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 What is Thermodynamics 
 
 Laws of Thermodynamics 
 
 Gibbs energy function  
 
 Experimental data 
 
 Modelling of phase diagrams 
 
 Application of Thermodynamic database 

- Fuel optimization 
- Determination of fuel properties 

     Outline 
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Thermodynamics = Equilibrium (Stability) 

What will be the stable form at given conditions (T, p, p(F2), etc.) 

Stable = Lowest energy (Gibbs energy) 

G(T) = H(T) – T . S(T) 

  Why is Thermodynamics important? 
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T = 373 K 

example of H2O 
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H2 + ½ O2       H2O stable state 
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initial state 

final state 

∆E = thermodynamics 

E* = kinetics 

H2O 

H2 + O2 

ignition 

Thermodynamics tells us if a process CAN or CAN NOT occur 
 

however 
 

It does not necessary tell if it WILL or WILL NOT happen 

  … but be aware !!! 
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The First Law 

Energy cannot be produced or destroyed, 
and the energy increase ΔU of a body or a 
system equals the sum of the heat absorbed 
from the environment (q) and the work (w) 
done by the environment on the system. 
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The Second Law 
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The Third Law 

The value of the entropy of a perfect 
crystalline solid at absolute zero is 
exactly equal to zero: 

[Walther Nernst] 

When 

S = kB ln Ω 
 

Where 
 

Ω .... number of microstates 
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The Zeroth Law 

When two systems are each in thermal 
equilibrium with a third system, the 
systems are in thermal equilibrium with 
each other. 

System 3 

System 1 

System 2 
equilib. 
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Practical info to be taken !!! 

SORRY, YOU CAN ONLY LOOSE !!! 

which means 

3. Law: You will never reach 0 K 

2. Law: You can draw only at 0 K 

1. Law: You will never WIN you can only DRAW 
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Melting temperature Boiling temperature 

Transition temperature 

Vapour pressure 

Heat capacity 

  What are Thermodynamic properties – part 1 
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Heat of fusion 

Heat of transition 

Heat of vaporization 
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ThF4 compopund 

  What are Thermodynamic properties – part 2 

liquid 

crystal 
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All these properties linked to  
 

GIBBS ENERGY 
 

Or 
If we know Gibbs energy 
We know the properties!!! 

Josiah Williard Gibbs  

(1839-1903) 
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 - formation enthalpy  ∆fH0(298) 

 - absolute entropy  S0(298) 

 - heat capacity as T  Cp(T) 

 - transition enthalpy ∆trs.H + Ttrs. 

   How to describe Gibbs energy from experimental data ? 
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Experimental determination 
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Example of PuF3:  

Pu(s) + 1.5F2(g)     PuF3(s)  (1) 
 

∆fH0 = ∆rH0(1) = -1586.7 kJ/mol 

Combustion calorimetry 

Formation enthalpy  ∆fH0(298) 

Solution calorimetry 

for mixtures, e.g. (Li,Th)Fx 
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   Absolute entropy S0(298) 

Adiabatic calorimetry, PPMS 

- Cp measurement from 0 K (close to) 

∫=
298

0

0 )()298( dT
T

TCpS

UF3 compound 
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   Transition enthalpy  ∆trs.H + Ttrs. 

Li3ThF7 compound 

∆fusH = 13.7 ± 2 kJ/mol 

Tfus = 831.3 K 

melting of 

Li3ThF7 

melting of 

Ag standard 

1. Conventional DSC technique (T < ~2000 K) 

DSC crucible 

sample compartment 

S-type TCs 

reference  
compartment 
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   Heat capacity as T Cp(T) 
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Drop calorimeter 
1. Enthalpy increments 
2. derivation of Cp 

 

CsF compound 

∆fusH = 22,190 J.mol-1 

∆fusH = 21,550 J.mol-1 
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   Heat capacity as T Cp(T) 

DSC crucible 

sample compartment 

S-type TCs 

reference  
compartment 

This method requires 3 measurements 
 - blank 
 - reference (sapphire, platinum) 
 - sample 
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  Gibbs energy of mixtures 
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  Gibbs energy of mixtures 
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Example: Binary LiF – KF system 

1. step – idea of a phase diagram 

LiF(s) + KF(s) 

LiF(s) + L KF(s) + L 

L 

2. step – ideal liquid solution 

0
0

lnln 2211

=∆

=∆

+=∆

xs

mix

mix

S
H

xRTxxRTxG

760K 

903K 

3. step – ∆Hmix from experiment 
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4. step – ∆Smix optimization 
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  LiF-ThF4 phase diagram construction 

24 
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  LiF-ThF4 phase diagram construction 
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  LiF-ThF4 phase diagram construction 
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  LiF-ThF4 phase diagram construction 
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  LiF-ThF4 phase diagram construction 
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  LiF-ThF4 phase diagram construction 
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  LiF-ThF4 phase diagram construction 



our experiment 

∆fusH = 13.7 ± 2 kJ/mol 

 

Gilbert 1962 

∆fusH = 14.6 kJ/mol 

fusion enthalpy value 

T = 1121K 

∆mixH / (J/mol) 

∆fusH = 14.6 kJ/mol 

TD of LiF and ThF4 

(Literature TD tables) 

LiF-ThF4 modelling 
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LiF – ThF4 (78 – 22) at 1000K 
Phases present 

Liquid only 
Melting point 

858 K 

Heat capacity 
87.7 J K-1 mol-1 

Vapour pressure 
0.07 Pa (total) 
0.047 Pa (LiF) 
0.02 Pa (Li2F2) 
0.003 Pa (Li3F3) 
0.0002 Pa (ThF4) 

Boiling point 
2026 K 

Activity coefficients 
γ(LiF) = 0.587 
γ(ThF4) = 0.224 

TD quantities 
absolute entropy (S): 164.3 J K-1 mol-1 

enthalpy (H): -876234 J mol-1 
Gibbs energy (G): -1040500 J mol-1 

32 
First crystal formed 

LiF 

  Phase diagram reading 
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Fuel circuit MSFR (EU)  

Fuel salt,  
mole % 

78.0LiF-20.0ThF4-2.5UF4 
77.5LiF-6.6ThF4-12.3UF4-

3.6TRUF3 

Temperature, оС 650 - 750 

Core radius / height, 
m 

1.13 / 2.26 

Core specific power, 
W/cm3 

270 

Container material  
in fuel circuit  

Ni-W alloy 
ЕМ 721 

Removal time for 
soluble FPs, yrs 

1 - 3  

  MSR fuel = multi-component system 



Higher order systems 

 Mathematical formalism for 
Gibbs energy estimation 

 
 Validation by series of  
experimental data 
 



Use of Thermodynamic Database 



EXAMPLE 1: 
 

Use of thermodynamic database 
 

7LiF – ThF4 – PuF3 

Matrix components 

Fertile material Fissile material 

Optimization of the Fuel for  
Molten Salt Fast Reactor (MSFR) 



LiF – ThF4 LiF – PuF3 

ThF4 – PuF3 

Binary systems 



MSFR concept 

LiF-ThF4 (77.5-22.5) 

m.p. 840 K 

MSFR concept 

PuF3 ~ 5 mol% 

Pu
F
3
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5 mol% PuF3 ~ 935 K 



MSFR concept 

LiF-ThF4-PuF3 system 

~820 K 

1.8 mol % PuF3 

MSFR concept 

PuF3 ~ 5 mol% 

1400 

1300 

1200 

1100 

1000 



MSFR concept 

Reference system of the MSFR 

LiF-ThF4-PuF3 (74-21-5 mol%) ... solvent is LiF-ThF4 (78-22) 

 - liquidus point is 935 K (662 °C) 
Point A 

Point B 
LiF-ThF4-PuF3 (78.6-16.4-5 mol%) 

 - liquidus point is 873 K (600 °C) 

Proposed for MSFR fuel 



EXAMPLE 2: 
 

Use of thermodynamic database 
 

7LiF-NaF-BeF2 – PuF3 

Matrix components 
Fissile material 

Optimization of the Fuel for  
MOSART concept 



MOSART reactor (Russian concept – ISTC project) 
  
 Tinlet = 873 K (melting point of the fuel must be lower 
 than 823 K, 50 K safety margin) 
  
 Toutlet = 988 K 
  
 X(PuF3) = 1.3 mol% (‚An‘ is mostly 239Pu) 
  
 matrix composition: LiF–NaF-BeF2 (15-58-27) 

Criteria: 
 Tmelting < 823 K 
 X (PuF3) = 1.3 mol% 
 X (BeF2) = low 

MSR concept 



LiF - NaF LiF – PuF3 

NaF – BeF2 NaF – PuF3 BeF2 – PuF3 

Binary systems 

LiF – BeF2 



T = 917 K at: 
 X(LiF) = 0.580 
 X(NaF) = 0.407 
 X(PuF3) = 0.013 

Criteria: 
 Tmelting < 823 K 
 X (PuF3) = 1.3 mol% 
 X (BeF2) = low 

E1: T=893 K 

LiF-NaF-PuF3 system 



T = 761 K, 
but too much of BeF2 

Criteria: 
 Tmelting < 823 K 
 X (PuF3) = 1.3 mol% 
 X (BeF2) = low 

LiF-BeF2-PuF3 system 



770 K 
780 K 

T = 837 K at: 
 X(NaF) = 0.710 
 X(BeF2) = 0.277 
 X(PuF3) = 0.013 

Criteria: 
 Tmelting < 823 K 
 X (PuF3) = 1.3 mol% 
 X (BeF2) = low 

NaF-BeF2-PuF3 system 



E2: T=848 K 

E1: T=775 K 
LiF-NaF-BeF2-PuF3 

(20.3-57.1-21.2-1.3) 

Criteria: 
 Tmelting < 823 K 
 X (PuF3) = 1.3 mol% 
 X (BeF2) = low 

MOSART composition: 
LiF–NaF-BeF2-PuF3  
(14.8-57.2-26.7-1.3) 

Proposed fuel  

LiF-NaF-BeF2-(PuF3=1.3 mol%) system 



Boiling point: 1973 K 

LiF-NaF-BeF2-PuF3 (20.3-57.1-21.2-1.3) composition: 

Tinlet=873 K ~ 0.001 Pa 
Toutlet=988 K ~ 0.046 Pa 

Vapour pressure 

4
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Stay in touch 
 

•EU Science Hub: ec.europa.eu/jrc 

•Twitter: @EU_ScienceHub  

•Facebook: EU Science Hub - Joint Research Centre 

•LinkedIn: Joint Research Centre 

•YouTube: EU Science Hub 
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