conditions.

. The simulation results evaluate the optimized length to thickness ratio, compressive-
tensile stresses, and equation of deformation. The model describes the impact of
extension-bending, flexural stiffness, and Elastic constant on thermally induced stress.
The calculated stresses are used to calculate specific number of thermoelectric legs in a
thermoelectric system. Compared to previous methods, our model claims 13% reduction
in the number of legs.

. The model calculates precise maximum thermo-mechanical stresses between
components, on edge and within volume. The simulated results show that segmented
devices encounter compressive stresses, whereas unsegmented encounter tensile nature
stresses.

. Currently available literature uses Weibull distribution and Mean-time-between-failure
(MTBF) to calculate reliability of the thermoelectric device. Our comparative discussion
shows that whether they don’t fit (especially in case of segmented devices) or can’t
predict life of device with not more than 80% accuracy. Our model, compared to
existing methods, uses parametric and non-parametric lognormal distribution to measure
lifetime of operating devices. The obtained lognormal mean residual life provides 80%
accuracy on the “estimated mean value”, whereas survival function, driven from non-
parametric lognormal distribution, gives 90% accuracy on thermo-mechanical durability.
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DISSERTATION ABSTRACT

Shehak Sattar
Model of Thermomechanical Stresses in Thermoelectric Systems

The investigation is devoted to development of basics of measurement of thermomechanical
stresses and forecast of reliability of thermoelectrical device. The goal of the work is a
development of mathematical model for thermoelectric module to enhance their operating life
optimized by reducing thermo-mechanical stresses without compromising their performance.
Development of an optimized mathematical model to present relationship between heat fluxes,
electrical power and efficiency of the device. Finding the impact of Joule heat on thermal
conductivity and charge carriers in the given volume and surface. Developing an optimized
mathematical model to predict the reliability of the thermoelectric devices using parametric
lognormal mean residual life and nonparametric Lognormal kernel distribution. Mathematical
model can predict precise characteristics of the thermoelectric device and influence of thermally
induced stress on mechanical properties. Implementation of the mathematical model has
following practical significance. The optimized model demonstrates possible model to increase
life of the thermoelectric system in future, without compromising its efficiency. The temperature
gradient can be designed according to survive able thermal stresses and vice-versa. Lognormal
distribution mean residual life and non-parametric survival function are newly introduced and
will play a distinctive role in thermoelectric systems compare to Weibull failure theory.
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OBLIASA XAPAKTEPUCTUKA PABOTBI

AKTYaJIbHOCTBH MCCJICAOBAHUS

TepmonnekTpuueckue renepatopsl (TOI') HalIM cBOE MPUMEHEHUE B CO3/IaHUHU PE3EPBHBIX
WIM aBAPUHHBIX MCTOYHUKOB 3JIEKTPO3HEPrMU. MHOTME CTpaHbl, KOMIIAHUM U YHHBEPCHUTETHI
aKTUBHO  MHBECTUPYIOT B  TEpPMOd3JEKTpUueckue  uccienoBanHus. Kak  mpasuio,
TEPMOIJICKTPUUECKUE YCTPOMCTBA HCIOJB3YIOTCA B KAaueCTBE MCTOYHMKA MHUTaHUSA IS
KOCMUYECKHUX alnapaToB, HA0IIOAEHUS 32 YAAJIEHHBIMU TEPPUTOPUSAMU Yepe3 OECIIPOBOIHbBIE CETH,
HAOJIIO/IEHUS 3a Ta30MpOBOJAMH, CTAHIMSIMH KATOIHOM 3alIMTHl M Ta30paclpeeauTebHBIMU
nyHkramu. Ilpy 3TOM OHM MoOryT uMmerh oTHOcuteslbHO Hu3kuil KIIJ[ u orpanunuyeHnyro
HAJIEKHOCTD.

HenaBHue wuccneqoBaHus IMOKa3aldd, 4YTO JUIsl MPOTHO3UPOBAHUS  YCTOMYMBOCTHU
TEPMOIICKTPUYECKOTO YCTPOWCTBA TEPMHUYECKUE HAIPSDIKCHUSI SBISIOTCS  y3KHMM  MECTOM,
O0COOEHHO I BBICOKOTEMIIEPATYPHBIX TEPMOINEKTPUUECKUX ycTpoilcTB. M3-3a oTcyTcTBUS
TEXHOJIOTMYECKOTO PEIICHUs] YUCICHHBIM aHau3 UTPAET CYIIECTBEHHYIO POJb IPU ONTHUMHU3ALNT
T€OMETPHUM YCTPOMCTBA U I'PAaHUYHBIX YCJIOBUU IIPH CTPECCOBOM Harpyske. Hecmotps Ha To, 4TO
UCCJIEIOBAHUS PACIIUPHIIN IUANa30H BEIOOpA MaTepHAIIOB, TEPMOAIIEKTPUUYECKUE YCTPOMCTBA eIlle
HE JJOOWJIMCH ycTiexa B KaKUX-JIM00 KPYITHOMACIITAOHBIX HA3€MHBIX MPUIIOKEHUAX. bobiias yacTh
COBPEMEHHBIX HCCIIEIOBAaHUN COCPENOTOYEHA HA BIMSHUM KOHCTPYKIMH YCTPOMCTBA, (pa3zoBoro
nepexoyia Matepuana u GOpMbI TEPMOIIEKTPUIECKOTO YCTPOMCTBA HA ero xapakrtepuctuku. [Ipu
OTOM OYEHb MAJI0 MCCIEAOBaHUM, B KOTOPBIX KOJMYECTBEHHO OLEHUBAECTCS BIIASHUE
TEPMOMEXAaHMYECKUX Harpy30K Ha HaJAEKHOCTh YycTpoiicTtBa. CoBpeMeHHbIE pPabOThl IO
TEPMOIJIEKTPUUECKON HAJEKHOCTU OIMPAIOTCS HAa METOJbl YCKOPEHHBIX MCIBITAHUN Ha CpPOK
ciyx0b1 (AFT) u cpeanero Bpemenu HapaboTku Ha oTka3 (MTBF). Otu meTonb! nenatoT BEIBOA O
HA/IeKHOCTH YCTPOMCTBA HAa OCHOBE CTATHCTUYECKMX JAaHHBIX 00 OTKa3zax Oe3 yuyeTa aHaiuza
(akTOpOB OTKa3a M HE JNAIOT JOCTATOYHOI'O ONHCAHUSA XapaKTEPUCTUK TEPMOIICKTPUUECKHX
YCTPOWCTB.

OpHuM 13 NOMyYJSPHBIX METOJ/IOB aHAJIN3a U U3MEPEHUS HAJEKHOCTH YCTPOMCTB SIBIISIETCS
pacrnpenenenue Beitbymia, koTopoe siBIsieTcsl HauboJee MOAXOAAIIEH MOACIbIO ISl MOIYJIEH,
pabotaronux ¢ nepenagom temmepatyp T>300°C. [lo mepe yBenuueHus Auamna3oHa JaHHBIX U
YMEHBIIIEHUSI pa3Mepa yCTPOUMCTB pactpeneneHue BeiiOymna wumeer 0osiee  BBICOKYIO
OTHOCHUTENIbHYIO OIIMOKY MO CPAaBHEHUIO C JIOTHOPMAJIbHBIM pacipeieICHUEM.

[IpennaraemMoe ucciieIOBaHUE SIBJISIETCS MEPBOM MOMBITKOM MOAEIMPOBAHUS HANEKHOCTH
TEPMOIIIEKTPUYECKON CUCTEMBI C Y4E€TOM JIOTHOPMAJIBLHOTO PACTIPEICIICHHUS.

CreneHb pa3padOTaHHOCTH TeMbI HCCJIEI0BAHUA

HccnenoBanus, pe3yiabTaTbl KOTOPBIX OMYyOIMKOBaHbI B COBPEMEHHOM JIUTEPAType, HE 1AI0T
KOJIMYECTBEHHON OLEHKU BJIMSHUS TEPMOMEXAHWYECKHUX HAarpy30K Ha HAJIEKHOCTb yCTpPOMCTBA.
CymecTBytomasi JIureparypa mo TEPMOIIEKTPUUECKON HAJIeKHOCTH OCHOBBIBAJIACh Ha METOJE
YCKOpEHHBIX pecypcHbix ucnbiTanuii (AFT) u cpennem Bpemenu Hapabotku Ha otkaz (MTBF).
O6a MeToa OCHOBAaHbI Ha KOJMYECTBE TEIUIOBBIX LIMKIIOB 0 OTKa3a, YTO HE J1aeT KayeCTBEHHOM
uHbpopMallUM O HaAeKHOCTH ycTpoiicTBa. Odpaum Cyxup npeacTaBuil  JETalbHYIO
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HCCIIEIOBATENIbCKYI0 pabOTy C HCIOJb30BAHHEM MOJENIHU HANpsLKeHWs] CABUTa U jAepopManuu
CIBUTA, HO OHA 0OECIeunBaeT TONBKO AedopManuto (vin u3rub) ycTpoiictBa. Moneins He MOXKET
npecka3aTh xKuBydecTh ycrporictBa. Henasno Hasun Kumop Kappu onyOnrkoBana 4ncieHHBIHM
Y KOHECYHBIM AHAJIM3 DJIEMEHTA, KACAIOIIMICSA HANEKHOCTU TEPMODIEKTPUUYECKOIO YCTPOWCTBA.
XoTs Moziesib 00€eCIIeYNBaET KaueCTBEHHOE MCCIIEJOBAaHUE HAZIE)KHOCTH, B MOJIENIN HCIIOIb3YETCS
CTaTHCTHYECKasi TeOpHUs pa3pylIeHHs, OCHOBaHHAsI HA aHalu3e BeliOyinia, o0CHOBAaHHOM Ha JaHHBIX
0 pa3pylIeHHUsX. JTa MOJENIb CHEIUATIbHO MCHOJIb3YETCs Uil XPYINKUX MaTepuajoB, TaKUX Kak
kepamuka. [lo mepe yBenumyeHus Auana3oHa JaHHBIX W YMEHBUIEHUS pa3Mepa yCTPONCTB
pacnpenenenue BeitOymna nmeer 6osee BBICOKYI0 OTHOCHUTEIBHYIO OMIMOKY MO CPaBHEHHIO C
JIOTHOPMAJIbHBIM pacmpejieiieHreM. B 3ToM HanpaBieHuu B pa3IMuHbIX opraHu3auusax B Poccun u
3a pyoexxom (Hampumep, Kopelickuii nmepeaoBoit MHCTUTYT Hayku U TexHojoruid, Oxchopa bpyke
Vuusepcurer, BenukoOputanus, TexHomornueckuid  yHuBepcuter Jlynmeo,  LlBerus)
ONMyOJIMKOBaHbl ~ pe3yJibTaThbl, OCHOBAHHBIE HA  SKCIEPUMEHTAIbHOM  MOJEIMPOBAHUM,
JEMOHCTPUPYIOIINE JOCTOBEPHOCTh JIOTHOPMAJIBHOTO paCIpeleeHuss sl Tel C BBICOKUM
HaIpsDKEHUeM 1o pacupeneneHuto BeitOymia. Muorumu ucciepoBatensimu ([xkun Con Kum
(Hamonanwhsit yauBepcutet [1ykponra, F0. Kopes); M.T. Toaunos (Oxford Brookes University)
U Jp.) TOKa3aHO, YTO TMPU PACCMOTPEHUU XapaKTEPUCTUK MaTepuaia JorapupMUYECKU
HOpMAaJIbHOE HAIPSHKEHUE SIBIISIETCS] OJHOW U3 MOAXOASIINX aJIbTE€PHATHUB.

[TpoGiemMbl TEPMOAIIEKTPHUUECKON HAJECKHOCTH M TOTPEOHOCTh B MPaBWIBHOW MOJENH,
MOTYEPKUBAIOIIEH HAJEKHOCTh TEPMOIIEKTPUUECKOTO YCTPOMCTBa, BOCTPEOOBaHBI ceilyac Kak
Hukorna. OTCyTCTBYeT 3HauMTellbHas paboTa, obecnedMBaroniasi MaTeMaTUYecKyl padoTry
OTHOCHUTEJIBHO TPEOOBAHUI K TEPMOIIEKTPUUECKOMY YCTPOMCTBY, YTO MOCIYKUIO MOTUBOM ISt
HCCJIEI0BATENbCKON paboTHI.

Hame wccnenoBanve HampaBIeHO HA ONTHUMM3ALHAI0 MAaTEMaTUYECKOW MOJACIH IS
IIPOrHO3UPOBAHUS TEPMOMEXAHUUECKHUX HAIIPSKEHUI B TEPMORIIEKTPUYECKOM CUCTEME, ITpeAIarast
NOJXOJIAIIEE pelleHre JJIsi KOMIIEHCAlMKU 4Ype3MEpHBbIX TEPMOMEXaHUYECKUX HampssKeHui 0e3
yuepOa a1 MpOU3BOAUTEIBHOCTH ONTHMU3UPOBAHHOM cucTeMbl. [l M3ydyeHus] BO3MOXKHOCTEH
MaTeMaTHUYE€CKON MOJEIN U BIUSHHS T'€OMETPUH, TPAHUYHBIX YCIOBUW U MPOCTPAHCTBA MEXKIY
BETBSIMU Ha TEPMODJIEKTPUUYECKOE YCTPOMCTBO ObLIO mMpoBeneHo MmojenupoBanue B MATLAB u
METO/Ie KOHEUHBIX 3JIEMEHTOB. [lonydeHHbIe pe3yapTaThl TOKA3bIBAIOT, YTO OTHOLIEHUE JJIMHBI K
TOJILIMHE TAaHHON TEPMORJIEKTPUUYECKON BETBH OKA3bIBACT 3HAUUTEIBHOE BIUSHNE HA HANPSKEHUS
B CHCTEME, TOTJa KaK (popma OKa3bIBa€T HE3HAUNTEIbHOE BIUSIHNE. BiMsiHIE TEPMOAIIEKTPUUECKUX
HaNpsDKEHUH Ha MEXaHUYECKYIO Ha/IEKHOCTh OLIEHUBAETCS C UCIIOJIb30BAHUEM NTAPAMETPUYECKOTO
U HemapamMeTpuyeckoro JorapugmMuuecku-HOPMaJbHOIO pacmpeaeieHusi Bmecto BeiiOynna,
OCHOBAaHHOTI'O Ha aHAJIM3€ TEOPUU OTKA30B.

eab uccaenoBanus

Pa3paboTka MaTemMaTHYECKON MOCIIN TEPMOIICKTPHUIECCKUX MOTYJICH, ONTUMU3UPOBAHHOMN
3a CUET CHIDKCHHSI TEPMOMEXAHMUECKHUX HAMPSHKCHHUH 0€3 yXYyIIIeHUS XapaKTePUCTUK MOAYJIEH U
COOTBETCTBYIOIIETO YBEIMUCHHS CPOKA MX CITY>KOBI.



33}13‘11/1 HCCJIea0BaAaHUA

1.

Pa3paboTka onTHMHU3UPOBAHHOW MaTEMaTHIECKON MOJEIN TEPMOAIIEKTPHIECKOTO YCTPOICTBA,
ONMCHIBAIOIIEH B3aMMOCBA3b MEKIY TEIUIOBBIMU IOTOKAaMH, 3JEKTPUYECKONW MOIIHOCTBIO W
KIIJl ycrpoiictBa. Pacuer BimsaHus J[KoyneBa TeIia Ha TEIUIONPOBOAHOCTh MaTrepuana
MOJIBU’KHOCTh HOCUTENEH 3apsiia B 3alaHHOM 00BbEME M Ha TOBEPXHOCTH.

.Pa3pa60TKa OHTHMHSHpOBaHHOﬁ MaTEMaTHUYECKOM MOJEIU  IJIs HU3MCPCHUA  IINIOCKUX

HaOpsDKEHUW W AeopManuil, KacaTelbHbIX HaNpsOKEHUH, (QYHKIMM HampsDKeHUM U
MCCJIEIOBAHUS TEPMOYIIPYTOr0 MOBEAECHUS TEPMOIIEKTPUUECKUX BETBEH TEPMOIIEKTPUIECKOTO
ycTpoiicTBa. PacdeT XapakTepUCTHK TEPMOIJIEKTPUYECKONW BETBU UII CETMEHTHUPOBAHHBIX U
HECErMEHTHPOBAHHBIX YCTPOMCTB.

. Pa3pa60TKa OHTHMHSI/IPOBaHHOﬁ MaTEMaTUYE€CKOW MOJECIIN AJIs IIPOTHO3HUPOBAHUA HAACIKHOCTU

TEPMOAJIEKTPUUECKUX YCTPONCTB C HCIIONB30BAHUEM MAPAMETPUUYECKOTO JOTapUPMHUUECKHU -
HOPMAJIBHOTO CPEAHEr0 OCTATOYHOIO pecypca U HEMapaMeTPpUYECKOro JIOrapu(pMUYECKH-
HOpMaJIbHOTO pacnpeaeneHus Kepuens.

Pa3paboTka MOAEIN TEPMOAIIEKTPHUUECKUX YCTPOUCTB C UCIOJIB30BAHUEM HENApaMETPUUECKOTO
JgorapupMuUecKu-HOpManbHOTO  Merona baileca, BbiBoga Kepnens B oTHOLIEHUH
monenupoBanuss Monre-Kapio, pacnpenenenus BeiiOymia u norapudmMudecku-HOpMaaIbHOTO
CPEIHEr0 OCTATOYHOT'O CPOKa CIIY>KObI 17151 pa3IMUHbIX (GOPM ISl PYHKIUU BBIKUBAHMUS .

Hay4yHasi HOBU3HA

Haquaﬂ HOBH3HA AHUCCEPTALIMOHHOI'O NCCICAOBAHUS 3aKII0YACTCA B CICAYIOIICM.

. Pa3pa60TaHa MareéMaTu4dCCKas MOJCIb, IIO3BOJIAIOIIIAsA IMPOTrHO3UPOBATH TOYHBIC

XapaKTEPUCTUKU TEPMOIJICKTPUUECKOTO YCTPOMCTBA U BIUSIHUE TEPMUUYECKOTO HAMPSIKEHUS Ha
MEXAaHUYECKUE CBOUCTBA.

. BiepBrie onTHMHU3MpPOBaHA U IPUMEHEHA K TEPMOIIEKTPUUECKOMY YCTPOMCTBY JJIsl U3MEPEHUS

HanpspKEeHUU Teopus riactuH Haorake.

. BHCpBBIC npcacraBJICHa MaTeéMaTH4YCCKasa MOACIIbL OJIs1 pacde€Ta TOYHOI'O KOJIHMYCCTBaA

TEPMODJICKTPHYECKHX BETBEH B yCTPOWCTBE. Pe3ynbTaThl MOJEIUPOBAHUS B TPOrpaMMax
MATLAB u COMSOL noka3bIBaloT, 4TO 32 CYET YBEIMUYEHHUS PACCTOSHUS MEXIY BETBSIMU
MOKHO KOMIIEHCUPOBATh YPE3MEPHBIEC TEPMUUECKUEC HATIPSHKCHHUS.

BriepBbie TIpeNsIOKEH  ONTUMHU3HPOBAHHBIM  CIOCOO  WCIOJIB30BAHMS  JIOTHOPMAJIBHOTO
pacnpeeeHust sl pacueTa CpoKa CIIy,Obl yCTPOMCTBA C HCTIOIb30BaHUEM TApaMETPUIECKOTO
¥ HEeTIapaMeTPHUUECKOTO JIOTHOPMAIBHOTO pacipe/IeieHusI.

BrepBbie ¢ UCHOJNB30BaHMEM  JIUCKPETHBIX  JIAaHHBIX ~ MAaTEMAaTHUYECKH  IOJy4YeHa
HenapaMmeTpuieckas (GYHKIUS BBDKUBAHUS sl ONPEICIICHUs] CPETHETO0 OCTaTOYHOTO pecypca
YCTPOWCTB, pabOTAIONINX MPU CPEAHEM U O0Jiee BBICOKOM TEMIIEPaTypHOM T'PaTUCHTE.

Teopernyeckasi 3HAYUMOCTb

Pa3pa60TaHHas[ MCTOAMWKA, MATCMATUICCKOC OITMCAHNC TCPMOMCXAHUICCKUX HaHpiDKCHI/II\/’I,

QJICMCHTOB TCPMOIDJICKTPHICCKUX YCTpOﬁCTB, a TaK¥KX€ CO3JaHHBIC IMTPOTPaAMMHO-BBIYUCIIUTCIIBHEIC

CpeaCTBa IIOCIYXKAT ﬂanLHeﬁmeMy Pa3BUTUIO HAYYHBIX I/ICCJ'IGI[OBaHI/Iﬁ HaIlTpaBJICHHBIX Ha

COBCPIICHCTBOBAHUC TEXHOJIOTUH reHepanuu TCPMOIJICKTPUICCTBA U UX HAACIKHOCTD.



HpaKTI/I‘IeCKaH SHAYUMOCTDB

Peanuzanmsa maTreMaTHuecKon MOZACIN UMCCT CIICAYIOIICC MPAKTUICCKOC 3HAUYCHUC!

.OHTI/IMI/ISI/IPOBaHHaH MOJCIIb II03BOJIACT IIOBBICUTH CPOK CJIy>K6BI TepMOBHeKTpH‘IeCKOﬁ

cuctembl 0e3 ymepba ans ee 3(P(EKTUBHOCTU. YBEIMYEHHE CpOKa CIIyKObl ycTpolcTBa
YMEHBIIUT CTOMMOCTbH MPOEKTA U MOBBICUT KOA(PPHUIIMEHT COBMECTUMOCTH MAaTEPHAJIOB.

. praBHeHI/Ie HaIIPSOKCHUAMU B TCPMOJJICKTPUICCKUX YCTpOﬁCTBaX H CUCTCMaAX UI'PACT BAKHYIO

POJIb B KOCMHUYCCKUX IIPOCKTAX, UCIIOJIb30BAHUHN OTpa6OTaHHOFO TCIIJIa B MMPOMBIIIIJIICHHOCTH,
3JaHUAX U aBTOMOOMIISX.

. MaremaTndeckass MoOJENIb 3aJa€T KOJMYECTBO BETBEH B YCTpOﬁCTBe H IPUCMIICMOC

COOTHOIICHNE MX BHICOTHI ¥ TOJIINHBI B TEUYCHHE CPOKA CITYKOBI

['pamueHT TeMmmepaTypbl MOXXET OBITh pacCUUTaH B COOTBETCTBHH C TEPMUYCCKUMHU
HaNpsLDKEHUSIMU 1 HA000POT.

BriepBeie  mpencTaBieHBl  JOTapu(MUYECKH-HOPMAIBHOE  paclpelielieHue  CPEIHEro
OCTaTOYHOTO pecypca © HemapaMmeTrpuueckas (yHKIUS  BBDKMBAaHHUSA, KOTOpbIE B
TEPMODJIEKTPHUECKUX CHCTEMaxX 00eCIIeUunBat0T JyUIINe PE3yIbTAaThI IO CPABHEHUIO C TEOPHEH
oTKa3oB BeliOyma.

MeTOZ[O.JIOI‘Hﬂ M ME€TOJAbI UCCJICAOBAHUA

PabGota 68.31/Ipy€TC$I Ha MCTOAaX MaTCMaTH4YCCKOro MOJACINPOBAHNA U CUCTCMHOT'O aHAJIN3a

npu BBIOOpE ONTUMANBHBIX perieHuil. OCHOBY pa3pa0OTaHHBIX MAaTeMaTUYECKUX MoJIesei

MMpCaACTaBIIAIOT (bYH,Z[aMeHTEUII)HLIe 3daKOHBI UCCIICAYCMBIX (1)1431/1%01(14)( SIBJICHUM. Z[J'ISI OIINCaHUuAg

TEPMOJMHAMUYECKNX CBOMCTB HCIOJIB30BaHbl OOIIECTIPUHATHIC, CEPTHUPUIMPOBAHHBIE Oa3bl

JaHHBIX. Z[JDI OopraHn3aiyyd BbIYUCIUTCIBHOI'O IIPpOHECCa HCIIOJb30BAHBI YHMCJIICHHBIC MCTOIbBI

peLIeHUs] CHCTEM YpaBHEHUM.

HOJ’IO)KCHI/IH, BBIHOCHMBbIC HA 3AIIIUTY

1.

Mogenpb 11 U3BMEPEHUSI TEPMOMEXAHUUECKUX HAIPSHKEHUN ITYyTEM aHAIU3a PE3yJIbTUPYIOIIMNX
CHJl W PE3YJbTUPYIOLIETO MOMEHTAa HA E€IWHUIY TOJIIIHUHBI, BBI3BAHHBIX TEPMUUYECCKUMU
HaIPsHKEHUSMU, YYUTHIBAIOIIAS 1BA OCHOBHBIX T'PAHUYHBIX YCIOBUS U1 U3MEPEHUS TEILUIOBOTO
pacIIMpEeHHs KaXXJA0ro MaTepuaa.

. CBs13b MCXKAY NPUHOUIIOM COXPaHCHUA SHCPIUMU, JIOKaJIbHOM TCOpHGﬁ COXpPaHCHHA MACCbl U

MIPUHIIMIIOM MAaKCUMAJIBHOTO HAIpsKEHUs, HUCClieayeMasl IyTeEM U3MEHEHUSI T€OMETPUUYECKUX
napamMeTpoB TO sl KOMIIEHCAIMU TEPMHUYECKUX HANPSHKEHUWA W MOAJACPKAHUS HAJIC)KHOCTH
YCTPOWCTBA.

. ONTUMU3HPOBAHHBIH JIOTAPU(PMHUUECKU-HOPMAIBHBIA TapaMeTPUUECKUN CPeTHUN OCTATOUHBIH

pecypc © HemapameTpuueckas (YyHKIUsS BBDKHBAHHUS, IOJYYCHHBIE B COOTBETCTBHUU C
KpUTEPUSIMH METOJa BbIBOJA balieca, M M3MEpEHHs HAJIEKHOCTH TEPMOIIEKTPUUECKUX
CHCTEM.



CreneHb 10CTOBEPHOCTH Pe3yJIbTATOB

e pa3paboTaHHBIE MOJENH IMOCTPOCHBI Ha (PaKTax W IMPOBEPEHHBIX JAaHHBIX, COTJIACYIOTCA C
ONMyOJUKOBAaHHBIMU  SKCIEPUMEHTAIBHBIMM M  TEOPETHYECKUMHU pe3ysibTaTaMH II0 TeMe
JICCEPTALNN;

® JCIOJIb30BAaHbl OOIENPHUHATHIE METOJbl ONTHUMM3AIMM U MOJEIMPOBAHMs, OCHOBAHHBIE Ha
TEOPUSX, IOATBEPAUBIINX CBOIO IPUMEHUMOCTB;

® YCTAaHOBJICHO KA4eCTBEHHOEC M KOJIMYECTBEHHOE COBIAJACHUE AaBTOPCKUX pE3yJbTAaTOB C
pe3ynbTaTaMHy, IPEACTABICHHBIMY B HE3aBUCUMBIX HCTOYHHKAX IO TaHHON TEMATHKE;

® JICIIOJIb30BAaHbI COBPEMEHHBIE allpOOMPOBAHHBIE METOAUKH 00pabOTKU UCXOTHON HHPOPMALIHH.

Anpodanusi padoTsl
OCHOBHBIE KOHIEMNIMHU U Pe3yJbTaThl OOCYKAATUCh U MPEACTABISUIMCH Ha Pa3IMYHBIX

MEXTYHapOJHBIX HAyYHBIX KOH(EPEHIUIX, CEMUHApaXxX U 3aceaHusAX Kaeapsl:

1. HoBble moaxoisl M TEXHOJOTMH NPOEKTUPOBAHMs, MPOU3BOACTBA, HCIBITAHUNH U
OPOMBIIIEHHOTO Au3aiiHa W3JeNuid pakeTHO-kocMudeckod TexHuku. COopHuk Tpyznos I
MexnyHapogHoid MoJnonéxHo koHpepeHmuu. M3n-Bo: OO6mecTBo ¢ orpaHMYeHHOMN
OTBETCTBEHHOCTHIO «/lnoHa» (Mockaa).

2. XVI MexrocynapctBeHHast KOH(MepeHIus « TepMOdIeKTPHIECTBO U €r0 MPIIIOKEHUSD OKTSIOPh
2018, Cankt-IlerepOypr, Poccus

3. 38-1 MexnyHapoHas KOH(PEpPEeHIHs 10 TEPMOIIEKTPUUECTBY U 4-s1 A3uarckas KOH(pepeHLus
no tepmoanektpuuectBy, FOxnas Kopes (ICT/ACT 2019)

4. Kondepennus noctuxennit kocmonapTuku, PYJIH, Mocksa, Poccus. 2020

5. Mexaynapoanas MHoronpoduibsHas koHpepenuus «llepcrekTuBHas 37eMeHTHas 0a3a MUKPO-
Y HaHO AJIEKTPOHUKHU C UCIOJIb30BAHUEM COBPEMEHHBIX JOCTHUKEHHUI TEOPEeTUUECKON (HPU3UKN»
2019.

6. Mexnynapoanas koH@epeHuus «llepcriekTuBHas »3JeMeHTHas 0a3a MHUKpPO- M HAHO
AJIEKTPOHUKHU C UCTIOJIb30BAHUEM COBPEMEHHBIX JOCTHXKEHHUH TeopeTnyeckoil puzukm» 2021 r.

7. XVII MexrocynapctBernas koHbepeHus « TepmoanexkrpuuectBo u ero npuioxkenus» (ISCTA
2021) Cankr-Ilerepoypr, Poccus 13-16 centsiops 2021 r.

JINYHBIA BKJIAJ

ABTOp IPUHAJICKUT BEAYIIAsk POJIb OT BEIOOPA TEMBI HCCIICIOBAHMS JIO TIOJTYICHUS OOIIHNX
pe3yabTaToB. ABTOP JIMUHO pa3paboTai TEOpETUUECKYI0 0a3y, MOJIeNH, KpUTEPUH ONITUMU3AINU U
BCE TEXHUYECKUE JETAJIM, BBIMNOJHWI KOAWPOBAHUE, BBINIOJIHUII YHUCIECHHOE MOJCIMPOBAHUE,
MOJTYYUJI, TPOAHATTU3UPOBAII M 0000 PE3yIbTaThl, a 3aTEM HAIMKCall pyKONHCh. Bkiman aBTopa
npeoOiaaeT Ha BCEX JTalmax MCCIEIOBaHMs: MOCTAHOBKE 3aJayu, pealn3allid, OOCYXKJICHHUH
PE3yJIbTaTOB UCCIICIOBAHUS B HAYYHBIX MyOTUKAIUIX U KOHPEPECHIIHSIX.

O0beM HW CTPYKTYpa HAYYHO-MCCJIEA0BATENbCKOH PadoThl OTpa)kaeT Lelb W 33Jaud
UCCJIEIOBAaHUSI U COCTOUT M3 BBEICHHS, IJIaBbl C 0030pOM JHUTEpaTypbl U TpeX APYrux rJjas,
3aKIIIOYCHMS, TJIOCCapusi M ChucKa iureparypbel. OO0mmii o6vem aucceprauuu coctapisier 104
CTpaHull, B TOM uucie 84 ccbuiku, 40 pucyHkoB, 5 Tadbnun 1 94 GopMyIbl.
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OCHOBHOE COIAEPKAHUE

Beenenne
O06ocHOBaHa aKTyaJbHOCTh ITPOOJIEMBI, peliaeMasi B TUCCEPTAIIHH.

I'naBa 1 O030p JuTeparypsl

I'maBa 1 coctout u3 Tpex paszaenoB. B nmepBom pasziesne paccka3zbiBaeTcsi 00 aKTyallbHOCTH
TEPMODJICKTPHUECKUX YCTPOUCTB, UX BAXHOCTH HA PBIHKE U PACTYIIEH POJIH TEPMOIICKTPUICCKUX
YCTPOMCTB B PA3IMUHBIX TEXHOJIOTHUSX.
Bropoii pa3gen 3HAaKOMHT C OCHOBHBIM KOMIUIEKCOM YCTPOHCTBA, €ro 3BONIOIHMEH C TCUYCHHEM
BPEMEHU W TEKYIIMMHU JOCTH)KCHUSMHU. BO BTOpOM paszjene Mom4epKUBACTCs pasHUIA MEKIY
CErMEHTHPOBAaHHBIMH U HECETMEHTHPOBAHHBIMH TEPMOIJICKTPUICCKUMHU YCTPOUCTBAMH.
B Tperbem pasmene ommMcaHbl COBpPEMEHHBIE TIPOOJEMBI, C KOTOPBIMH CTaJKUBAIOTCS
TEPMODJICKTPHUECKUE YCTpoicTBa. B 3TOM 0030pe mpoBeneHO BCECTOPOHHEE OOCYKICHHE
BOXHEHINX ()aKTOPOB, KOTOPHIE UTPAIOT KIFOUEBYIO POJIb B OTKA3€ YCTPOWCTBA. JBE KIIFOUCBHIC
mpoOeMsbl: (1) KOd)PUIIMEHT COBMECTHMOCTH MaTepualioB U (i1) TepMOMEXaHUUICCKUE HArPy3KH.
B 00cykaeHnn TakKe OMMCHIBAIOTCS BO3HUKAIOIINE CTPYKTYPHBIC TIPOOJIEMBI U3-3a TEPMHUCCKHIX
HANPSHKCHUA W BOIIPOCHI 110 MTOBOY HAJS)KHOCTH. B 0030pe Takke yka3aHbl OCHOBHBIC ()aKTOPHI,
00yCIIOBITUBAIOIITHEC HU3KYIO HAJICKHOCTh CETMEHTHPOBAHHBIX HECETMEHTHBIX
TEPMODJICKTPUICCKUX CUCTEM.

I'aaBa 2. OnTUMHU3MPOBAHHAS MaTeMaTHYeCKasi MOJIeJIb TEPMOIIEKTPUIECKUX YCTPOiiCTB
B orToii TmaBe MBI paccMOTpeNrd TEOpHr0 IuTacTMH HaoTrake W mpuMeHWIH ee IS
obecrieueHs] abTEPHATUBHBIX TEPCHEKTUB, OCOOCHHO B 00JAaCTH TEPMOIIEKTPUUECKUX
reHepaTopoB. B yacTHOCTH, 0OCYKIAIOTCS BIMSHUC HANPSHKEHUS CABUTA, AchOpMaIliy CIABUTA,
TEPMUYECKH HMHIYIUPOBAHHOTO H3THOAIOIIET0 HaMpspDKeHUs U cui casura. [lpencraBrnenHas
AQHAJTUTUYECKAsl MOJICNIb SIBISICTCS KOMIUJIEKCHOW M JIETKO MPOTHO3UPYEMOU TEPMOMEXaHUYECKOM
Harpy3kou B BeTBU T i1 pacdeTa HaJIe)KHOCTH Moayist TO. DTa riiaBa HAUMHAETCS C ONMUCAHUS
OCHOB MAaTEMaTHYECKOI0 MOJCIMPOBAHMS [JIi pacueTa HANpsSHKEHUUW B TEPMODICKTPUUECKHUX
reHeparopax. B mepBom pazjeisie Mbl Olpe/esiieM OCHOBHBIE KOMIIOHEHTBI TEPMOICKTPUUECKOTO
ycTpoiicTBa (cM. puc. 1), 4To0BI yCTAHOBUTH COOTHOIICHHE MEXAY HANps>KeHUEM | JiehopMaliven.

Hot side

» ceramic plate

[ ——
Electrode < —
el -~+-» Solder T T
z
\—-PX ::> h In-plane
l Thermoelement
y
I

cold side L

Pucynox 1. bazosas cmpykxmypa éemeu T3, cocmoswas u3z paznudHsix KOMNOHEHMO8
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JIByMepHEIE COOTHOLIEHHs HanpsikeHue-aeopManus B IIIOCKOCTHBIX HAIPABIECHUIX IS
M30TPOIHOIO TEPMOSIEMEHTA 3aKIIIOUAIOTCS B YPABHEHUSIX
E [ou ov <62w 0%w

axxzm_a+va— —+v7>—(1+v)aAT

dy? d0x?

E [ov ou 2%w 0%w
—+v— |- (1 +v)aAT

oo = E ou Vav 2 62w]
xy 2(1+v) Loy ay daxdy

(1)

3nech U, VI W — KOMITOHEHTHI CMEUICHHS B HANpaBICHUAX X, Y M Z B HEUTPAIbHOU
miockocTu (Z = 0), HanpsbkeHus o, aedopmanun €, kKodDPUIMEHTa TEMIOBOTO PACHIUPEHUS 0,
TemneparypHoro rpaguenta AT, kosdduuuenrta tsaru vV, E Moayns FOnra.

Bo BTOpOM pasnene uccaeayloTcss TEPMOYNPYrHUe XapaKTEPUCTHUKU TEPMOAIIEKTPHUECKOI
BETBU, €€ IIOBEJEHHE IpH 3aJaHHOM TIpaJueHTe Temreparypbl. OH BKIIOYAaeT OOCYXKICHHE
tepmuueckux cun (F), msrubarommx mMomeHToB (M) Ha rpaHMuax W BIMSHHUSA KacaTeJIbHOIO
HanpsDKEHUs Ha ypaBHEHUE cMelleHus. Bee ypaBHeHus ynoBieTBopstoT runorese Kupxroda mis
TUTOCKOCTHOTO HAIPsDKEHUS, © KOMIOHEHTHI HANPSDKEHHS OMTUCHIBAIOTCS CIICIYIONUM 00pazoM:

1 12z 1 1 12z
Gx=ﬁFx+?Mx 1—<EFT+FMT—CZEAT>
1 12z 1 1 12z
O'y = EFy + h3 My + 1= U(EFT +?MT - CZEAT)
1 12
Oxy = Eny - h_:Mxy (2)

3nech h mpeacTaBaseT BRICOTY 3J€MEHTa, a Fru M onpeaensorces Kak

Fr=aE ("2 ATdz, My =aE ["

_h/a _h)2 ATzdz

Jlnist onTUMHU3AIMY MOJIETTM MBI BKJIIOYaeM crofia (QYHKLNIO HAPSDKEHUH ¢ A1 ypaBHEHUS
COBMECTHOCTH, KOTOPYIO MOKHO IIPEACTaBUTH B BUIE

V2V2¢p = —V2F, ?)

62
ay?
C IMOMOIIIBIO 3TOI'0 YPAaBHCHHA MBI MOXKEM HalTH TCPMHUYCCKYIO CUITY IJIA Ka)l(JIOP'I J€Talld B

2_ 0%
3nece Vo= —— +

IUJIOCKOM HaIlpaBJICHUH. TepMUYECKN MHAYLHUPOBAHHBIE CUIIbI SBIIIIOTCA PE3YJIBTATOM Pa3HUIIBI B
TEIJIOBOM pAaCIIMPEHUN MaTepuana, 4YTO B KOHEYHOM MTOre€ NIPUBOAUT K BO3HUKHOBEHUIO
TEPMOMHAYLIUPOBAHHBIX HAIIPSYKEHUM.

Paznuunbie auddepenHnmanbupie  ypaBHEHHs DPAaBHOBECHS, YCIOBHS COBMECTHMOCTHU
nedopmanuii u popmyIsl 3akoHa ['yka 00pa3yrOT OCHOBHBIE YpPaBHEHHUS TEOPUHU YIPYTOCTH. ITUX
YpaBHEHUH J0CTaTOYHO, YTOOBI OMPEIEIUTh 3aBUCHMOCTh MEXy HANPsHKEHUEM U JedopMmarmen
yrnpyroi KOHCTpykiuu. Kpome Toro, pemeHuss 000 KOHKPETHOW 3aJadd  JIOJDKHBI



10
YAOBJICTBOPATH COOTBCTCTBYIOIIIUM I'paHUYHBIM  YCJIOBUAM. KOFI{& 3a1aHO KOHKPCTHOC
TeMIepaTypHOE T0Je, UIIYT NepeMenienne, Hanpsbkenue u aedopmanuro. CieaoBaTeNbHO, eCln
3a/1aHO YPAaBHCHHC HepeMeIlIeHHﬁ, HNIOYTCA HAIIPAXKCHHUC, ,Z[e(i)OpMaI_[I/I}I N BHCIIIHHUEC CHIIBL.

OCHOBHOE ypaBHEHHE CMEILICHHUS:
Viw = ——— M, (4)
D(1-v)

Tpetwnii paznen BKIItodaeT B ceOsl TPaHUYHBIC YCIOBHS JJIS TEPMOAJICKTPUICCKON BETBH. MBI

paCCMOTpeHI/I ABa OCHOBHBIX I‘paHI/ILIHBIX YCJ'IOBI/IHZ

(i) IIpocTo moaIepKMBaeMble TPAHUYHBIC YCIOBHS:

ITo ocu X, xorga X=0 u x=|

%w 1

ax2  (1-v)D

w =0, M

ITo ocm Y, korga y=0 u y=t.
Texymiast qmuHa «l» ¥ ToNIIHA «I».

(i) IBa pebpa cBOOOHO MOIICPIKUBAIOTCS, & IBA OrPaHUYCHBI (TTIOKa3aHbI HA PUCYHKE 2), a

HMEHHO:
ow? 1
dx2 p(1-v) T

6w_0 y=+

Y

N | s

+h/2

T

Pucynok 2. I'panuunvie ycnosus ons ciyyas 2

HpI/IHI/IMaSI BO BHUMAaHHE, 4YTO D — 510 KecTKOCTh Ha H3FH6, M €€ MOXXHO pacCUUTaTh KakK

Eh3
D= m Cuna pacripeieniieTcss CHMMETPUYHO, B MOXKET ObITh OIpeiesieHa KakK
%
co
Py = Z Ensina,y (5)
m=1,3,5
mm mm

3nech, a,, = T Pn = — 1 ONPENENAIOTCS TPAHUYHBIMHU YCIIOBUAMH, TIOCTOAHHAS

ynpyroctu E,, 3aBUCUT OT IpaHUYHBIX YCIOBUI U MOXKET ObITh pAaCCUMTAHA KaK
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(n-1)
2 amCosh?y, AmnPn(-1) 2
E - ( m m ) 00_ mn
m Ym+Sinhym+coshym Zn_1‘3‘5 az+pBE (6)
. h
Takum o00pa3om, [asi CyKeHHOW Tpanuibl (ycrmoBue (y = 5) nepeMeIieHue,
PE3YNBTUPYIONINI MOMEHT U MOIEPEYHbIE CHIIBI PaBHBI

— 1 [¢] o) aAmn 1 Em
- (1-v)D Zm=1,3,5 Zn=1,3,5 aZ,+B2 Cosamxcosﬁny - 521?;=1,3 542 2 coshym (amySlnhamy -

Ymtanyy, cosha,, y)cosay,x

mn n 1 oo
Mx Zm 1,3,5 Zn 1,3,5 By cosamxcosﬁny - EZmzl,S 5 {(1 - U)amySlnhamy -

az +p2
[2v + (1 — v)yptanyy,|cosha,, y}cosa, x

coshy

a
My = —Yn=1352n= 135—?Zﬁﬁcosamxcosﬁny+ T35

[2 — (1 — v)ymtanym,lcosha,, y}cosa,x

Coshy ——{(1 —v)a,ysinha,,y +

AmnmB
My = ¥m=1352n= 135%5”16%1“”13&"{' (1—17))2171 1,35

(1 — ytanyy)sinhy,, y}sina, x

Coshy ——{a,,ycosha,,y +

—_ (o]
Ty = — Xm=135 m cosha,, ysin a,x

Ty = = Xm=135 W Sinha,, ycos ay,x (7)

3aBUCHUMOCTD IIe(l)OpMaHI/IH'HaHpH)KeHI/IC A1 CCTMCHTHUPOBAHHBIX TCPMOIJJICKTPUUCCKUX

YCTPOWCTB MpEICTaBICHA KaK

0¥ = E e — EqarAT

Tl,j
e = ot vk = [ (T »IT)
TO,j
E Ty
Ux.y,j = m EX,O + yk - . aj (T y)aT(y) (8)
0,j

YpaBHeHHE MHOTOBETBEBON KOH(PHUTYpaluy OBLITO cMOIenMpoBaHo B Python mis momyyenus
¢ponTta [lapeto, kak Moka3aHO B 7 pPA3NMUHBIX clydasx. B3auMocCBS3b MEXIy TEPMHUECKH
UHAYIMPOBAHHBIM HANpPsDKEHUEM U MeX(pa3HbIMH Je(OPMALMOHHBIMU HANPSHKEHUSIMH  TI0
OTHOIICHHIO K  Temmeparype g  OTPAaHMYECHHBIX TPAHMYHBIX  YCIOBUH  TaKxke
MpoJIeMOHCTpUpOBaHa Ha pucyHke 3 (ciayuair 2). IlapeTro-DpoHT OIEHUBAET TEPMUUYECKH
BbI3BAHHBIE HANPSKEHUS CBUTa B BETBU 1O (CErMEHTUPOBAHHBIE YCTPOMUCTBA).
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Pucynox 3. (a) (b) (c) @poum Iapemo 3asucumocmu nanpsicenue-oeghopmayus-memnepamypa

I'naBa 3. OnTHMH3MPOBaHHOE KOJINYECTBO BeTBei B cUCTeMe
Hcenone3ysd CymIECTBYIOIIYIO JIMTEpaTypy, METOJA OIMCAHMS KOJIUYECTBA BETBEH MJIA

cucteMbl TE MOXeT ObITh MAaTEMaTHYECKH BBIPAYKEH KaK
v R+1
= = (9)
2YAT R
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3nech R - oTHONIEHHE CONPOTHUBIICHUS HArPY3KH K BHYTPEHHEMY COMPOTUBICHHIO. UTOOBI

BBIBECTH ypaBHEHUE, OCHOBAHHOE HAa HANPSLKEHMHM, JUIsSl OINpe/esieHusl KoiaudecTBa BeTBedl TO,

OIPEIACINM DJICKTPHUCCKOE HAIIPSPKCHHUE B COOTBETCTBHH C MEXAaHUYCCKHUM HAIIPSKCHUCM:

v=/mﬂﬂ
or

(10)

3nech 07 TPENCTaBISET COOOW CYMMy BCEX KOMIIOHEHTOB HampshkeHUs. Pe3ynbTaThl,

IMMOKa3aHHbBIC Ha PUCYHKC 4, MOJIYUCHBI JIA Pa3JIMIHbIX TCPMOIJICKTPHUYCCKHUX MATCpPpUaJIOB,

KOTOPBIC YKAa3aHbI B COOTBCTCTBUHU C UX [IBCTOM B Ta6J'II/II_[e 1. Ha PUCYHKC 6 TTOKa3aHO MOBBIIIICHUE

YPOBHA HAIIPAXKCHHUA B TepMOBHCKTqueCKOﬁ CUCTCMC 110 MCPC YBCINYCHUA KOJIMYCCTBA BETBEH U

TEMIEPATYPHI.

50

Number of TE Legs

1040 150 200
T T

0.9

0.6 e

Power output (W)

0.3

0.0

T

L]

1
1060

1
200

300

400

S0y

600

I
T00

Ll

Maximum Thermal Stress (MPA)

Pucynok 4. Konuuecmeo eemeeti TO ycmpoticmea, ochosannoe Ha Hazpy3Ke

Tabnuua 1. Matepuaisl, HCIIOJIb30BaHHbBIE HA PUCYHKE 4

Tun marepnaia L{BeT TMHUHK Ha IEnanasoﬂ TeMIepaTypbl
PHCYHKe (°C)

XaKoreHu/1bl BUCMYTa KpacHbrii 100 — 250
I'pynna IV tenmypunel ®DHONeTOBbII 200-600
Kpemuuii=repmaHueBble CILIaBbI Bbupro3oBblil 600C — 1000
CerMeHTHpPOBaHHbIE TBEP/IbIE PACTBOPHI Commit 200-800
Mg2Biv

it 1V
CermeHTanusi CKyTTEPUIOB C TPYIION Senénuii 900-800
TEJUTYPHJIOB
Beicokast Temneparypa
CeFesShyo(p-t
eFesShuz(p-type) YgpHpiii 700-1100
Zn4Shs(p-type)
Bupxku (p-type)
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B nocnennuii pa3aen BKIFOYEHBI pemieHus u3 pemaromiei nporpammel COMSOL. Ha puc.
5 mpeacraBieHO peHIEHUE, TMOTYYEHHOE METOAOM KOHEYHBIX JJIEMEHTOB. OJTOT PE3yJIbTaT

COMIaCcyeTcCs ¢ HaIUM IPCAbIAYIITUM YTBCPIKACHUCM
500

o
o
Thermally Induced stress (MPa)

0.1 0 40 80 160
0 Number of Legs

(@) (b)

Pucynox 5. Tepmosnekmpuueckoe omobpasiceHue 0151 MHO208emee8020 MO0y

s Bcex koH¢urypauui TO-momyineil ObLIO MOATBEPKACHO YUCIEHHO IMPEACKAa3aHHOE
KOJINYECTBO BETBEH, pPACCTOSIHUE MEX/1Y HUMHU U MX OTHOCUTEJIbHOE HAapsKeHUe ¢ OIMOKOH +5 %
u omubOkoi +10 % c X MakCUMaJbHBIMU 3HaueHUsIMH 3¢ ¢exkTuBHOCTH. HezaBucumMo oT ux
pacnoyioKeHHsl U BbIOOpa Marepualia, pasMep HOXKEK, PACCTOSHHE MEXIYy HUMHU M KOJUYECTBO
umeroT 10% BiIusSHUE HAa MaKCUMAJIbHYI0 MOIIHOCTh M 3(dexTuBHOCTh. OAHAKO 3a cuer
YBEJIMUYEHUSI NIPOCTPAHCTBA MEXAY HOKKaMH B HECEIMEHTHPOBAHHBIX YCTPOMCTBaX CHUYKAETCS
MaKCUMaJIbHOE HallpshKEeHHEe BCero ycrpoiictBa. B TO BpeMs Kak CerMEHTHpPOBaHHbBIE
TEPMORJIEKTPUUECKUE YCTPONCTBA MOKA3bIBAIOT 00JIee BHICOKYIO MOIIHOCTD U 3((EeKTUBHOCTD, HO
CHI)KAIOT MaKCHUMaJIbHOE€ HaNpsDKEHHWE 3a CUET YBEJIMYEHHs MPOCTPAHCTBA MEXKIY HOXKKaMU B
COOTBETCTBUU C ONTUMM3UPOBAHHON Mozenbto. Ha mpumepe cminaBoB Ha ocHoBe Bi2Te3 u
CEerMEHTAIlUU 3aloJHEHHBIX CKYTTepyIuTOB Ha ocHOBe CoSb3 ObUIO 3aMe4YeHO, 4TO 3a CYET
yYBEIMYEHUsI NMpocTpaHcTBa Mexay BeTBIMU Ha 0,01% u ymeHbLIEHUs KOJNIMYECTBA BETBEU HaA
+4,5% MakcumanbHOE TEpMHUECKOe HanpsbkeHue 0bu1o cHikeHo ¢ 350 Mlla no 300 MITa.

I'naBa 4. Pa3pafoTka ONTHMHU3HPOBAHHOI MOJeJIM HAIE:KHOCTH TEePMOIJIEKTPHUYECKHX
YCTPOICTB

B mnepBoM pasnene riaBbl IpEACTaBlI€HA ajlbTEPHATHBHAS MOJENIb Uil U3MEpPEHUs
HAJCKHOCTH  TEPMOSJIEKTpUUecKuX ycTpoilctB. [lpeanmaraemass Mojenb OCHOBaHa Ha
JorapuQpMUUIECKU-HOPMAIbHOM paclpeielIeHUd AJis pacueTa HaJIeXXHOCTH BMECTO pacipeiesieHus
Beiibymia. OueBuaHas pa3HHIAa MMOKa3aHa Ha PUCYHKE 6, HA KOTOPOM KaKAas MOZENb UMEET
pa3Hyl0 BepOSITHOCTh OTKasza. llpemmaraemas Mozenb MNpeANOYUTaeT JIOrapupMUUECKU-
HOpPMAaJIbHOE pacIpeie]ICHUE, TaK KaK OHO UMEET 00Jiee ONTUMAIBHYIO TOYHOCTD 10 CPAaBHEHHMIO C
pacnipenenenueM BeiiOyma.
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Pucynoxk 6. Jlocnopmanvroe pacnpedenenue no cpasHenuro ¢ pacnpeoenenuem Beiibyina

OO6bIyHO NOTapu(MHUUECKH-HOPMAJIBHOE pacHpelelieHUe HCIOJIb3YeTCa A H3MEpEeHHs
CKOPOCTH OTKa3a MHKPOIIEKTPUUECKUX YCTPOWCTB MPHU BBICOKUX TEMIIEPATYPHBIX HArpy3Kax.
Pacnipenenenue OCHOBaHO HAa MOJENIM MHOXXECTBEHHBIX OTKa30B, YTO O3HAYaeT, YTO B JAHHOM
Tuana3oHe TemIepaTtyp BeTBb 1D B JII0OOM 3alaHHOM MOJYJE€ TOABEPTaeTcs CiIy4ailHOMY
YBEJIMUCHUIO JIeTPalallii, MEXCI0eBol auddy3un, cyoIuManuy Wil OKUCICHUIO, YTO IPUBOIUT
K IIOJJTHOMY BHE3aITHOMY OTKa3y. Takum 00pa3oM, UCII0Ib30BaHUE JIOTapU(PMUUECKN-HOPMAIBLHOTO
pacnpe/esieHusi B OCHOBHOM HYXHO JIJIsi MOACIIUPOBAHUS KOMIIOHEHTOB HIIA YCTPONCTB, KOTOPHIE
BBIXOJSAT U3 CTPOS W3-3a HANIPSHKEHUS MM YCTAIOCTH. JTO MOKET ObITh MAaTEMAaTUYECKH BHIPAXKEHO
KaK

fy = s5= %P |~ 353 0y — w?] (11)

3n1ech 0 U L — CTaHJApTHOE OTKJIOHEHHUE U CpeJHee 3HaUeHHE HATYpaJbHOIO Jorapudma
NepeMeHHON, a He MaTeMaTH4eCKOe OKHJaHHE M CTaHIApPTHOE OTKJIOHEHHE CcaMOil (YHKIHH.
Bropast mMozenb mnpeAcTaBisieT OCHOBHOW OCTaTOYHBIM pecypc Ha OCHOBE Jorapupmuuecku
HOPMAaJIbHOT'O pacIpeieneHus, T.¢.

1_(p[lnay—(u+62)]

)

Ino, — u
= o(2%

u+s?
M(o) = e( 2

(12)

OxkoHuaTtenbHas MOJIEb MPEACTABISAET HEMAPAMETPUUECKYIO BEPOSITHOCTh, KOTOPast MOXKET
OBITH 3aJaHa Kak

S(oy<o<omG)=Ype (Y;—l“‘) (13)

3nech p UCXOAUT M3 BbIBoAa baiieca, 4TOOBI BKIIOUHUTH TMOCHEAYIOUIYI0 BEPOATHOCTH,
KOTOpasi MPEACTaBIsieT (PYHKUUIO MaKCHMaJbHONW BEPOSTHOCTH BBDKMBAHUS, MOJIYYCHHYIO W3

JIAaHHBIX O 4YacTtoTe oTKa30B. OH 3amaerca kak p = E,, ]_[i,_li(l —E, ),rne E,, —oObeMHas
l O'y l

YIpyras IOCTOSIHHAs i-TO CIos IPH 0y, U Vg, = B(1,a). f u o — aBe MONOKHUTETbHBIE (HOPMBI,
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OIpeiesieHHbIe B COOTBETCTBHH C mporieccoM Jlupuxiie, a | — o0Iiee KOJTHUeCTBO KOMITOHEHTOB B
mozenu. Hemapamerpudeckoe norapu)MHUECKU-HOPMAIBHOE pACIPEICICHUE, CMEIIAHHOE C
pacnpenenenreM KepHesst B COOTBETCTBHH C MOJICIIBIO Mporiecca JIupuxiie, s MOJ0KHUTEILHOTO
NeHcTBUTENBHOTO YKciIa npeobpasyercs kak Y= log (o) —log (ay).

0.8 - Unsegmented LT leg

Unsegmented HT leg

Segmented LT leg €

e Segmented HT leg «€—
Vigst /
&

Volume ( mm’ )

100 107
o (MPa)

Pucynok 7. CpasHumenvulil 2paguk Henapamempuieckol QyHKYul ulicusanus s
CeSMEHMUPOBAHHBIX U HeCeeMeHMuposannvix eemeetl 12

Ha puc. 7 nokazanHa oreHka (QYyHKIUM BBDKUBAHUS, OCHOBAaHHAas Ha TMOJIYyYEHHBIX
pe3ynpTaTax sl CEerMEHTUPOBAaHHBIX M HECETMEHTHpPOBaHHBIX BeTBe TO. Moayns TO,
paboTaronuii Mpu BBICOKUX M HU3KUX TEMIEpaTypax, JAeT pa3HOe COOTHOIICHHE HaJEKHOCTH.
HuskoteMmepatypHbie HecerMmeHTUpoBaHHbIe TE-Momynu mpoieMoHCTpUpOoBain 00Jiee BHICOKYIO
BBEDKMBAEMOCTD IIPU 3aJaHHOM cTaHaapTHOM (4 mM°) o0beme BeTBH. OHA W3 OCHOBHBIX MPHYHH
3aKJIH0YAETCSA B TOM, YTO HECETMEHTHUPOBaHHBIM TE-MOylib NMEET MeHbIIee HEraTUBHOE BIIUSHUE
TEIJIOBOTO PACIIMPEHUsl MO CPAaBHEHUIO C cerMeHTHpoBaHHBIM TE-monynem. Ilpu 3amanHOM
00beMe BETBH HECETMEHTHPOBAHHBIC MOJIYJIM UMEIOT BBDKHBaeMOCTh 95% B auanazone 10<c<60
(MIla). Torma xak 95% BBDKHBAEMOCTH sl HU3KOTEMIIEPATYPHOTO CETMEHTUPOBAHHOTO MOIYJIS
TE cymectByeT Tonbk0 npu 0<6<30 (MIIa) u3-3a HECOOTBETCTBUS TEINIOBOT'O PACIIIUPEHUS MEXKTY
paznmuyHbIMU  MaTepuasniami. OCHOBHOE pa3iM4he MEXKIYy MPOCTbIM CPEAHUM OCTATOYHBIM
pecypcom (MRL) u ¢ynknueit BbDKHBaHUS M HeEMapaMeTPUUYECKOW (YHKIMEH BBIKUBAHUS
3aKJII04aeTcs B OBICTPOM CHIDKEHUHU KPUBOI HA PUCYHKE 8 110 CPaBHEHUIO ¢ (PYHKIIMEH BEKUBAHUS
BeitOymna. Cpeanuii ocrarounsiii pecypc (MRL) umeer onpeneneHHbIi METO IPOTHO3UPOBAHUS
HAJC)KHOCTH MOJYJSi Ha OCHOBE JIaHHBIX O YacTOT€ OTKa30B, TOI/a KakK HerapaMeTpuyeckas
GyHKIUST BBDKUBAHHSI MOXET JIaTh HaM TOYHBIE pa3Mepbl (00beM) U TEPMUYECKH BBHI3BATH
HampsDKEHUE JUIsl  TOJYYCHHMs HAJCKHBIX  XapaKTePUCTHK IS CETMEHTUPOBAHHBIX M
HeCEerMEeHTUPOBaHHBIX Monyneil TE. CnemoBatenbHo, 0ojiee MHTYUTHUBHBIC YCJIOBHS (OCOOEHHO
rpaHUYHbIEC YCIIOBUS BETBU [E) cO37al0TCsS KakK albT€PHATHBBI 33JJaHHBIM KPHUBBIM BBIKMBAHMUSI.
DTO MO3BOJIAET HaM JIETKO MOJYYUTh IparuecKyro HaJIeKHOCTh Ha OCHOBE (DYHKUHU CPEAHETO
octrarouHoro pecypca (MRL) mist ananu3a GyHKIMH BKUBAHUS IPHU TIOCTATOYHBIX YCIOBUSX.

B Tperpem paznerne riaBpl MOKa3aHO JalbHEWIEe UCCIEAOBAHUE, CM. PUC. 8, OCHOBaHHOE
Ha pErpeccud BEKTOpa peJeBAaHTHOCTH Ha KOBAapUALMIO HAMNpsXKEHUS M MPOYHOCTH.
OnTumuszupoBaHHas  HeMapaMeTpuueckass  MOJAENb  Jiorapu(MUYEcCKH-  HOPMAaJbHOTO
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pacnpeneneHus, pazpaboTaHHas [Js MOHMMaHUSA KOBapHallMM HaNpsOKEHUS W CWIIbl, OblIa
CMOJEIMPOBaHA B pPaMKaxX OBICTPOl BEKTOPHOW PETPECCMU PEJIEBAHTHOCTH C HECKOJIBKHUMHU
Beixomamun (MRVR) B MATLAB. Pucynok 9 wmmmoctpupyeT pacnpeneieHue ¢GyHKIHH
BBDKMBAHUS B 00JIaCTH MOPOTOBOTO HanpsykeHus. ClieayeT OTMETUTbh, YTO (PYHKIUS BEPOATHOCTU
BBDKMBAHUS BKIIOYAET B ce0sl XapaKTepUCTUKUA (POPMBI TIepeBEPHYTONW BaHHBI ISl TUCKPETHOTO
aHaJln3a OPOTrOBOTO HANPSKEHUS OTACIBHOTO MOAYJIs. OTKIOHEHUS OTINYAIOTCS IO CPABHEHUIO
¢ BeIcokoTeMIieparypubiMu cermeHTHIME (SKD u otHOCHTENnBHO ymMenbmatotcs nocie 300 Mlla
[0 CPaBHEHUIO C HU3KOTeMIlepaTypHbiMH TO MonaymsMmu (TEJULypHI BHCMYTa). DTO HMEET
CepbE3HBIC TMOCIEACTBUA ISl MPOEKTUPOBAHMS CHCTeMbl 1D M ONTUMHU3AIMH paclpereeHUs

JUCKPETHBIX JAHHBIX I NPUMEHEHUS HENapaMeTpUyecKoil JsorapupmMuuecKru-HOpMaibHON
(YHKIMY BBIKUBAHUS.

0.99 |-
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Pucynok 8. Cpasnenue mooenruposanus no memoody Moume Kapno c napamempuyeckum u
Henapamempuyeckum J102HOPMANbHbIM PACnpeoeneHUuem

B 3akmrounTenbHOM pasjiesie TiiaBbl 0co00e BHUMaHUE YAENIAETCS TPaHUYHbBIM YCIOBUSM U
MPOMEXYTKaAM MEXIYy KaKIbIM OTpe3koM. (DUKCUpOBaHHbIE TpaHWYHbIE ycnoBusA (ciaydail 1)
IIMPOKO HUCIOJB3YIOTCS B HU3KOTEMIIEPATYPHBIX YCTPOUCTBAX, TOT/Ia KaK CBOOOIHBIE TPAaHUYHBIE
ycioBus  (ciny4yail 2) MOAXOAST IS CpeAHEe- U BBICOKOTEMIEPATYpHBIX  YCTPOMCTB.
[Tpenmnonaraercs, 4TO0 ropssyue KOHIBI BETBU MOTYT PacIIUPATHCSA, TOTJA KAK XOJOJIHBIE KOHIIBI
CUMTAIOTCSI OTpaHUYEHHBIMU. B cBsi3U ¢ 3TUM Ha puc. 9 moka3aHo BIMSHUE IPAaHUYHBIX YCIOBHM Ha
HAJEKHOCTh Napbl TO-Monynel pa3nuyHoON JUIMHBI. Pe3ynbTaThl mpeIcTaBiaeHb! sl BEPOSATHOCTH
0TKa3a C MCIOJIb30BAHUEM YpaBHEHHMI HemapaMeTpU4ecKol (pyHKIMU BbDKUBaHUS. BeposTHOCTb

OTKa3a JJIs BETBEM p- M N-TUMA MMEET MOYTH OJMHAKOBOE CpPEIHEE 3HAYCHHUE IO M3MEHEHUIO
rpasiMeHTa TEMIIEPATypHI.
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3AK/IIOYEHUE

B nuccepranuoHHoi padoTe ObLJIM MOJYy4YeHbI CJIeYI0Ie OCHOBHBIE Pe3yJIbTATHI:

1. PazpaboTana ONTHUMH3UMPOBAHHAS MaTeMaTHUYECKass MOJENb TEPMORJIEKTPUUYECKUX MOJYIICH,
MO3BOJISIONIAST TTOBBICUTH CPOK CIYKOBI TEPMORJIEKTPUUECKON cHUCTeMBbl Oe3 yiiepba uis ee
sbdextuBHOCTH. Monens ONTUMHU3UPYET Teopuio IulacTuH Haortake s ananmsa
TEPMOMEXAHUYECKOTO MOBEACHUS TEPMOIIICKTPUUECKOTO YCTPOUCTBA ITPU ONTUMU3UPOBAHHBIX
TPAHUYHBIX YCIOBUSX, TEOMETPUU U MIPOCTPAHCTBE MEKy BETBIMU. MoJIeNb MMOKA3bIBAET, UTO
HAJIe)KHOCTh CETMEHTHUPOBAHHBIX TEPMORJIEKTPUUECKUX YCTPOMCTB, pabOTalOMUX MPHU
MPOMEXYTOUHBIX TEMIIEpPATypax, MOXKET ObITh MOBBIIIEHA 33 CYET UCIOJIb30BAHUS TPAHUYHOTO
KOpITyca cO CBOOOJHBIM KOHIIOM. B TO ’ke Bpemsi HeCerMeHTHPOBAaHHBIE YCTPONWCTBA padOTAIOT
JIOJIbIIIE KaK B CBOOOIHBIX, TAK U B OTPAHUYEHHBIX TPAHUYHBIX YCIOBHUSAX.

2. B MomenupoBaHUM OIICHUBACTCSI ONTHMAIBHOE OTHOIICHWE JTUHBI K TOJIIMHE, HATPSDKCHHUS
CXKATUSA-PACTSKEHUS W ypaBHEHHE Aepopmaiiuu. Mojenb ONMUCHIBAE€T BIUSHHUE PACTSHKCHUS-
u3ruba, >KECTKOCTH Ha W3TrMO0 M KOHCTaHTHI YNPYrOCTH HA TEPMUYECKH HHIYIIMPOBAHHOE
HarpspDKeHue. PaccunTanHble HAMPSHKEHUST UCTIONB3YIOTCS M1l pacueTa yAeIbHOr0 KOJUYeCTBa
TEPMORJIEKTPUUECKUX BETBEW B TepMoOdJeKkTpuueckod cucteme. Ilo cpaBHeHuo ¢
MpeAbIIYyIINMI METOAMH B Halllel MOJEJIH COKpAIllaeTcsl KOIM4ecTBO BeTBer Ha 13%.

3. B Mojenu paccUMTHIBAIOTCS TOYHBIC MAKCUMAIbHBIC TEPMOMEXaHUICCKUE HATTPSDKCHHSI MEXKTY
KOMIIOHEHTaMH, Ha KpPOMKE U B oObeMe. Pe3ynbraTbl MOAEIMpOBaHUS MOKA3bIBAIOT, UTO
CErMEHTHUPOBAHHBIE  YCTPOMCTBA  WCHBITHIBAIOT  HANpPsDKEHUS  CKaTWs, TOrJa  Kak
HECETMEHTHUPOBAHHBIE YCTPOMCTBA CTAKUBAIOTCS C €CTECTBEHHBIMU  HAIPSIKEHUSIMU
PaCTSKEHUS.

4. Tlo cpaBHEHHMIO C CYIIECTBYIOIIMMHU METOJAaMHU HCIOJIb30BaHUE TMAapaMETPUUYECKOTO U
HENapaMeTpU4YecKoro JorapupMuUuecKu-HOPMAIBHOTO  paclpelelieHUus: uMeeT  OoJblie
MpEeUMYIIeCTB  Tiepea  pacrpenencHueM  BeitOymma.  [lomydeHHBIH — JorapuMUYECKH-
HOpMAaJIbHBIA CpPEIHHUI OCTaTOYHBIM CPOK CiIyXObl oOecrieunBaeT 80-MPOLEHTHYIO TOYHOCTh
«OIEHOYHOTO CPEJHEr0 3HAYCHHs», B TO BpeMs Kak (PYHKIHsS BbDKHBAHHS, OCHOBaHHAas Ha
HEMapaMeTPUIECKOM JIOTapu(PMUUECKU-HOPMAIILHOM pachpesieieHnu, aaeT 90-TporeHTHYO
TOYHOCTh B OTHOIIEHUU TEPMOMEXAHNYECKOHN JOJTOBEYHOCTH.
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AHHOTALIUA IUCCEPTALIUU
Carrap llexak

Moaesib TepMOMEXAaHUYECKUX HATIPSIKEHNH B TEPMOIJIEKTPHYECKUX CHCTEMAX

HccnenoBanne moCBAIMIEHO pa3paboTke GyHAAMEHTAIbHBIX HAayYHBIX OCHOB H3MEpEHUS
TEPMOMEXAHUYECKUX HANPSKEHU U TPOTHOZUPOBAHUS HAACKHOCTH TEPMOAICKTPUUECKOTO
ycTporicTBa. Llenbro paboThl siBisieTcst pa3paboTka MaTeMaTHYECKON MOJIETN TEPMOICKTPUIECKUX
MOAyJieH, ONTUMHU3UPOBAHHOW 3a CYET CHIDKCHHUS TEPMOMEXaHHMYECKHUX HampsHKeHUH 0e3
YXYIIICHUST XapaKTEePUCTHK MOJYJIEH W COOTBETCTBYIOIIETO YBEIMYCHHS CpPOKa HMX CIYKOBI.
Pa3paboTana onTUMHU3UPOBAHHASI MaTeMAaTHYECKas MOJIENb TEPMOIJIEKTPUUYECKOTO yCTPOMCTBA,
ONKUCHIBAIOIAS] B3AUMOCBS3b MEXAY TEIUIOBBIMU MOTOKAMHU, JIEKTPUIECKON MOITHOCTHIO 1 KIIJ]
ycTpoiictBa. Paccuumtano BnusHue JlKoyjaeBa Temia Ha TEIUIONPOBOJHOCTh Marepuana Hu
MOJABMKHOCTh HOCHUTENICH 3apsjia B 3aJlaHHOM O00beMe M Ha TMOBepxHOCTH. Pa3paborana
ONTUMHU3HPOBAHHAs  MaTeMaTH4yecKas  MOJEIb Ui  NOPOTHO3UPOBAHUS  HAJACKHOCTH
TEPMODJICKTPHUYECKUX YCTPOMCTB C HCIIOJIB30BAaHUEM TApPaMETPHUYECKOTO JIOTapHU(PMUUYECKH
HOPMAJIBHOTO CPEJIHET0 OCTaTOYHOIO pecypca M HemapaMeTPHUUYECKOro JIoTapu(PpMUUYECKH
HOpPMaJbHOTO pacnpeaeneHus Kepuens.

Marematnueckass  MOJ€Nb  NO3BOJISIET  MPEACKa3aTh  TOYHBIE  XapaKTEPHCTUKHU
TEPMODJIEKTPUYECKOTO YCTPONCTBA W BIIMSHUE TEPMHUUECKOIO HANPSDKEHHST HAa MEXaHUYECKUE
CBoOMcTBa. BriepBbie mpemyiokeH ONTUMHU3HPOBAHHBIM CIIOCOO HCIOJIB30BAHUS JIOTHOPMAJIBHOTO
pacrpeiesieHus )i pacuera Cpoka Cly>XKObl YCTPOMCTBA C UCIIOIB30BAHUEM MTAPAMETPUUIECKOTO U
HEMapaMeTPUUYECKOTo  JIOTHOPMAJbHOTO  paclpenesieHus. BrepBele ¢ HCIOJIB30BaHUEM
JTUCKPETHBIX JaHHBIX MaTEMaTUUYECKH IOJTydyeHa HemapaMmeTpuueckas (PyHKIUS BBDKHBAHUS IS
OTpeNIeNICHUs CPETHEr0 OCTAaTOYHOTO pecypca YCTPOMCTB, paboTarouuX MpU CpeaHeM U Ooliee
BBICOKOM TEMIIEPATYPHOM I'PaJIUCHTE.

DISSERTATION ABSTRACT

Shehak Sattar
Model of Thermomechanical Stresses in Thermoelectric Systems

The investigation is devoted to development of basics of measurement of thermomechanical
stresses and forecast of reliability of thermoelectrical device. The goal of the work is a development
of mathematical model for thermoelectric module to enhance their operating life optimized by
reducing thermo-mechanical stresses without compromising their performance. Development of an
optimized mathematical model to present relationship between heat fluxes, electrical power and
efficiency of the device. Finding the impact of Joule heat on thermal conductivity and charge
carriers in the given volume and surface. Developing an optimized mathematical model to predict
the reliability of the thermoelectric devices using parametric lognormal mean residual life and
nonparametric Lognormal Kkernel distribution. Mathematical model can predict precise
characteristics of the thermoelectric device and influence of thermally induced stress on mechanical
properties. Implementation of the mathematical model has following practical significance. The
optimized model demonstrates possible model to increase life of the thermoelectric system in future,
without compromising its efficiency. The temperature gradient can be designed according to survive
able thermal stresses and vice-versa. Lognormal distribution mean residual life and non-parametric
survival function are newly introduced and will play a distinctive role in thermoelectric systems
compare to Weibull failure theory.
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