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Bottom-up vs. Top-down 

Figure fromhttp://eng.jhu.edu/wse/civil/page/mechanics-of-materials 
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Main problem 

u  Effective/macroscopic properties – Microstructure relations 
u  Designing optimal microstructures for applications 
u  etc 
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Continuum Mechanics 
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u  Kinematics: thermodynamic variables to describe the system (µ, T)  
u  Balance / conservation Laws:                               ,                    ,  etc           
u  Constitutive Relations: 

Ø  Frame indifference 
Ø  Material symmetries 
Ø  Laws of thermodynamics 
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Why multiscale modeling? 

u  Constitutive laws: 

u  Cross-scale interactions: cracks, turbulence, etc 

u  http://www.youtube.com/embed/iBuuVd0JlIM From NY Times (12Jun07) Wake Turbulence 

Ø  Multifunctional: 
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Multiscale analysis 

Figure from JNM, 329–333, Part A by Wirth et al. 2004 
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Multidisciplinary 

Figure from http://www.icams.de/content/research-at-icams/research-index.html 
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Bridging scales and disciplines: materials genome 
initiative 
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Introduction 

•  Thermoelectric effects: coupling of electric field and 
temperature gradient 

•  Seebeck coefficient: 
•  Peltier coefficient:  
•  Electric conductivity: 
•  Thermoconductivity: 
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Microscopic theory 

•  Ideal gas (MB statistics):  
 

cool hot 

𝛻𝑇 

•  Free electron gas (FD 
statistics) : 

 

•  Band theory for semi-conductor (MB statistics) : 
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Figure of merits and power factor 

v Figure of merit:  

 

v Power factor: 

Heat reservoirs 

Q 
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Advantage/Disadvantage of TE 
devices 

•  Portability 
•  Silence 
•  Reliability 
•  Capable of converting heat resources of low temperature 

difference! 

v Advantage: 

v Disadvantage: 

•  Low efficiency: Figure of merit 
•  Low capacity (Power output/ weight): Power factor 
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Cost of generated electricity 

v Figure of merit:  

 

v Cost of materials: 

Heat reservoirs 

Q 

v Cost of fuels: 

v Power factor: 

~ 1/ Pf

~ 1/ ZT0
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Usable energy content in ocean  

v Second Law of thermodynamics: 
Sea 
level 
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v Usable energy per ton water: 

1 Megawatt  ~  180          ~ 1-2 Million USD l / s

v Critical material property  to improve for large-scale applications:  
Power factor! 

Kitchen faucet  ~  0.1    l / s
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Why continuum theory? 

•  Geometric effects? 
•  Boundary conditions? 

 

•  Onsager’s relations 

 

•  Predictive model for TE 
composites 

 

•  Positive-definite of the 
material coefficient tensor 
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Empirical constitutive relations 
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Constitutive model 
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An alternative viewpoint 
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Implication of Gauge symmetry 

•  Invariance of entropy generation rate:  
 

independent of 𝜇 
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Conservation laws 
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Field equations 

v The above system of equations are intrinsically nonlinear 
since it is not possible to eliminate the 𝜇-dependence of L  
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Linearization 

•  Small temperature difference and 𝜇 variations:  
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Figure of merits and power factor 

v Figure of merit:  

 

v Power factor: 

Heat reservoirs 

Q 
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Geometric effects 

v Figure of merit remains the same.  

 

v Power factor: 

v More general geometries and boundary conditions?  
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Homogenization 

v Unit cell problem:  

 

v Variational 
formulation:  
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Closed-form solutions: laminates 

v Power factors can be improved 
by orders of magnitudes by 
simply laminating a good 
conductors, e.g., Copper, and a 
moderate good TE 
semiconductors, e.g., Bi-Te !  
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Effect of electric contact area (1) 
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Effect of electric contact area (2) 
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Modeling of particulate composites 

v Dilute limit: Eshelby’s solutions 

 

Ø Maxwell-Eshelby’s solution	


Dilute limit 
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Closed-form solutions: E-inclusions 

𝜃=0.1 𝜃=0.3 

𝜃=0.5 
𝜃=0.7 

v Definition: 

v Closed-form solution can 
be obtained for TE 
composites with 
microstructures of periodic 
E-inclusions. 
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Designing TE composites (1) 
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Designing TE composites (2) 
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Large-scale power plants by TE 
effects 

v Ocean-based 
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Advantage of TE power plant 

•  Renewability 
•  Green 
•  Scalability 
•  Reliability 
•  Unlimited 

v Advantage: 

Economic? 
v Ocean naturally absorb, store and concentrate solar energy 

v Critical material property  to improve for large-scale applications:  

Power factor! 
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Design of large-scale ocean-based 
power plants 
v Designs for 1Megawatt power 

gain (10K-difference) 

mm cm m m kW 

v Power factor: 

Annual cost: 2 Million $ 
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Large-scale power plants by TE 
effects 

v Geothermal sources 

v Number of TE tubes: 

~ 


