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Abstract

Since the beginning of the commercial use of nuclear energy, the issue of disposal of nuclear

waste has remained largely unsolved. Currently proposed recycling methods, such as hydromet-

allurgical liquid-liquid extraction processes or pyrometallurgical salt-mediated separation and

subsequent electrore�ning, use numerous solvents or are still ine�ective and environmentally

unfriendly.

In this thesis, a separation concept has been developed for a distillation-based reprocessing

of spent nuclear fuel using chlorination and subsequent distillation operations. This approach

also includes downstream waste gas treatment and recycling of zirconium cladding material.

Validation of the distillation model and relevant separation units was performed on represen-

tative simpli�ed test mixtures using self-written Octave code, which does not require any critical

mixture component dat. Instead, simulations were based on Raoult's law applying partial vapor

pressures. The numerical results of the distillation operation were compared with those obtained

from ChemSep models, a common software for simulation of distillation columns. Both the re-

sults of the Octave code and the ChemSep model showed good agreement. Similarly, a simulation

of Kroll's distillation-based process for extracting titanium from titanium ores by chlorination

and distillation yielded positive results.

Due to the lack of important material data of spent nuclear fuel chlorides, in particular those

needed to describe the behaviour of the vapor-liquid phase equilibrium as realistically as possible

(the so-called VLE data), the conceptual design of the distillation process could be simulated

under ideal phase equilibrium conditions using the Octave code.

For the distillation columns, a completely di�erent design to that commonly used in the

chemical industry was proposed, in the form of a specially designed closed system based on a

total re�ux column in this thesis, with subsequent cyclic product withdrawals. This solution

also enables safe operation with high separation accuracy, which, however, requires signi�cantly

longer separation times.

The results of the simulation of the entire process scheme showed very good separability of

the used nuclear fuel consisting of at least 95 mol% uranium tetrachloride, but also many other

components, such as plutonium trichloride and lighter �ssion products. The proposed recycling

method can be used at the nuclear power plant site as well as in external plants. In contrast to

the chemical industry, the nuclear recycling of the spent fuel accumulated over the past decades

can be completely processed within 65 years with six separation plants designed in this way. The

concept presented is particularly suitable for liquid fuel reactors, such as the Dual Fluid Reactor

or potentially a suitable type of Molten Salt Reactor, for which on-line reprocessing is envisaged.

Furthermore, the method can also be used to recover valuable rare earth elements.





Streszczenie

Od pocz¡tku komercyjnego wykorzystania energii j¡drowej kwestia skªadowania odpadów promien-

iotwórczych pozostaje w du»ej mierze nierozwi¡zana. Obecnie proponowane metody recyklingu,

takie jak procesy hydrometalurgicznej ekstrakcji wodnej lub pirometalurgicznej separacji za

po±rednictwem soli, a nast¦pnie elektrora�nacji, wykorzystuj¡ wiele rozpuszczalników lub s¡

nadal nieskuteczne i nieprzyjazne dla ±rodowiska. W niniejszej dysertacji opracowano koncepcj¦

separacji opart¡ na destylacji ponownego przetwarzania wypalonego paliwa j¡drowego za pomoc¡

chlorowania i destylacji. Podej±cie to obejmuje równie» dalsze oczyszczanie gazów odlotowych i

recykling cyrkonowego materiaªu okªadzinowego.

Walidacja modelu destylacji i odpowiednich jednostek separacyjnych zostaªa przeprowad-

zona na reprezentatywnych uproszczonych mieszaninach testowych przy u»yciu samodzielnie

napisanego kodu przy w ramach platformy Octave, który nie wymaga »adnych krytycznych

danych dotycz¡cych skªadników mieszaniny. Zamiast tego symulacje oparto na prawie Raoulta,

stosuj¡c cz¡stkowe pr¦»no±ci par. Wyniki numeryczne procesu destylacji porównano z wynikami

uzyskanymi z modeli ChemSep, popularnego oprogramowania do symulacji kolumn destyla-

cyjnych. Zarówno wyniki samodzielnie napisanego kodu Octave, jak i model ChemSep wykazaªy

dobr¡ zgodno±¢ mi¦dzy sob¡. Podobnie symulacja procesu Krolla oddzielania tytanu od rud

tytanu przez chlorowanie i destylacj¦ daªa pozytywne wyniki.

Ze wzgl¦du na brak wa»nych danych materiaªowych chlorków wypalonego paliwa j¡drowego,

w szczególno±ci potrzebnych do mo»liwie realistycznego opisania zachowania si¦ stanu równowagi

fazy para-ciecz (tzw. dane VLE), projekt koncepcyjny procesu destylacji byª symulowany w

idealnych warunkach równowagi fazowej przy u»yciu kodu Octave.

Dla kolumn destylacyjnych zaproponowano zupeªnie inn¡ konstrukcj¦ ni» powszechnie stoso-

wana w przemy±le chemicznym: w postaci ukªadu zamkni¦tego opartego na ustawieniu caªkow-

itych warunków zwrotnych kolumny z pó¹niejszymi cyklicznymi poborami produktu. Rozwi¡zanie

to umo»liwia równie» bezpieczn¡ prac¦ z du»¡ dokªadno±ci¡ separacji, co jednak wymaga znacznie

dªu»szych czasów separacji. To ostatnie nie stanowi problemu dla przemysªu chemicznego w

obliczu ilo±ci nagromadzonego w ostatnich dziesi¦cioleciach wypalonego paliwa j¡drowego i mo»li-

wo±ci jego ponownego przerobu.

Wyniki symulacji caªego schematu procesu wykazaªy bardzo dobr¡ separowalno±¢ zu»ytego

paliwa j¡drowego skªadaj¡cego si¦ z co najmniej 95% molowych tetrachlorku uranu, ale tak»e

wielu innych skªadników, takich jak trichlorek plutonu i l»ejsze produkty rozszczepienia. Pro-

ponowana metoda recyklingu mo»e by¢ stosowana zarówno na terenie elektrowni j¡drowej, jak

równie» w specjalnych zakªadach zewn¦trznych. Caªkowita separacja odpadów wypalonego paliwa

j¡drowego jest mo»liwe w ci¡gu 65 lat przy wykorzystaniu zaledwie sze±ciu zakªadów segregacji

zaplanowanych zgodnie z proponowan¡ koncepcj¡. Koncepcja ta jest szczególnie odpowiednia dla

reaktorów na paliwo ciekªe, takich jak reaktor dwupªynowy (Dual Fluid Reactor), dla których

mo»liwa jest utylizacja odpadów promieniotwórczych on-line. Ponadto metoda ta mo»e by¢

równie» wykorzystana do odzyskiwania bardzo cennych pierwiastków ziem rzadkich.
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re�ux operation of a process cycle. In each

PPC, product is removed until the limits of

product purity are reached. Then the next

PPC is performed.

PPU Pyroprocessing Unit/

Pyrochemical

Processing Unit

Process separation unit with high-temperature

operations for substance and material

separation, such as the separation of metal

chlorides by distillation-based separation

techniques.
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Part I

Introduction

Throughout the history of human development, the availability of energy has been the driving

force behind productivity, progress and prosperity. Ensuring lasting progress requires �nding

cost-e�ective, environmentally friendly and sustainable solutions in the areas of energy produc-

tion, chemical and industrial production, and recycling of end products and waste streams. In

the following, this global recycling problem is de�ned as the Global Cycle Problem (GCP). Sim-

ilar to many natural material cycles on earth, all waste streams and end products should be

recycled with minimum e�ort and minimal use of chemical additives.

The primary requirement for the ful�lment of chemical and industrial production and recy-

cling of end products is cost-e�ective and cheap supply of energy, which should be as steadily and

stable as possible in terms of power grid stability. This energy supply should also be generated

with minimal amounts of materials usage and emission emission, including carbon dioxide. The

cost-e�ective provision of energy depends on the one hand on the level of expenditures to build

and run power plants and on the other hand on the recycling of waste streams.

The usability of di�erent energy sources can be de�ned by the value of EROI or Energy

Return On Investment. This is the ratio of the total usable energy produced to the total energy

input over the entire period, including construction, operation and maintenance of the power

plant. In [30], the various modern energy production methods were evaluated in terms of EROI

values from 2013. In [30], pump storage for solar and wind was included in the EROI and referred

to as the "unbu�ered scenario", thus providing a range of EROI values. Solar was found to have

a value in the range of 1.6-3.9 (bu�ered/unbu�ered), wind 3.9-16 (bu�ered/unbu�ered) and coal

around 30. Hydropower has higher values in the range of 35-49 (bu�ered/unbu�ered), but is

severely constrained by limited water availability and is now close to full capacity. Conventional

renewable energy sources, such as wind and solar, have the limitations of low EROI values and

of non-base load electricity generation with strongly changing energy supply: They are far away

from generating constant utilization frequency electricity. Achieving this would require energy

storage with low energy conversion e�ciency and high consumption of raw materials such as

lithium and its extraction. In addition, wind turbines require large amounts of rare earths for

the wind generators, and many materials are not recyclable after a long period of operation [31].

Nuclear energy, on the other hand, is a relatively cheap and stable energy production option [29].

Nuclear energy also shows a very high theoretically achievable maximum EROI value of

10,000 [1]. Indeed, compared to the chemical energy content of crude oil of about 45.5 MJ/kg

, the usual �ssile uranium-235 in Light Water Reactors (LWR) has an energy content greater

by a factor of 1.1 · 104 [32] (p.338). However, today's thermal reactors based on solid fuel only

achieve an EROI of 75 because only around 1 wt% of the fuel in the fuel matrix can be used,

in addition to other factors that limit nuclear technology e�ciency (see: [30]). The reason for

the low usability is that only a small proportion of uranium, a few per cent of the thermally

�ssile U-235 isotope, is usable [33]. The much larger proportion of U-238 cannot be �ssioned by

the slow neutrons in today's solid fuel reactors. Only a tiny fraction of the U-238 is converted

to thermally �ssionable isotopes, as indicated by the �ssion cross sections of U-235 and Pu-239
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presented in [33, 34].

In addition, also major disatvantage of solid fuels is no online refuelling and reprocessing is

possible. Therefore, spent fuel still contains a large amount of potentially �ssionable materials.

This illustrates the very ine�cient use of solid fuel reactors. The problem for long-term storage is

the formation of long-lived transuranium and plutonium isotopes as well as active �ssion products

in the �ssion yield composition. In fact, two types of �ssion products are generally produced

in the U-235 of solid fuel thermal reactors: the short-lived, highly active, but rapidly decaying

�ssion products exist at most for a few decades to hundreds of years, but others live much longer

(compare the �ssion yields in e.g. [35]).

In order to solve the SNF waste problem and to avoid further waste, it would be conceptually

feasible to process and reuse SNF on site in fast �uid or Liquid Fuel Reactors (LFR), such as the

Molten Salt Reactor (MSR) or the Dual Fluid Reactor [1]. The Molten Salt Reactor uses liquid

molten salts, in which the �ssionable material is bound in these salt compounds. Other variants

of reactor types are the lead-cooled fast reactor (LCFR), which uses a relatively thermally well-

conducting liquid metallic with relatively high thermal conductivity. The Dual Fluid Reactor

(DFR) combines the advantages of a lead cooling circuit and a liquid fuel reactor [1, 36]. This

reactor type is capable of using long-lived �ssion products as fuel, as well as fuel material from

SNF [1, 37] . However, signi�cant use of SNF and long-lived �ssion products requires on-site

material separation and cycling of the material �ows at time intervals, as also reported by

[1, 36, 37].

There are two variants of the Dual Fluid Reactor, a metallic variant (DFRm) using a basic

fuel mixture of eutectic uranium-chromium or uranium-chromium-plutonium composition, or a

salt variant using undiluted metal chlorides (DFRs). In the older molten salt variant of the Dual

Fluid Reactor, the calculated EROI value aisto 2,000 [38, 39] (Tab. 1), already much closer

to the theoretical maximum value of 10,000 than the common used nuclear solid fuel reactors.

The innovation of the Dual Fluid principle rests on using separate fuel and cooling cycles, as

shown schematically in Fig. (1). The corresponding idea of fuel cycle management for a Dual

Fluid Reactor provides for the use of two separate liquid cycles with a reactor core designed

as a kind of heat exchanger, in which the molten fuel �ows through the tube system, while a

lead cooling melt �ows in the same direction for pure heat transfer similarly to a heat exchanger

with indirect cooling. To realise the fuel cycle, a pyroprocessing separation unit is required,

capable of returning �ssile material to the Dual Fluid Reactor [29, 1, 37]. All the concepts

and publications relating to the Dual Fluid Reactor can be found in [40, 41, 1, 36, 37] and

[38, 39, 42, 43, 44, 45, 46, 47].
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Figure 1: The Dual Fluid principle, Ref. [1]

Common modern thermal separation processes, mainly described in the literature, are based

on liquid-liquid extraction processes [48], using numerous and considerably large amounts of sol-

vents under moderate process conditions. The most important process is the PUREX (Plutonium-

Uranium Recovery by Extraction) process, which deals with the separation of uranium and plu-

tonium components, as summarised in [48], together with many other processes shown for the

separation of other actinides and �ssile materials. This results in large process waste streams

that require expensive post-separation processes and lots of secondary sepatation e�ort (see

[49, 48]). The main disadvantage of such liquid-liquid extraction processes is the use of large

process streams with signi�cant amounts of environmentally harmful solvents and extractants.

They are also contaminated with the radioactive fuel material, which results in a signi�cant

increase of waste volume. This explains the numerous secondary separation e�orts to clean sol-

vents, extractants and fuel material. In addition, the extraction agents can only separate a few

elements as active components per separation stage, with each stage separating each separable

component into a single settler tank.

Another possible thermal and dry separation technique that does not generate such large

extractant-fuel mixture streams is distillation via halogenation of the fuel to volatilise the fuel

elements to be separated. The halogenation for distillation serves as an idea of the volatilisation

of the fuel components in the fuel with di�erent volatilities of the substance components, so

that they can then be easily separated from each other. The main advantage over liquid-liquid

extraction processes, where the fuel still has to be transferred to solution systems in a process-

intensive manner, is that undiluted molten salts are directly usable for distillation. The idea

of using distillation as a dry separation method without the use of solvents is a completely

revolutionary idea which, despite its high potential, has not yet been explored for spent fuel

recycling. Only a few initial studies in the 1960s and 1970s on the separation of uranium

hexa�uoride from fuels by distillation are known, see e.g. [50], although at that time the technical

progress was not su�cient to allow the full potential of this technology to be utilised, in particular

with regard to the lack of suitable structural materials.

Other general advantages of distillation include the use of a much more compact distillation

column design at atmospheric pressure [51] compared to extraction methods where each separa-
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tion stage is a separate separation apparatus. The distillation column corresponds to a compact

countercurrent �ow combination of single-stage distillation steps, as described in detail in [51]

(Chapter 13). The separation stages are compactly integrated in a single separation column

instead of individual separation stages. The separation is based on the volatility di�erences of

the halogenated components, so that the separation is not component-speci�c, but has a separat-

ing e�ect on all material components via separation fractions. This is particularly useful in the

reprocessing of fuel containing a wide range of components. Apart from halogenation, no other

additives are added, one of the major advantages over liquid-liquid extraction. This results in a

better recirculation and reuse of the fuel to solve the problem of �nal storage without secondary

separation processes. Even the halides can be recovered in this process.

The only serious disadvantages of the distillation process are the higher process temperatures

of 1,070 K on average, in the range of 500 K-2000 K and the formation of corrosive substances

and halides. However, there are now materials able to tackle the corrosion problem, such as SiC

or ZrC: highly performant, they can resist corrosion even at high temperatures above 2000 K [29].

Distillation as a separation technique for metal chlorides is not a new separation technique, is

well understood and is already widely used in the extraction of raw materials in ores, particularly

titanium in titanium ores. The most important process is the Kroll process developed in the

1940s for the distillation of titanium tetrachloride by chlorination of titanium ores, including

the recovery of chlorine as a chlorinating agent. The pilot plant was built in the late 1940s, as

the report in [12] shows, with good separation results. Further experience and applications of

distillation in the nuclear �eld additionally to �uorination and distillation-based recovery of MSR

fuels regarding to [50] can be found in the experimental investigation of the distillative processing

of LiCl-KCl eutectics with separation of �ssion products and actinide chlorides, the results of

which are shown in various studies, e.g. in [52, 53, 54, 55, 56, 57, 58, 59] with good separation

results. This highlights the know-how about the application of such separation processes for the

separation through distillation of actinides and �ssion products as well as about nuclear recycling

problems in general. In [60, 61] detailed experimental explanations of single-stage distillation with

Closed Chamber Units (CCU) are presented speci�cally in this context of practical application.

This is a closed distillation system, similar to a glove box in the experimental setup, where a

crucible is placed on a higher level where the molten salt is evaporated and condensed away from

the crucible to a lower level melting pot. This device is often used for evaporation of molten

salt and simple dilution as a single stage operation. This idea is also used as an idea for a single

stage operation to implement a more complex total re�ux column design in this thesis.

If distillation could be implemented today as a separation method for the processing of

SNF material, this would not only solve the �nal storage problem, but also the scalability of

circularity of fuel for LFRs. This would be an enormous technological advance for mankind,

with circularity of the fuel ensuring sustainability and solving the disposal problem. The low-

cost, carbon dioxide-free energy production can be used for further energy-intensive technical

production, as explained in the Global Cycle Problem (GCP). Distillation can also be used to

recycle Rare Earths Elements (REEs), e.g. compare [62, 63, 64], and metallic raw materials in

the same way as nuclear fuel processing. Despite the high energy intensity of such separation

processes, the provision of low-cost nuclear energy makes the use of distillation processes possible
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and contributes signi�cantly to the recycling of metallic resources. A large number of studies on

recycling by chlorination and selective evaporation and distillation of REEs and other metallic

raw materials have already been carried out in [62, 65] and show good separation results. Even the

use of carbon dioxide chemistry would be conceivable in this case of low-cost energy production.

The main focus of this thesis is on the technical feasibility of distillation via chlorination for

the reprocessing of spent fuel from today's nuclear reactors, including the recycling of cladding

material also via chlorination and distillation. Chlorination is preferred as a volatilisation agent to

ensure large liquid ranges of the components to be separated and to obtain the preferred thermally

stable uranium tetrachloride, the boiling point of which is far from that of the other chloride

components, so that very large proportions of SNF material containing mainly uranium can

potentially be separated as high purity separation components. Secondly, the relative volatility

between the chlorides is also very large compared to each other and the triple points are low to

prevent sublimation of few components compared to other halogenides such as �uorides, iodides

or bromides (compare boiling points from [24, 66, 18, 67]). During the development of the

separation process, a novel distillation design is proposed in this thesis for the reprocessing of

nuclear fuel: this leads to a closed system via total re�ux column states. This column design

would not be economically suitable for industrial use but can be used to solve nuclear fuel

reprocessing problems by distillation, given the absence of valuable product to keep for sale and

the magnitude of the waste problem . Numerous process simulations are carried out on simpli�ed

test mixtures and on more complex fuel composition examples of SNF and DFRm feed materials

using my own custom codes for the overall �ow diagram simulation (including the distillation

column design developed here).

Simulation codes written by the author of this thesis were compared with ChemSep, a software

for simulation of thermal separation processes in the chemical industry (see [68]), for simple test

mixtures. It shows good agreement, thus validation the simulation codes written here. The

distillation column for the pilot and laboratory column of the Kroll titanium recovery process

of the technical report is also simulated and shows excellent results, largely consistent with the

experimental measurement results in [12].

In the appendix of the thesis, di�erent waste compositions are simulated up to the so-called

HLW (High Level Waste) (see [69]). In addition, the simulation for the processing of metallic fuel

melts from the Dual Fluid Reactor with the same �ow diagram can be found in the appendix,

in order to be able to demonstrate the (re-)cyclability of the fuel with the PPU on the basis of

such an example liquid fuel reactor. The simulation results also impressively demonstrate the

applicability of processing such separation mixtures by distillation, so that it can be concluded

that distillation is a robust separation technology for SNF processing and that the generation

of fuel cycles between this distillation-based pyroprocessing separation plant and the liquid fuel

reactor potentially works excellently.
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Figure 2: The main DFR cycle

Fig. (2) illustrates the overall main proposed DFR cycle process of the interconnection

between the PPU unit and the DFRm, taking into account the SNF, HLW and dual-�uid feed

recycling of the DFRm. The completion of the process cycle is shown schematically in bold

in Fig. (2). Here, the SNF, HLW and DFR feed materials can be separated or reprocessed in

certain mixing ratios as a mixed feed stream in the PPU unit shown in the centre of Fig. (2).

After material separation in the PPU, complete reduction by electrolysis is required to be able to

use the separated materials for the metallic DFRm reactor variant. At the same time, zirconium

tetrachloride can also be electrochemically reduced to usable zirconium in an electrolysis process,

and then zirconium alloy material can be produced again, which can be sold or reused in smaller

quantities for other possible fuel rod cladding material applications. In the much less e�cient

salt variant of a Dual Fluid Reactor, a reduction of the degree of chlorination to lower-value

chlorides is required, e.g. from uranium tetrachloride to trichloride, so that the vapour pressure

of the salts in the DFR core is not too high and evaporates there. The degree of chlorination

can be reduced, for example, by adding gaseous cesium.

In the last part of the thesis, a global analysis of the SNF inventories to be processed world-

wide is carried out on the basis of the simulation results of a distillation separation plant. This

analysis shows thst the complete distillation of all SNF inventories would take 65 years with

only six worldwide assumed separation plants. Thus this thesis shows evidence that a com-

plete solution to the problem of �nal disposal is possible through the application of the Dual

Fluid Technology and the distillation-based separation technology combination. This paves the

way towards the entry into a new, further advanced industrial age. It would allow the general

worldwide increase in productivity, progress and prosperity of mankind together with ful�lling

to a large extent the points mentioned above of energy production, industrial production and

recycling regarding the GCP.

The separation concept developed in this thesis is also used in a modi�ed form by the author

of this thesis for the processing of NdFeB magnets (see [70]), using chlorination and distillation.
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This publication shows that with this method, which is fundamental for the production of nuclear

fuels, it is also possible to recycle and recover common metallic valuable raw materials in order to

solve the recycling problem. NdFeB magnets are still indispensable in the automotive industry,

in electronics such as mobile phones and PCs, and in industry in general [48, 71] and the Rare

Earth component are also involved in the nuclear fuel. Thus, the study of rare earth separation

for non-radioactive materials would also help to study the separation problem of nuclear waste,

also taking into account the very similar boiling points of cerium trichloride and plutonium

trichloride (e.g. compare: [24, 66, 18, 67]). Even from the perspective of the non-radioactive

industrial chemical industry, the potential use of SNF distillation and the use of nuclear liquid

fuel reactors, such as the Dual Fluid Reactor with the implementation of liquid fuel loops,

signi�cantly reduces the need for such raw materials.
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1 SEPARATION PROCESS DEVELOPMENT

Part II

Theoretical background

First, the chosen process development methodology (in section (1)) is followed as it is required

for SNF reprocessing. Simulations were used to iteratively develop such a separation process,

including pre-processing, de�ned in this work as the separation of non-volatile components and

the separation of volatile gases from the almost completely assumed chlorinated molten SNF salt.

Subsequently, the fundamentals of the simulation of distillation and crystallisation are discussed

in this chapter in the section (2). Theoretical fundamentals refers to the modelling of distillation

and crystallisation, where the theoretical background is also covered. Other necessary theoretical

foundations for the calculations in the appendix are given in section (A). The basic theoretical

background of separation process development as a conceptual design method is now described.

1 Separation process development

In the application case of (optimal) conceptual separation process development, the primary

and secondary conditions have to be explored and sorted according to their importance, and

separation criteria and separation speci�cations (e.g. separation accuracies) have to be de�ned.

Subsequently, a heuristic prioritisation of these conditions and criteria is required, as described

in [72, 73], among others.

The prioritised criteria, boundary conditions and constraints often already provide exclusion

criteria for the selection of possible separation operation per separation task and per iteration

step. In a heuristic way, this already signi�cantly reduces the scope of the selection of possible

separation options. The aim is to iteratively carry out the process design starting from the initial

composition (feed) until the separation is ful�lled with regard to de�ned separation speci�cations

and conditions or comes closest to these. These conditions include:

� Minimise the area required and the height of separation units, due to radiation protection

reasons regarding the minimisation of shielding enclosure area of the operating rooms.

� Add as few or no chemicals as possible, avoiding solvents and extraction agents as much

as possible to avoid further contamination with the additives and secondary separation

e�orts.

� The maintenance e�ort of each separation apparatus should be as low as possible.

� The separation process should, if possible, take place at normal pressure. For licensing

reasons of the nuclear device, there should be no low pressures during the entire separation

process.

� Due to the construction material, maximum temperatures of 2225 K at normal pressure of

1 atm are applicable under stationary conditions.

� Large temperature gradients within a separation unit should be avoided if possible or

suitable for the process.
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1 SEPARATION PROCESS DEVELOPMENT

� The choice of the fundamentally selected separation operation per separation step should

also be oriented practically to the generally available know-how in process engineering,

whereby experimental and industrial experience in the handling of this separation operation

with similar material components should be available. 1

Permissible basic operations on the separation problem include:

� Chemical reaction,

� Distillation,

� Crystallisation & solids separation,

� Absorption,

� Adsorption,

� Extraction,

� Electrolysis,

� Chromatography,

� Electrochemical separation processes,

� Metal separation processes.

Criteria such as investment costs or the sale of separation products, as is usual in chemical

process engineering, play a practically minor role in the development of the separation process

for the separation problem of this thesis. This is because, in this case of nuclear processing, there

are no products to be sold and the time limit must therefore be assessed as being signi�cantly

higher than for all industrial and chemical products in chemical process technology.

After validating all the simulation models by simulating test mixtures and comparing the re-

sults with other already validated simulation software, process development is carried out in this

thesis. The subsequent selection for the separation operations of the process development in this

thesis is initially directed towards the separation of the most critical impurities, such as solids

and highly volatile substances, which are di�cult to separate. A further condition is that the

component with the highest proportion should be separated as early as possible, such as uranium

for the SNF material of nearly 95 mol% contained in the fuel material. This is also the basis for

selecting the permissible basic operations for the partial separation problem de�ned in this way.

The simulation results then show the feasibility of the separation operation. This is followed by

an evaluation of the reduced mixture after separation of the previous components. Thus, the

separation concept is developed iteratively with the help of these heuristic rules (other possible

heuristics are listed in [73, 72] ). Only then is a possible combination of several separation oper-

ations considered. Examples of such considerations could be the performance of crystallisations

in a subsequent distillation. An innovative idea could be to use the evaporator of the distillation

1The Kroll process for the distillation of titanium tetrachloride mentioned in the introduction serves here as
an example of a comparable possibility for the distillative separation of chlorides from tetrachlorides, such as
uranium tetrachloride.
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2 MODELLING OF DISTILLATION AND CRYSTALLIZATION UNITS

column simultaneously as a crystalliser by inducing supersaturation of the dissolved solids and

to design the evaporator also as a separator. In this case, the evaporator could perform the three

functions of evaporator, crystalliser and separator.

More complex process development methods with detailed numerical or semi-numerical op-

timisation procedures, such as those described in [74, 75], are not used in this work. However,

complex numerical optimisation methods for the selection and synthesis of separation operations

are not used in this thesis.

The process development results in a �ow sheet with all process conditions and simulation

results, which can be evaluated as a process �ow sheet, only the detailed design of the separation

units contained therein is missing in the optimisation task of this thesis for process synthesis.

2 Modelling of distillation and crystallization units

The most commonly used models for the simulation of distillation are the equilibrium stage

model and the rate-based approach as a non-equilibrium stage model (see: [51]). The stage

model divides the separation column into discrete separation stages as equilibrium regions. In

the equilibrium stage model, the mass and energy �ows entering and leaving each separation stage

are assumed to be always in thermodynamic equilibrium. In the non-equilibrium stage model,

the vapour and liquid phases are balanced separately as balance region, using appropriate mass

transport equations with a rate-based approach via mass transfer and mass transfer conditions

instead of the equilibrium relationship. Mass transport plays an important role in the separation

of substances. For the simulation of distillation and crystallisation, however, only equilibrium

stage models are used in this thesis.

2.1 De�nitions and correlations of reference quantities for mass transfer

The necessary mass transport in a vapour-liquid or solid-liquid system, as described in detail in

[76] and [77], can basically take place by two mechanisms. First, matter is transported through

a macroscopic �owing medium by convection, where forced convection is de�ned by external

mechanical action. Convection also depends on the type of �ow, e.g. whether a laminar or

turbulent �ow pro�le is formed [78]. On the other hand, mass transport can also occur by

di�usion, which is caused by microscopic random movements of molecules and is also known

as Brownian molecular motion. Convection is understood as spatially directed mass transport,

whereas di�usion occurs in all spatial directions, a kind of equilibrium depending on the di�usion

potential. The mass �ux ṄA of the substance A to be transported is de�ned here as the sum of

convection and di�usion

ṄA = xAṄA,conv + JA. (1)

In this thesis, the following important variables are de�ned:

� The molar fractionxA is de�ned as the molar quantity nA (or molar quantity �ow ṅA)

involved in relation to the substance component A per total gas molar amount (or total
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2 MODELLING OF DISTILLATION AND CRYSTALLIZATION UNITS

molar amount �ow). This mole fraction is de�ned as follows:

xA =
nA∑
i ni

, (2)

=
ṅA∑
i ṅi

. (3)

� The molar amount nA and the molar �ow ṅA of component A is determined via the molar

mass Mw,A

nA =
mA

Mw,A
, (4)

ṅA =
ṁA

Mw,A
. (5)

� The present concentration of a substance is de�ned as the molar amount (or molar �ow)

of A per total volume V (or total volumetric �ow V̇ )

cA =
nA
V
, (6)

=
ṅA

V̇
. (7)

� The mass-speci�c density belongs to the pure substance data and is de�ned as the mass of

substance A that the substance occupies per volume

ρA =
mA

V

≡ ṁA

V̇

For the convection part with the convection velocity wconv the following continuity condition

applies

ṄA,conv = cA · wconv. (8)

The transport fraction JA in equation (1) is de�ned as the di�usive mass �ux of component A

�owing perpendicularly through a cross-sectional area A due to the time-varying mass particle

number of A with

JA = A−1dNA

dt
. (9)

In the case of single-substance systems, this is de�ned as self-di�usion of the substance

component. In the di�usion of two involved substance components A and B, component A

di�uses through a solvent system of substance component B with JAB. In the ideally mixed

N-component substance system, the combination possibilities of the di�usion of the substances

are to be considered with (N − 1)2 combinations in each case to each other [76] (p.185f). The

theory of multicomponent di�usion is discussed in more detail in (A.1).
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2.2 Modelling of basic separation units

For all thermal separation processes, in addition to the setting up of thermodynamic phase equi-

libria and the determination of mass and heat transport, it is the consideration of the required

modelling depth for the equilibrium stage modelling that plays a signi�cant role in the appear-

ance of the simulation results. Within a de�ned balance area, the mass and energy balance as

well as the detailed equations for mass transport, thermodynamic equations of state and phase

equilibrium relationships are part of the main model equation system for each individual sepa-

ration step. The depth of modelling, as a parameter of model complexity, depends on the target

parameters to be investigated in order to represent the separation problem as realistically as

possible. In general, numerous simpli�cations and assumptions are required to set up the model

equations, which leads to an increasing idealisation of the separation problem and an increasing

deviation from the realistically representable separation case.

In this thesis, for example, a high degree of idealisation is used for the simulations due to the

lack of substance property data for pure components (elements or compounds) and mixtures of

the components as well as the measurement of su�ciently representative, usable phase equilib-

ria. In terms of phase equilibria, the simplest assumption is to consider ideal phase equilibria,

neglecting the activity of the liquid phase. The simpli�ed modelling is used in this thesis to show

the separability and applicability at all, as a kind of lower bound for a feasibility assessment of

the applicability of this distillation-based separation method. This also applies to the subsequent

conceptual design development of the entire separation process in this thesis. For more realistic

simulations, however, it is always necessary to measure the phase equilibria of representative

mixtures of substance systems, which is not the aim of this thesis.

2.2.1 Overview of industrial distillation processes and modeling

Simple single distillation steps are rarely used on an industrial scale compared to distillation

columns because the separation accuracy is often not high enough. Known single stage distillation

processes are only used for very large vapour pressure di�erences of certain components. These

include pressure expansion processes such as �ash evaporators, in which the liquid is expanded

by means of a throttle and the highly volatile components pass into the vapour phase. These

separation processes are simulated as isothermal or adiabatic evaporators, taking into account

the change in pressure. This requires the numerical solution of an algebraic non-linear equation in

combination with thermodynamic equilibrium conditions, mass and energy balances, as described

in [51] (chapter 13: One-step equilibrium �ash operations). By analogy with evaporation, it

is also possible to carry out condensation of certain components present in a residual vapour

stream. The use of �ash evaporation followed by condensation also allows the separation of

the non-volatile components remaining in the vapour stream. An important aspect here is to

increase the so-called de�ned volume-speci�c contact area, which should be large enough to allow

the components to pass into the corresponding phase and di�use into the other phase.

In industrial distillation technology, higher separation accuracies are often required, requiring

multi-stage distillation processes. The distillation stages are integrated in a distillation column.

The distillation principle in such an industrial distillation column is shown schematically in Figure

3 . A feed stream, in this example a so-called zeotropic (non-azeotropic) mixture consisting of
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three material/substance components, is fed to one separation stage of the column. In the

countercurrent �ow principle of the distillation column, vapour and liquid are then in active

contact with as large a volume-speci�c contact area as possible, so that the mass transfer between

the two phases is as large as possible. Reaction columns2 allow a countercurrent process of liquid

and vapour, where the liquid �ows downwards and the vapour rises upwards due to the buoyancy

principle inside the distillation or recti�cation column [51] (chapter 13), [78] (pp. 291 - 340). The

liquid from each separation stage �ows through an outlet shaft into the separation stage below.

In the separating stage, vapour and liquid are in active contact when vapour enters the separating

stage from below. The light-boiling component, shown in red in �g. 3, accumulates in the upper

part of the column and increasingly in the condenser, while the heavy-boiling component (shown

in blue) accumulates mainly in the lower part of the column. The medium boiling component

tends to remain in the middle of the column. This illustration of the distillation column in general

with such theoretical column stages can also have a more abstract realisation of the column stage

with column trays, structured packing material or �uidically optimized random packing devices

(see: [79, 80]). The distillation column in general has a monotonic temperature pro�le with the

coldest temperature in the condenser and the hottest temperature in the evaporator. For the

medium boiling component this means that it only circulates in the middle part of the column

due to its real volatility, as this component condenses in the direction of the condenser before

reaching the condenser and also evaporates in the direction of the evaporator before reaching the

evaporator. Therefore, with this continuous distillation column principle shown in Fig. 3, this

medium boiling component can only be removed in a more contaminated state as a side stream

product via a side stream removal.

At the top of the column, the distillate is condensed in a condenser and then a certain fraction

is removed as the valuable distillation product. The other part is fed to the distillation column

(usually the �rst column stage after the condensation stage) to maintain the countercurrent

principle and to enable the operating principle between the operating and equilibrium states per

equilibrium column stage. For this purpose, a minimum amount of distillation product must be

returned to the column to ensure and enable the distillation column principle. The ratio of the

speci�c molar amount of distillation product fed back to the speci�c molar amount of distillation

product at the top is de�ned as the re�ux ratio v. The ratio to the minimum speci�c molar

amount of distillation product fed back required to enable the distillation column principle is

de�ned as the minimum re�ux ratio vmin. The value of the corresponding re�ux ratio v is always

greater than the thermodynamically determined minimum re�ux ratio vmin, which is limited

downwards by the achievement of thermodynamic equilibrium between vapour and liquid. It

follows that a minimum re�ux ratio is required for recti�cation. It is also clear that the design of

a distillation apparatus (distillation column or recti�cation column) depends to a large extent on

the re�ux ratio v. This fact must be taken into account, especially in various distillation column

simulations, which makes it necessary to clearly estimate the minimum re�ux ratio as accurately

as possible. Another possible adjustable column re�ux concept is the principle of the so-called

total re�ux column as a technically not directly practical application of distillation separation,

2Despite the common de�nition in the literature as typical industrial multistage distillation columns, where
the generalised term distillation column is also used to refer to a generalised column, the term distillation column
is used in this thesis to refer to a generalised column.
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in which the entire top distillation product is returned to the column, but no distillation product

is removed.

evaporator
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Feed

Qevap

Qcond

Top product

Bottom product

Column
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Vapor phase
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Figure 3: Operation principle of a continuous industrial distillation column

In the distillation column operation, the substance/material composition of both phases is

either location-dependent average discretized expressible as separation stage according to the

continuous mode of operation or, in the case of the total re�ux process, after reaching equilibrium,

or purely time-dependent as in the discontinuous mode of operation of a distillation column.

While in continuous and total re�ux column operation there are constant compositions per

separation stage in steady-state operation, a discontinuously operating separation column works

according to the 'boiling vessel principle' in a di�erent mode of operation. Here, the mixture

is fed once at the beginning of the column operation and evaporates discontinuously, whereby

the substance components are distillated divided into fractions over time, which are drawn o�

by time at the condenser. This technically feasible variant of column operation also has a

de�ned re�ux ratio. As the volatility of the substance components at the condenser decreases

in time, the proportion of heavy-boiling substance components increases, so that only medium-

temperature mixed fractions can be recovered as fractions. Towards the end of distillation, a

mixture of heavy-boiling components and other residues remains as a distillation residue, which

can be removed as a bottom product. Various technical details of the product removal and the

adjustment of the re�ux ratio and the heat supply are described in more detail in [51]. Fig. 4

schematically summarises the di�erences between continuous and discontinuous process variants.

With discontinuous separation columns, the product composition can often be better controlled.

However, this technical variant is only used if the product streams are rather small in relation
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to the usual separation quantities of the process technology.

x ij , ˙ n L 
j ,T j 

e,x F,ij , ˙ n L 
F,j ,T L 

F,j 

x ij − 1 , ˙ n L 
j − 1 ,T j − 1 

x S,ij , ˙ n L 
S,j ,T j 

y F,ij , ˙ n V 
F,j ,T V 

F,j 

y ij , ˙ n V 
j ,T j 

y ij +1 , ˙ n V 
j +1 ,T j +1 

y S,ij , ˙ n V 
S,j ,T j 

dx

Continuous distillation column Discontinuous distillation column

y ij , ˙ n V 
j ,T j x ij − 1 , ˙ n L 

j − 1 ,T j − 1 

x ij , ˙ n L 
j ,T j y ij +1 , ˙ n V 

j +1 ,T j +1 

Figure 4: Illustration of the technical design and the modelling of the equilibrium stages of
industrial distillation columns.

In distillation column operation, light-boiling substances tend to accumulate in the vapour

phase on their way to the top of the distillation column, while heavy-boiling substances pass into

the liquid and �ow down the column. Only in the case of so-called azeotropic composition in

special mixtures does the composition of liquid and vapour remain constant at the corresponding

composition. Up to a certain composition limit at the azeotropic point, the mixture cannot

be further separated. In addition, when the composition of a binary mixture is beyond the

azeotropic point, the dominant distillation components are reversed as a heavy or light boiler

distillation product component, otherwise the azeotropic composition previously summarised by

composition values behaves as a single quasi-chemical opposite light or heavy boiler distillation

product component. The condenser at the top of the column can be operated as a total condenser

(everything is condensed) or as a partial condenser (part of the vapour stream is removed as

vapour and not condensed). Also at the bottom of the column, a partial �ow of the bottom

distillation product must be fed back into the column in a similar way to the top of the distillation

column in the form of vapour from the evaporator. The ratio to the amount of vapour returned

is de�ned here as the boil-up rate VR.

Internal separation-relevant static internals within the column, in the form of trays or any

random or structured packing material column device, ensure intensive contact between the

vapour and liquid phases. The greater the contact area between the phases, the better the

kinetic approach to thermodynamic equilibrium.

In general, column trays in the form of bubble trays or sieve trays can be used very well

as internals to realise the intensive contact of vapour and liquid (see: [79, 80]). In the tray

column, the vapour enters each column stage through a hole opening and passes through the

liquid in the form of a vapour bubble in its common optimised tray column operation state
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(without �ooding or too much gasi�cation of the column). For all column types, there is no

precisely de�nable and limited stationary surface contact area between liquid and vapour each

column stage. Practically in the optimized tray column state care must be taken to ensure

that the pressure of the vapor phase is optimized to prevent the liquid from raining through

the hole openings each tray, but also not too high to allow the optimised liquid-vapor contact.

In the real case, the (mean) residence times of vapour and liquid per separation stage are too

short to achieve thermodynamic equilibrium per separation stage. Therefore, equilibrium stage

models with bottom e�ciency(s) per separation stage can be used to describe simulatively the

deviation from thermodynamic equilibrium. This is important for further simulation of practical

usable distillation column, where these bottom e�ciency values must often be experimentally

determined. Other internals that can be installed in recti�cation columns to allow an optimised

contacting of liquid and vapour can be structured packings or various random tray packing

devices with di�erent geometries or structured material e.g. with pores and channels to optimise

the �ow behaviour . The design of distillation columns and other internals is discussed in detail

in [51, 81] .

The theoretical separation stage is only a theoretical construct at the points in the column

where the averaged composition is achieved according to the equilibrium stage model. Four mod-

elling options are usually available for modelling and simulating distillation columns, although

exact modelling is almost never used due to the high model complexity:

1. Simple estimates, calculations and graphical approximations as described in [51] provide

initial guidance on the choice of separation design under the best possible conditions. This

can provide a kind of lower bound on the feasibility of distillation as a �rst insight.

2. Equilibrium stage models, where the vapour and liquid streams are assumed to be in

thermodynamic equilibrium at each separation stage, and from an operating kinetic point

of view, deviations from equilibrium can be described in terms of bottom e�ciencies. The

bottom e�ciency (the so-called Murphree e�ciency) is de�ned as the ratio of the di�erence

of the actually observed vapour composition di�erence between two separation stages to

the vapour composition di�erence that would result in thermal equilibrium (see: [80] p.181

f) to

Ej,j−1 =
yj − yj−1

yeqj − yj−1
. (10)

The basic equations of the equilibrium stage model are the so-called MESH equations

(Mass, Equilibrium, Sum-rates, Enthalpy equations) for the simulation of distillation columns

according to [51], where enthalpies and enthalpy di�erences are used to describe the energy

balance. Mass transport equations do not appear in the equilibrium stage models. The

activity of the components in the liquid phase mixture under thermodynamic equilibrium

conditions physically describes the intermolecular interactions of the components in the

mixture. It is only in the phase equilibrium relationship equations that the physically real

separation behaviour is modelled, which di�ers from the idealized behaviour . The ther-

modynamic equilibrium equation must therefore be modelled as accurately as possible in

order to achieve a physically realistic representation of the separation in the liquid phase

mixture. The depth of modelling within the equilibrium stage models thus depends al-
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most exclusively on the modelling of the activity of the components of the liquid phase by

means of the equations of phase equilibrium relationships (or brie�y de�ned as equilibrium

conditions, which in this thesis are meant in connection with the modelling of distillation

columns).

3. The rate-based oriented modelling of non-equilibrium stages according to [82, 51] also uses

the principle of the separation stage, whereby the mass transfer equations with di�usion

are additionally considered between separately considered liquid and vapour balance areas

per separation stage. The mass transfer between the two phases is modelled between the

phase transition region of the liquids, where the volume speci�c surface area depends on

the surface tension, the viscosity of the liquid as well as many other mixing data, which are

generally not really available for this thesis. Therefore, these modelling approaches will not

be used in this thesis as this is the current state of development available in the literature.

4. Exact models are CFD simulations with additional required consideration of mass and

energy transport equations through the phases and also a phase modelling method by

tracking the boundary surface between liquid and vapour. The required model equations,

separately for vapour and liquid, consist of mass balance, momentum conservation via

the Navier-Stokes model with assumptions on �uid mechanics, energy transport as well as

mass transport and transition conditions (material and energy balance) between vapour

and liquid. The choice of column geometry and internal internals must also be well speci�ed

and known. Such models are extremely complex and are therefore rarely used in practice,

including, of course, in this thesis. Therefore, these types of models will not be used in

this thesis.

A detailed description of the �rst three modelling types can be found in [51]. Simulation with

�uid dynamics is a speci�c CFD problem, so the CFD literature can be found on two-phase �ow

of free surface �ows.

2.2.2 Overview of crystallization processes and remarks on equilibrium modeling

Crystallisation comprises those separation steps in which the components of a substance pass

from a mobile phase, such as the liquid phase, into a structured crystal-solid matrix as the solid

phase. In the case of crystallisation from solutions, as in the example of salt dissolved in water,

the solution behaviour depends on concentration, temperature and pressure [83]. Similarly, a

molten salt system with oxide or precious metal material involved can be simpli�ed assumed to

be a solution system and therefore roughly modelled as such. The aim is to obtain a supersatu-

rated solution or melt solution, which can be achieved, for example, by cooling, precipitating or

evaporating the solution. When crystallising from the melt or vapour phase using the position of

the melting points of the components to be separated, the energy transport and the cooling rate

(velocity) are of great importance. The crystallisation process from the melt has to be optimised

by modelling the cooling rate [83].

The whole crystallisation process takes place in the following stages. Firstly, nucleation

takes place in which the supersaturated system is somehow brought into a new thermodynamic

equilibrium state of a solid phase by exceeding a critical nucleation size in primary nucleation.
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Once the critical nucleation size is reached, crystal growth begins, with further agglomeration

of solid particles with grain boundary formation in the advanced stage of crystallisation. As

crystallisation usually occurs in a more ordered state in the solid from a uniformly distributed

melt, a contribution of crystallisation energy is released. The nucleation growth process can often

be understood as a kth order interfacial reaction (with a concentration di�erence ∆c between

the �lm and melt phases and a mass transfer kA)

dn

dt
= kA ·∆ck. (11)

Other aspects of crystallisation stages and progress, even Ostwald-Miers crystallisation diagram

states, can be found in the secondary literature listed in [83], but the theoretical background here

is not of great importance to this thesis and only part of the follow-up studies form this part of

the work of the thesis. Absorption and agglomeration also play a secondary role in the formation

of large solid particles. This part is also less relevant to the scope of this thesis and will be the

subject of possible detailed future research. Nevertheless, chemical additives can sometimes be

used to achieve or increase the crystallisation rate within the crystallisation phases. Details on

mass transfer are described in [83]. Other technical processes and variants are also described in

detail in [83]. For the present thesis, only the consideration of primary nucleation from a melt is

essential and will be focused on.

According to [83], there are four main practical crystallisation methods described from the

speci�c molten state rather than from solution, e.g. as aqueous solutions:

� Repeated solidi�cation and/or melting: by slow solidi�cation or melting, one component

can preferentially pass into the other phase, with the melt itself acting as a kind of solvent.

� In layer crystallisation, the substance to be crystallised is deposited on the wall of a plate

heat exchanger, with the temperature di�erence acting as the driving force. The advantage

of this method of crystallisation is that it is simple in design, with no moving parts, but

with a high degree of operational reliability.

� Suspension crystallisation, which uses the molten liquid as a kind of solvent, is a viable con-

tinuous separation process that works in two steps: Suspension formation by homogeneous

crystallisation followed by concentration of the formed solids. Suspension crystallisation

can also be operated in several separation stages, as already mentioned. Suspension forma-

tion can be simulated in the same way as distillation columns using the MESH equations,

applying the solid-liquid equilibrium (SLE) phase equilibrium relationships instead of VLE

vapor-liquid equilibrium in its distillation model and therefore as great importance of esti-

mating the use of crystallisation of separation method of oxide and precious metal material

from a molten salt.

� In particular, zone melting can be used to produce metal or chloride melts to separate

some components down to the ppm range. The material to be melted is placed in a tube

and a rod inside is moved so that the melting zone is also moved. The idea is that as

long as the cooling rate is relatively low, the impurities are more abundant in the melt

and virtually do not pass into the solid phase. This separation process can only be used
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for very small quantities of material due to the small amount of material involved. It is

important that the impurities have completely di�erent melting and dissolving properties

to the main melt. The Czochralski method is a well-known sub-method for the production

of high-purity metal alloy components that are completely free of other components (see

e.g. [84] for more information).

More detailed descriptions of crystallisation processes can be found in [83] and for the separation

of metals and oxides from a molten salt from �ssion products in [85].

2.2.3 Evaluation of thermodynamic phase equilibrium relations

The knowledge of measured or well-estimated phase equilibria of representative mixtures, as

well as the knowledge of the required substance property data, is the essential basis for the

correct thermodynamic description of the phase equilibria by using speci�c GE models with

respect to the estimation of the activity of each component in the mixture. In addition to

the use or creation of appropriate GE models, inaccurate activity predictions are often the

result of incorrect pure component substance and mixture data or incompatible equilibrium

data used to describe the phase equilibria. These aspects would have to be considered for a

realistic representation of a vapor �uid system. Although this thesis uses highly simpli�ed phase

equilibrium conditions according to Raoult and Dalton (see: [51]), the knowledge of the deviation

due to the simpli�cations made depends on the understanding of realistic phase equilibrium

conditions, which can be set up as generally as possible in this thesis.

The Gibbs phase change rule The so-called Gibbs phase rule indicates how many ther-

modynamic degrees of freedom F a thermodynamic substance system in the thermodynamic

equilibrium in the mixed state has, depending on the components and phases involved. Accord-

ing to this rule, the degree of freedom F in which the system can move depending on the state

variables is determined from the sum of the number of components minus the number of phases

as follows

F = Ncomp −Nphase + 2. (12)

For example, a one-component substance system in which only one phase is involved has exactly 2

degrees of freedom. Through pressure and temperature, a two-dimensional area can be obtained

within the phase area as a representable surface in a three-dimensional parameter space, in which

each state point can be approached without having to leave the phase. This changes, for example,

at the so-called triple point of the pure substance, where all three phases, solid, liquid and vapour,

meet. Then there is no longer a degree of freedom and the surface corresponds to only one state

point, which can be speci�ed as a pure property data point parameter for substance components

de�ned as a triple point with the triple temperature Ttr and pressure ptr as pure characteristic

substance property data. At the end of the vapour pressure as another characteristic point there

is also a phase point with respect to the Gibbs rule, where the component becomes supercritical

and no condensed liquid or vapour phase can be distinguished. This phase point is known as

the critical point with its pure component property data point of critical temperature, pressure
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and volume TC , pC , vC . Other such example single points are the later discussed the eutectic

point into a SLE phase equilibria visible in a change diagram for a two components system and

azeotropic points in the VLE equilibrium. In addition, in a three-component system with only

one single phase, there are basically four degrees of freedom available in one phase, but these are

reduced in the presence of several phases. In the presence of three phases, in contrast to the pure

substance, a two-dimensional phase surface diagram can still be obtained. With an increasing

number of substance components, the total number of degrees of freedom in which the system

can move increases.

Phase change equilibria For a thermodynamic equilibrium, the pressure p, temperature

T and chemical potential µ must be the same for all phase equilibria in all phases. In the so-

called Gibbs phase rule, the following conditions then apply in a system with Nphase coexisting

phases[83, 86]:

� Thermal equilibrium: T (1) = T (2) = · · · = T (NPhase),

� Mechanical equilibrium: p(1) = p(2) = · · · = p(NPhase),

� Physical equilibrium: µ(1)
i = µ

(2)
i = · · · = µ

(NPhase)
i ,

� Chemical reaction equilibrium of equilibrium reactions:
∑Nreact

i νijµ
(j)
i = 0 with νij as

stoichiometric constants.

The chemical potential µ describes a thermal state variable that characterises the changes in

energies as the number of substances changes. For ideal pure substances, the following equation

describes the change in ∆µ

∆µ = RT ln

((
p

p0

∣∣∣∣
i

)
≈ RT ln

(
ci
ci,0

)
. (13)

For real behaving substances, however, the following applies with the pressure correction via

the fugacity

∆µ = RT ln

(
fi
p0

)
. (14)

The fugacity fi represents a corrected quantity to the pressure of the corresponding phase

in the description of the speci�c Gibbs energy and the chemical potential according to [83]. In

phase equilibrium for both phases, according to the isofugacity criterion, the fugacity of the two

phases must be equal, with

fPhase:1i = fPhase:2i . (15)

In order to establish the concrete phase equilibria via the isofugacity criterion according to

equation 15, the so-called ϕ − ϕ concepts can be used for liquid-liquid equilibria (LLE) and

sometimes also for vapour-liquid equilibria (VLE). Preferably, however, the γ − γ concept is

often used for solid-liquid equilibria (SLE). The γ − ϕ concept is often only used for describing

vapour-liquid equilibria. For the description of the activity coe�cients γi, special models for the

calculation of the Gibbs excess enthalpy, in particular so-called GE models, are used. Depending
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on the phases involved in the equilibrium system (mainly VLEs), some of the most important

GE models are explained in more detail in the appendix 2.2.3.3.

In the ϕ− ϕ and γ − ϕ concepts, ϕ is known as the fugacity coe�cient and is de�ned as

ϕi =
fi
zip

(16)

Here zi is the mole fraction of the corresponding phase.

2.2.3.1 Examples and calculation of solid-liquid phase equilibria from melts The

crystallisation behaviour of a melt in the solid-liquid equilibrium system for the separation of

several solid components is crucial for the type of crystallisate formed later in terms of structure

and composition. For example, solid solutions or pure substances can be crystallised during

crystallisation.

In the case of a two-component mixture, the temperature curve dependent on the amount

of substance is called the liquidus line, above which the medium is completely liquid. The

solidus line is the boundary in the phase diagram that separates the solid-liquid region from the

fully solid crystallised state. In the case of a so-called non-eutectic mixture, monotonic functions

appear which only touch in the pure substance component state. The other example of a di�erent

mixture is the so-called eutectic mixture with one or more eutectic composition points, where

all components are soluble in the liquid but largely insoluble at this single solid phase change

point. In this case, at a constant eutectic freezing temperature, all components crystallise to the

eutectic composition and form a �ne crystalline structure from the di�erent solid modi�cations.

Deviating from the eutectic composition, the liquidus line in a Tx diagram usually bends away

from the eutectic composition point to higher temperatures on both sides. This means that at

the eutectic composition there is a global temperature minimum of the melting temperature as a

function of mole fractions. In a binary mixture of two substances, the eutectic point means that

the solidus and liquidus lines at this composition point non-continuously touch each other under

signi�cant decreased melting point of the mixture compared to the pure two single component

melting points. The solidus line as a dividing line in the T-x diagram is a constant solidi�cation

temperature as long as solid solution formation is neglected or not present for the two component

system in the T-x diagram. According to [78], such systems with one or more eutectics are most

common in 80% of industrial melts. Other systems, such as systems with a so-called peritectic,

are presented in [83] as well as the so-called peritectic.

Figure 5: Ideal SLE phase diagram example: gold-silver system, Ref.:[2] p.127
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The �gures (5) and (6) show two examples of melts in the binary melt system. The �rst

example in Fig. (5) is a binary solid-liquid system without eutectic composition of silver and

gold. The region in which liquid and solid are in thermodynamic equilibrium together is delimited

by the area enclosed by the lower solidus and upper liquidus lines in the Tx diagram. As pure

substance components, the melting points of the two substance components are given for every

substance component system where the solidus and liquidus lines touch. At any point in the

liquid phase L, far from the compositions of the pure components, there will be mixed crystals

of both components after the temperature is lowered above the sinking temperature below the

liquidus line. When the temperature is below the solidus temperature, everything is crystallised

in equilibrium. Compared to a higher compositional starting point of the melt, gold can only

be enriched to a small mole fraction value by crystallisation due to the small separation area

between the solidus and liquidus lines shown in Fig. (5).

Figure 6: Eutectic SLE phase diagram: U-Cr system, Ref.:[3]

Fig. (6) shows a system of uranium and chromium as an example of an eutectic mixture with

three solid phase transformations for uranium from the solidus modi�cations α to γ. The eutectic

in this binary system has a mole fraction ofxU = 0.81. When the melt is cooled below the eutectic

point, where the solidus and liquidus lines touch, it is assumed that a �ne-grained structure of

both uranium and chromium crystals is obtained at the minimum eutectic temperature of 860°C

for this composition. Analogous to the de�nition of the triple point, according to the Gibbs phase

rule in equation (12), the number of degrees of freedom is zero at the eutectic points and also at

the end of the mixed solid phase transition points in Fig. (6). If the uranium composition is below

the eutectic, pure chromium will crystallise from the melt. If the uranium composition is above

the eutectic composition, uranium will crystallise accordingly. Depending on the composition

and temperature, there are di�erent modi�cations of the uranium-chromium mixtures. In an

abstract way, for this binary system it can be assumed that on the left side of the eutectic, the

uranium acts as a kind of solvent for the chromium, in which the pure chromium has a much

higher melting point than in the mixture. On the other side of the eutectic composition, the

D. Böhm Distillation as a separation method in nuclear fuel reprocessing Page: 22



2 MODELLING OF DISTILLATION AND CRYSTALLIZATION UNITS

chromium can be seen as dissolved in the uranium, with an even lower melting temperature in

the mixture than in the pure component.

Basic calculation of solid-liquid phase equilibria The description of solid-liquid equi-

libria according to [78, 83] is carried out via the γ − γ concept, in which the fugacity applies to

each phase (with "0" related to the pure substance components i):

fPhasei = xPhasei γPhasei fPhase0,i (17)

The isofugacity criterion provides a ratio of the fugacities of the pure substance components. It

is
xLi γ

L
i

xSi γ
S
i

=
fS0,i

fL0,i
(18)

Then the free (Gibbs) enthalpy g0,i of the pure substance is calculated via equation (14) . Via the

di�erence of the free enthalpy as free melting enthalpy under de�nition of the melting entropy

∆sSLi =
∆hSLi TM,i , melting enthalpy ∆hSLi and melting temperature TM,i follows the correspond-

ing calculation expression for the corresponding enthalpy change

∆gSLi = ∆hSLi

(
1− T

TM,i

)
. (19)

Thus, after using the equations (17) and (19) in the isofugacity criterion for the solid and liq-

uid phases, the following simple equation can be provided to determine the phase equilibrium

relationship. Here is

ln

(
xLi γ

L
i

xSi γ
S
i

)
= −∆hLVi

RT

(
1− T

TM,i

)
. (20)

The equation (20) refers only to the solid-liquid transformation. In the case of multiple solid-

liquid transformations, the other phases must be added for all equations. In addition to equa-

tion (20) and analogous to −∆hLVi

RT

(
1− T

TM,i

)
, the sum of the other transformation points

−
∑

k
∆hchange,ki

RT

(
1− T

Tk,i

)
follows as another additional part in equation (20). Using the exam-

ple of the uranium-chromium mixture shown in Fig. (6) the three solid modi�cations α, β, γ are

present, so that for cooling to the α-U modi�cation the following equation replaces equation (20)

with the eutectic temperature of 860°C and phase transformation temperatures Tγβ,U = 739◦C

and Tβα,U = 639◦C C as follows

ln
(
xLUγ

L
U

)
= −

∆hSLU
RT

(
1− T

TM,U

)
−
∑
k

∆hγβU
RT

(
1− T

Tγβ,U

)
−
∑
k

∆hβαU
RT

(
1− T

Tβα,U

)
. (21)

It should also be noted that according to Fig. (6) the areas on the right side of the diagram

represent the pure uranium modi�cations αU, βU, γU. In the case that no solid solution is formed

in the solid phase, the equation (20) can be replaced by the simpli�cation xSi γ
S
i = 1. Then,

according to equation (20), only the activity of the liquid phase is relevant for the description

of the non-ideal crystallisation behaviour . The calculation of the activity of the liquid phase

γLU can be done with a suitable GE model approach in the SLE and LLE system, such as the
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Non-Random-Two-Liquid model (NRTL) according to (2.2.3.3).

A further condition for crystallisation from a melt is the formation of stable nuclei above

a critical nucleation radius of solid particles. The possibility of estimation is described in the

appendix after the section (A.3) and is not included in this thesis for ideal phase equilibria

because the calculations depend essentially on the activity of the phases to be able to estimate

realistic values. Therefore, the calculation under ideal conditions cannot be usefully applied to

this thesis. In addition, other important crystallisation processes are described in order to obtain

high purity crystallisation products from the critical nucleation radius.

2.2.3.2 Calculation and examples of vapor-liquid equilibria (VLE) In the thermo-

dynamic description of vapour-liquid equilibria, knowledge of the real behaviour of the liquid

phase via the activity coe�cients γi per component i is important in order to be able to describe

the real phase equilibrium at all. With γi = 1 an ideal phase equilibrium exists. Furthermore,

heuristics at low pressures below 10 bar indicate that other non-ideal in�uences on the phase

equilibrium do not clearly emerge, but only the part due to interactions of the molecules and the

real behaviour of the liquid �ows into the non-ideal part via the description of the activity coef-

�cients. This shows the importance of the determination of the activity coe�cients by suitable

GE models for the description of real phase equilibria.

The description of vapour-liquid equilibria can be done by applying the isofugacity criterion

fVi = fLi according to equation (15) for the liquid phase L and vapour phase V via two di�erent

calculation methods, the ϕ − ϕ or the γ − ϕ concept [87, 78]. In the ϕ approach, the following

calculation condition applies separately for the description of the two di�erent phases

fPhasei = xPhasei ϕPhasei p. (22)

In the γ approach, equation (17) can be used.

The ϕ − ϕ calculation concept follows a model concept for determining the fugacity coe�-

cients and is de�ned as a homogeneous calculation method according to [87]. According to [87],

application of the ϕ−ϕ concept and equation (22) yields the following calculation equation (22)

depending on temperature T , pressure p, density ρphasei and mass fraction xi with regard to the

fugacity coe�cients ϕi per substance component i

xiϕ
L
i

(
p, T, ρLi (xi)

)
= xiϕ

V
i

(
p, T, ρVi (yi)

)
. (23)

As can be seen in equation (23), the calculation approach depends exclusively on the calcu-

lation method of the fugacity coe�cients ϕi via suitable equations of state. However, according

to [87] (p.161f), the equations of state are usually only known for non-polar, simple molecules.

For molten salts, electrolytic solutions or polymer mixtures of organic substances, these are only

simple approximations as well. The calculation methods via volume- and pressure-dependent

equations of state and application of the virial equation is necessary for the estimation of the

fugacity coe�cients. However, this method is not applied in this thesis due to insu�cient knowl-

edge of suitable equations of state and model functions under insu�cient knowledge of numerous

material and substance property data. In addition, the results from the ϕ − ϕ calculation ap-
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proach concept are also strongly dependent on the concrete calculation of the mixture variables

via the interaction parameters between the molecules of the vapour and liquid phases. It follows

that for molten salts, electrolytic solutions or polymer mixtures, the ϕ−ϕ concept is rather not

applicable for the separation problem mentioned here.

A much better way is the calculation via the γ−ϕ concept, in which only pure substance com-

ponent fugacities and coe�cients are required and the non-ideality of the liquid phase is largely

determined via the activity coe�cient. Several GE models are available for the determination of

the activity coe�cient, which must be suitably selected and adapted to the experimental phase

equilibrium data (compare [51]). Typical examples of empirical GE models for the description of

VLE equilibria are the Wilson model or the model according to UNIQUAC, which are explained

in the following section (2.2.3.3). According to [87] (p.160f), the calculation approach of the

γ − ϕ concept is as follows

xiγ
L
i f

L
0,i = yipϕ

V
i . (24)

The equation (24) applies in good approximation following [87] also for the solubility of solids with

S → L, as well as for sublimation processes in the vapour phase S → V . For the determination

of the fugacity of the pure substance the following calculation approach applies via the so-called

Poynting pressure correction Π0,i and the fugacity coe�cient of the pure substance in the VLE

system ϕLV0,i (see also [88] (p.8 .11f))

fL0,i =
(
pLVi ϕLV0,i

)
·Π0,i. (25)

The pressure correction term Π0,i can be determined via the speci�c molar volume vL0,i with

vL0,i ≈
Mw,i

ρi
via the following calculation approach and further the following approximation

Π0,i = exp

∫ ppLV
i

Mw,i

ρi
dp

RT

 ,

≈ exp

(Mw,i

ρi

(
p− pLVi

)
RT

)
. (26)

For the predominant fraction of substance components in the liquid phase, as for example in

[88] (p.8.11,8.12), the Poynting correction for the pressure di�erence p − pLVi < 10 bar in the

calculations is in good approximation, so Π0,i ≈ 1 can be idealized assumed. Then, for low total

pressures of p < 10 bar, the ratios of the fugacities to ϕLV
0,i /ϕV

i ≈ 1 can also be estimated, which

simpli�es the phase equilibrium relationship equation (26) as follows

xiγ
L
i p

LV
i = yip. (27)

The equation (27)now contains only the activity coe�cient to describe the real substance in the

mixture. For the ideal liquid phase, with γi = 1, the Raoult and Dalton law applies. In Dalton's

law, the total pressure is the sum of the partial pressures in an ideal gas mixture with pi = yip

and p =
∑

i pi. According to Raoult's law, the partial pressure of the ideal liquid phase is de�ned
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as pi = xip
LV
i as a fraction of the vapour pressure pLVi with the mole fraction xi of the pure

substance component i. In this case, a highly simpli�ed version of the equation (27) is obtained

for the determination of the phase equilibria with γi = 1. Deviations from the ideal case can be

understood as deviations from the ideal Rauolt behaviour of the liquid phase. Then, for ideal

phase equilibrium conditions, the following equation for the phase equilibrium condition is valid

for each component i as follows

xip
LV
i = yip. (28)

Equation (27) is the simpli�ed phase equilibrium condition which is mainly used in the context

of this thesis, since for almost all substance systems VLE data are missing as well as numerous

substance data, as explained in the next chapter in section (3.1).

Graphical illustration of exemplary vapor-liquid equilibria In a binary system the

following basic forms of phase equilibria are represented as shown in Fig (7). In the ideal case

γi = 1, according to Raoult's law, it allows the description via the partial pressures as linear

functions p(x), p(y) in the multi-component mixture and linear equations p(x1), p(y1) in the

binary mixture. For γi > 1 there is a positive deviation and for γi < 1 a negative deviation

from the ideal phase equilibrium behaviour as shown in Fig. (7). The deviations can be so

large that may results in an azeotrope. In an azeotropic mixture with a positive deviation from

Raoult's law, the intermolecular interactions in the mixture are weaker than would be expected

between the pure components. This results in a temperature minimum below the boiling points

of the pure components. In the case of a negative deviation, the interactions in the mixture are

correspondingly stronger, resulting in a temperature maximum in the azeotropic composition

above the boiling points of the pure components. The two cases γi < 1 and γi > 1 result in

two di�erent distillation ranges where the azeotropic composition represents the limiting case

for both separation ranges during distillation, above which further puri�cation by conventional

distillation is not possible.

T

x,y

y

x

p

x,y

Figure 7: Binary phase equilibrium diagram

For the binary mixture, the three cases of phase equilibrium diagrams in Fig. (7) are shown

together in the p − xy, T − xy, xy diagram. The upper line in Fig. (7) of the Tx diagram

represents the dew point curve, where the vapour condenses �rst when the temperature falls

below it and two phases coexist as vapour and liquid. The lower line is called the bubble point

curve, where the liquid starts to evaporate and two phases exist. In the ideal case of a binary

mixture, a single separation region is obtained where the boiling point curve and the dew point

curve only touch at the boundary compositions of the pure components. Such a separation

region is de�ned by the VL boiling range as shown below. The dotted case represents the case
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of a negative deviation from Raoult's law with a maximum at the temperature at which the

azeotropic composition is reached, whereas in the case of a positive deviation from Raoult's law

a minimum is reached at the temperature of the azeotropic composition. Consequently, due

to the azeotropic composition condition, the dew point and bubble point curves must coincide.

Thus, for the dashed case shown in Fig. (7) , two separate separation regions are obtained by

distillation. It should also be noted that azeotropes are very often pressure dependent and the

azeotropic composition can change with pressure changes. Incidentally, this property is often

exploited in the so-called pressure swing process to separate mixtures of components at di�erent

pressures by shifting the equilibrium point to the other distillation region of the other phase

separation region.

Figure 8: Multicomponent equilibrium diagram with azeotropes , Ref.: [4]

For multicomponent mixtures it follows that the azeotrope de�nes a space of dimension

Naz < Ncomp as the limiting distillation region, analogous to the Gibbs phase rule, as shown in

Fig. (8) for a four-component mixture. From the starting point of the feed to the end point of the

distillation in the diagram of Fig. (8), either the pure composition or an azeotropic composition

is approximately obtained as the separation product with many separation steps. The question

of the dimension Naz depends on the number of types and the number of boundary azeotropic

compositions. These boundary distillation regions can only be circumvented by two separations

with di�erent pressures in between, where the azeotrope is �rst separated on the binary mixture

in order to obtain a pressure change on the other side of the separation region in the case of an

azeotropic composition, if the azeotropic mixture is su�ciently signi�cant pressure dependent.

Iteratively, this also applies to multi-component substance systems with a maximum of Naz + 1

required separation procedures for the respective azeotrope and pure substance separation. Other

possibilities include the use of solvents, the use of combined-simultaneous further separation

operations such as extraction or the exploitation of pre-existing mixing gaps in the liquid phase.

Mixtures that do not exhibit an azeotrope are called zeotropic mixtures. For further examples,

various ternary mixtures and four component mixtures are shown in appropriate residual curve

diagrams according to [4].
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A

BC

A

BC

Figure 9: Residual plot of zeotropic and azeotropic mixture

Fig. (9) shows an example of a ternary mixture consisting of a zeotropic mixture (shown on

the left) and an azeotropic mixture with �ve azeotropic composition points of di�erent types,

which shows a boundary distillation region (shown on the right), indicated as bold boundary

distillation lines. On the left the distillation lines of a zeotropic mixture are shown as trajectories

starting at the high boiling point C and ending at the low boiling point A. The distillation lines

can be determined directly from the phase equilibrium equation (27) with the function yi = Kixi

and the separation factor Ki. According to the phase equilibrium equation (27), the following

common calculation approach should generally be used to calculate the K-factors

Ki =
γip

LV
0,i

p
. (29)

In the ideal case of ideal phase equilibrium conditions, the K-factor as an important separation

factor is exclusively the ratio of the vapour pressure of component i to the total pressure. Another

important key factor is the relative volatility αij , as a dimensionless value of the characteristic

ratio of the volatility of the ideal binary separability of component i to componentj at a given

pressure and temperature. The following applies to the relative volatility in the idealized case

with γi = 1

αij =
pLVi
pLVj

. (30)

Here, the heavy boiler component is often used for the substance component j. According to

this, the following equation applies for the evaluation of the distillation line for ideal mixtures

after applying equation (28) (equation (27) with γi = 1)

yi =
αijxi

1 +
∑Ncomp

j=1 (αij − 1)xj
. (31)

If the initial and target compositions are given for the use of distillation steps, the composition-

dependent serial sequence of separation steps can be evaluated iteratively via the equation (28)

by multiple successive equilibrium step evaluations with vapour phase condensation followed by

vapour phase distillation puri�cation steps. For this purpose the following analytically derivable

iteration equation with feed composition x0 for all substance components can be used for ideal

mixtures
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xi,nth =
αnthij xi,0

1 +
∑j−1

k=1(
(
αnthij − 1

)
xj,0)

. (32)

The following equations can also be extended for γi 6= 1.

The right hand �gure in Fig. (8) shows the di�erences that can form when azeotropes are

present. The boundary distillation lines formed between the �ve azeotropic composition points

move from the more volatile, less stable azeotropes to the more stable azeotropes. The two binary

minimum and maximum boundary azeotropes shown are connected by a ternary saddle point

azeotrope. The distillation lines of the real mixture lie within the boundary regions. Distillation

beyond the boundaries of the separation regions is only possible with the separation methods

already mentioned, such as the pressure swing method, if the system is signi�cantly pressure

dependent.

Further examples of azeotropic ternary mixtures are given in [4]. According to [4], two

azeotropic points can be assumed for the ternary mixtures AlCl3−TaCl5−NbCl5 and MgCl2−
NaCl−KCl, since the combinatorically representative binary mixtures each contain two azeotropes.

2.2.3.3 Thermodynamic equilibrium behaviour of real mixtures Applications of the

fundamental equations to determine the Gibbs free enthalpy are necessary to understand the

evaluation of real mixtures. The fundamental equations can also be used to determine the

enthalpies/energies. The real proportion deviating from the pure substance proportion and the

proportion of the ideal mixture, the so-called excess part, can then be determined with suitable

correlative GE model approaches up to more complex GE models (G for Gibbs enthalpy and E

for excess fraction).

Fundamentals for the characterization of real mixtures The basis for the determina-

tion of GE models and the enthalpy determination is the thermodynamic fundamental equation,

which describes the change of the system in the state variables and the molar number change.

In the (thermodynamically considered) open system with h = h
(
S, p, n1, . . . , nNComp

)
and the

de�nition of the chemical potential change
∑NComp

i=1 µidni =
∑NComp

i=1
∂u
∂ni

dni, as well as the use of

the simpli�cation
∑NComp

i=1
∂h
∂ni

dni ≈
∑NComp

i=1
∂u
∂ni

dni, follows from [89] (p. 10 ), depending on the

other constant system variables for the total di�erential enthalpy, the following basic calculation

expression follows

dh =
∂h

∂S
dS +

∂h

∂p
dp+

NComp∑
i=1

µidni, (33)

= TdS + V dp+

NComp∑
i=1

µidni. (34)

The enthalpy of the mixture is given by the enthalpy of the ideal mixture with the sum fractions

of the pure substance enthalpies hid =
∑

i xihi,0 and the deviating excess fraction to

h = hid + hE. (35)
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The following fundamental equation also applies analogously to the Gibbs energy

dG = −SdT + V dp+

NComp∑
i=1

µidni. (36)

To determine the chemical potential, the following applies via the derivation

µi =
∂G

∂ni
. (37)

Since for the ideal mixture the condition ∆µ =
∫ p
p0
vdp applies approximately and the ideal gas

law v = RT
p can be used, the following expression for the chemical potential of the real mixture

follows via the de�nition of the fugacity and the activity coe�cient composed of ideal and excess

fraction with ∆µ =
∫ f
p0
vdp to

∆µ = RT lnxi +RT ln γi. (38)

Analogously, following from [89], then applies to the Gibbs (free) energy summed over

its proportions of the pure substance Gibbs energy ((G0 =
∑Ncomp

i=1 xiµi,0), the ideal mix-

ture Gibbs energy (Gid = RT
∑Ncomp

i=1 xi lnxi) and the Gibbs excess (free) energy part (GE =

RT
∑Ncomp

i=1 xi ln γi) as the following linear combination

G =

Ncomp∑
i=1

xiµi,0 +RT

Ncomp∑
i=1

xi lnxi +RT

Ncomp∑
i=1

xi ln γi. (39)

The calculation relation to the Gibbs energy proportions is then, using the above equation and

referring to [89, 83, 88], as follows

gE

RT
=

Ncomp∑
i=1

xi ln γi, (40)

ln γi =
∂
(
GE

RT

)
∂ni

. (41)

These calculation approaches in equation (40) and (41) are carried out via empirical calculation

approaches or via suitable, more complex thermochemical-correlative GE models as described in

the following section. To determine the parameters of simple calculation approaches, the exper-

imental measurement of ln γ∞i in in�nite dilution of the substance component i to be measured

by evaluating the equation (41) is suitable. Alternatively, the activity coe�cients can be mea-

sured by measuring the equilibrium composition and evaluating the equation (24). Knowing the

fugacity and an approach for the calculation, the determination can also be done via the deter-

mination of the state functions, as it is done for the enthalpy determination. The determination

follows via the fugacity coe�cients with the application of a suitable equation of state [89, 87]

GE

RT
= lnϕmix −

Ncomp∑
i=1

xi lnϕi. (42)
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Excerpt of important GE-models for the calculation of activity coe�cients This

section brie�y introduces the most important GE models. Detailed information on the GE models

can be found in [89] (Ch. 3 - 4), [88] (Ch. 8f), [83] (p.52f).

Simple empirical calculation approaches according to [88, 89] are e.g. simple mathematical

product approaches such as the Porter approximation for binary mixtures, the Margules ap-

proach or the Redlich-Kister model. Empirical models derived from equations of state according

to [89, 90, 91] include van Laar's approach. More complex models for the description of molecu-

lar interaction parameters under consideration of the principle of local composition are, among

others, models according to Wilson, NRTL (Non-Random-Two-Liquid), Flory&Huggins, UNI-

QUAC (Universal Quasichemical) (see also [89] (chap. 3 - 4), [88] (chap. 8 et seq.), [83] (p.52f)).

A further application to substance systems with dissolved salts is the so-called LIQUAC model

according to [92], which can also be applied in the special case of molten salts, where the model

can be described in a dissociative-ionic part with an ionic portion φion of the dissolved substance

components in the same medium (mainly liquid medium) with a molecular part φcov with respect

to undissociated molecules. The equations and the application of the GE models are described

in more detail in the subchapter (A.2).

The Wilson or UNIQUAC models are particularly suitable for describing real phase equilibria

in VLE systems. The van-Laar approach is also suitable for VLE systems, but with the restriction

of similar properties and molecular sizes of the components involved. The NRTL model is only

suitable for VLE systems if the determined parameters are within a certain permissible physical

range of validity (see e.g. [89] pp. 111). Examples of suitable models for the description of LLE

systems (liquid-liquid systems as they occur in liquid-liquid extraction) are the NRTL model

or the Flory&Huggins model, whereby the model of Flory and Huggins is mainly used for the

description of liquid polymer solutions [89] (pp. 62). It should also be noted that Wilson's model

is not well suited for describing LLE systems. According to [89], the NRTL model is even well

suited for describing SLE systems and supercooled LLE systems.

The simplest approach for a binary substance system is the one-parameter Porter approach

with the parameter A12 of the form

gE

RT
= A12 · x1 (1− x1) , (43)

ln γi = (1− xi)2 ·A12. (44)

Due to the strong symmetric simpli�cation of the activity coe�cient description, van Laar's

approach is practically never applicable and simpli�es the activity in a substance system too

much. Instead, according to Margules, a polynomial is used for the approximation, which is

shifted from symmetry by the proportion ∆1Ã(x1) = A12 · (1− x1) +A21x1 with the parameters

A12 and A21. For binary substance systems of the n-th order, the series expansion approach with

the k-th order shift terms ∆kÃ(x1) = Ak,12 · (1− x1) +Ak,21x1 is then as follows

gE

RT
=

N∑
k=1

∆kÃ(x1) · (x1x2)k . (45)
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For example, for N = 1 the approach for the activity coe�cient is then as follows

ln γ1 = A12 (1− x1)2 + 2x1 (1− x1)2 (A21 −A12) , (46)

ln γ2 = A21x
2
1 + 2 (1− x1)x2

1 (A12 −A21) .

Van Laar's approach takes into account the parameter equation originally derived from the Van

der Waals equation of state for the determination of the enthalpy of excess hE according to [90]

for real mixtures of the form

hE =
x1 (1− x1) b1b2
x1b1 + (1− x1) b2

(√
a1

b1
−
√
a2

b

)2

. (47)

The parameters a1, a2, b1, b2 are the parameters of the Van der Waals equation of state per

substance component. Here the van der Waals equation is as follows(
p+

a

v2

)
(v − b) = RT. (48)

The Van-der-Waals equation (equation (48)) is an extension of the ideal gas equation by the inter-

nal pressure: The pressure component a
v2

caused by the attractive forces of the liquid molecules

and b the component of the geometric expansion of the molecules. Correlatively modi�ed for the

GE approach, according to [90], the GE model with the parameters A12, A21 are thus as follows

described

GE

RT
=

A12A21 · x1 (1− x1)

A12x1 +A21 (1− x1)
, (49)

ln γ1 =
A12(

1 + A12x1
A21(1−x1)

)2 , (50)

ln γ2 =
A21(

1 + A22(1−x1)
A12x1

)2 . (51)

It should be noted that more complex GE models can only be usefully applied after measuring

phase equilibria or, moreover, after measuring in�nite dilution (determination of ln γ∞i ) by �tting

the model parameters to a multidimensional �tting function for multi-component mixtures and

temperature dependence as parameters.

2.2.4 Modelling of distillation units and separation columns with equilibrium stage

models

The modelling of distillation based separation units by means of equilibrium stage models is

carried out in Octave/MATLAB, a software for the numerical solution of mathematical problems.

Software for comparison and validation of simulation results is performed with validated and

ready-implemented equilibrium stage models or rate-based solution approaches from ChemSep3.

3Suitable software with validated simulation codes and graphical user interface are simulation models from
the freely available ChemSep Lite version (see documentation and manual in [68]). The advantage over common
commercial software such as Aspen is not only the royalty-free access, but also the use of simpler models with
more accessible simulation code, which is better suited for simulations with highly simpli�ed phase equilibria.
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In the following, single-stage separation processes are �rst described, from which a multi-stage

separation process can be created by combining modi�ed single-stage separation units. On the

basis of the theoretical principles and the necessary MESH basic equations, simulation models

are developed which can easily be supplemented with non-ideal phase equilibrium behaviour for

later tasks and simulation work (e.g. after knowledge of suitable VLE data).

2.2.4.1 Continuous single-stage distillation operations Technically applicable single-

stage separation processes are mainly understood to mean the separation of components from a

liquid-vapour boiling mixture or from the vapour phase, de�ned as vapour transport, by volatil-

isation of a primary element or component to be separated. The transition of the components

from the liquid phase is referred to as evaporation of the components to be separated, while the

transition from the vapour phase to the liquid phase is referred to as condensation of the com-

ponents to be separated. A precondition for the technical applicability of single-stage separation

is therefore that the volatility and the position of the boiling points of the pure substances to

be separated are clearly di�erent from each other, i.e. with a relatively high relative volatil-

ity value and, for technically applicable reasons, with suitable absolute volatility values for each

component. In the most common industrial and other technical separation processes, multi-stage

separation using distillation columns must be used.

Basic model approach for �rst approximations The following simple distillation model

estimates are applicable to the technical single stage distillation processes. The model equations

consist of the mass and energy balance with coupling of phase equilibrium relationships per

component, which characterise the separation performance of each component. The solution of

a simulation of the separation stage must satisfy the sum condition that in each phase the sum

of all components involved is 100%, in the validity range 0 - 100% per component mole fraction.

Fig. (10) (left) schematically shows the separation process of a single-stage industrial distil-

lation unit. A single continuous saturated liquid feed stream ṅF enters the separation unit with

feed composition xF , yF and a vapour and liquid stream ṅV and ṅL leave the separation stage

with di�erent compositions x and y (as liquid and vapour mole fractions) respectively. With

constant energy input Q̇evap the mixture is evaporated and the vapour is condensed at the con-

denser with constant cooling power Q̇cond and removed. Either before or after condensation of

the top distillation product, its composition remains the same with y = xV , since the condenser

does not act as a separator. In this case, the exiting vapour and liquid streams are in thermal

equilibrium in the model, so that the operating temperature of the separation process of the

separation stage can be determined as a constant temperature. For idealized phase equilibrium

estimates, the equation (28) with the validity of Dalton's and Raoult's law is used, for example,

in this thesis mainly for the simulation of single stage distillation units. For real mixtures, the

iterative determination of the temperature via the activity coe�cients can be done as follows

p =
∑

γi · xi · pLVi (T ). (52)

The equation (52) is to be understood as an additional condition for the thermal equilibrium to

be ful�lled under saturated liquid thermal conditions with constant operating temperature T .
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In contrast, the mass and energy balance of the single-stage separation unit only relates to

the selected column operation itself, e.g. if there is a �ash evaporator or another single-stage

distillation step. If the operating temperature is known, the system of equations can be simpli�ed

into an operating range and an equilibrium range. Using a binary mixture as an example, the

following linear operating function can be set up directly in a very simpli�ed way under idealized

VLE (with equation (28) ) conditions:

yoperativei (xi) =
ṅF

ṅF − ṅL
xF −

ṅL
ṅF

xi. (53)

In the binary system, the equilibrium line must be set equal to the operating line to obtain

the solution for a given operating temperature. This is illustrated in Fig. (10) (on the right

of the xy-diagram) where, for a feed composition xF with slope − ṅL
ṅF

of the operating line, the

operating line intersects the equilibrium line. The composition of the liquid can then be read

graphically at this point on the x-axis, while projected onto the diagonal with xV = y, the

composition of the condensed distillate can be found. This graphical construct in Fig. (10) thus

fully illustrates the most simpli�ed single stage separation unit of a binary mixture.

y,nV

x xF xV

xF,nF

xV

y

x,nL

Qevap

Qcond

Figure 10: Continuous single-stage distillation

The single-stage separation process discussed refers to a constant pressure with no pressure

change. However, for the application of a technically relevant separation unit, pressure relief

is usually performed as a pressure change, in which the liquid is brought from a high pressure

to a lower pressure by means of a throttle or spray nozzle in order to achieve a reasonably

high separation e�ciency. Such a single stage process is called �ash evaporation. In simple

terms, they are usually calculated and designed as adiabatic or isothermal evaporators. For the

isothermal �ash evaporator, for example, according to [51] with xi =
xF,i

1+ ṅV

ṅF
(Ki−1)

and yi = Kixi,

the following balance equation applies

∑
i

xF (1−Ki)

1− ṅV

ṅF
(1−Ki)

= 0. (54)

The equation (54) depends only on the vapour �ow ṅV as the quantity to be determined.

From the determination of the vapour �ow ṅV , the composition of the liquid xi and the vapour yi
per substance component i can be determined directly analytically. For the solution of equation

(54) the one-dimensional Newton-Raphson method or the interval bisection method are suitable

(see [93]). Further explanation of the calculation of these evaporators can be found in [51].
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2.2.4.2 Modelling and simulation of continuous multistage distillation columns The

equations for single stage separation can be used to derive the system of non-linear equations

for the connected stage in the multi-stage separation process for continuous or total operating

distillation columns. For batch and discontinuous distillation column operation, the equations

are given as di�erential-algebraic balance equations in time, according to [51]. The continuous

operation of a distillation column gives a non-linear system of equations, which in most cases

must also be solved numerically. To apply equilibrium stage models for the simulation of a con-

tinuous distillation column at constant pressure as shown in Fig. (4), the stages are connected

as shown in Fig. (4) below. For each separation stage, the feed and side stream withdrawals, as

well as the incoming and outgoing material �ows, must be balanced in terms of mass and energy

and connected with a suitable equilibrium condition. For the energy balance, enthalpies are used

instead of internal energies for each separation stage. As already discussed in the section (2.2.1),

the so-called MESH equations are used for modelling. Considering separation stage j as shown

in �g. (4), the MESH equations according to [51] for this continuous distillation column (per

component i and theoretical separation stage j) are as follows

M: ejxF,ijṅ
L
F,j + (1− ej)yF,ijṅVF,j + xij−1ṅ

L
j−1 + yi,j+1ṅ

V
j+1 = xijṅ

L
j + xS,ijṅ

L
S,j + yijṅ

V
j + yS,ijṅ

V
S,j ,

(55)

E: yij = Kijxij , (56)

S:
Ncomp∑
i=1

xij = 1,

Ncomp∑
i=1

yij = 1, (57)

H: ejh
L
F,ijṅ

L
F,j + (1− ej)hVF,ijṅVF,j + hLij−1ṅ

L
j−1 + hVi,j+1ṅ

V
j+1 = hLijṅ

L
j + hLS,ijṅ

L
S,j + hVij ṅ

V
j + hVS,ijṅ

V
S,j .

(58)

The dependencies hLij = hLij(xij,Tj),h
L
ij = hLij(xij,Tj) and Kij = Kij(xij , yij , Tj) apply to the

equations (55)-(58). The thermal feed condition of the fed mixture ej is used to specify the

thermal state of the feed as a dimensionless number and refers to the saturated liquid with a

value of 1. The general expression of the thermal feed condition follows from the energy balance

calculated with enthalpies around the feed stage position

ej = 1 +
hj,mix(T = T ′)− hLF,j,mix(Tj)

∆hLVmix

. (59)

e = 1 de�nes the thermally saturated liquid state, e = 0 the saturated vapour and 0 < e < 1

the region where liquid and vapour are present and is following de�ned as liquid-vapour region

especially in this thesis. For e > 1 the feed at stage j is in the subcooled liquid state and for

e < 0 the feed is classi�ed as superheated vapour. The 2Ncomp + 3 MESH equations (55)-(58)

contain the 2Ncomp + 3 unknown quantity variablesṅLj , ṅ
V
j+1, xij , yij+1, Tj , which are very often

obtained only by numerical solution. In order to solve the MESH equation system, it is usually

necessary to have product speci�cations or speci�cations for each stage of the column. Usually

the temperature and composition for the top and bottom products are assigned in a meaningful

way. The iterative calculation of the stages at the condenser at the top of the column can
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then be started to solve the equation system numerically. Here, the re�ux ratio v, as always

de�ned, determines how much liquid must be returned to the column to ful�l the required basic

countercurrent �ow principle of the column (even without having inactive column areas). With

the calculation of the condenser performance, the upper distillation streams can be calculated

by mass and energy balance of the �rst separation stage. This is followed by the calculation

of the subsequent stages. At the end of the iterative calculation of the column stages, the

evaporator performance results from the external energy balance of the entire column and the

evaporation rate (boil-up rate) can then be determined, for example, from the external mass

balance and the balance of the last stage. However, for the initial determination of the re�ux

ratio v, various calculation and estimation approaches are available in the literature, such as the

Fenske-Underwood-Gilliland (FUG) method.

Equally relevant to the numerical solution is the initial de�nition of the separation product

speci�cations as boundary conditions for the total mass and energy balance of the entire distilla-

tion column. Often the product compositions at the top and bottom of the column are speci�ed

as product speci�cations, in order to be able to determine the mass balance of the entire column

from all incoming and outgoing material �ows as a linear system of equations. For example, in

the case of a simple column with only a single feed inlet and a top and a bottom product stream

(ṅB and ṅT ), the following simple linear system of equations has to be solved

(
1 1

xT,i xB,i

)
·

(
ṅT

ṅB

)
=

(
ṅF

xF ṅF

)
. (60)

However, as an alternative to specifying the composition according to equation (60), numerous

other speci�cations can be made, such as the temperature at the condenser including the thermal

state, from which the composition at the condenser can be calculated. As constraints, the

re�ux ratio v, the evaporation rate (or boil-up rate) VR and the thermal conditions eij must be

determined, so that the equations (55)-(60) become an optimisation problem to be solved with

respect to the best separation accuracy or other aspects of the speci�cation. These quantities

can also be estimated as initial values using shortcut approximation methods before running the

simulation. The number of stages required, on the other hand, results from the criteria of the

speci�ed separation accuracy, the subsequent optimisation problem or is simply speci�ed as a

�xed quantity.

To solve the system of equations (55)-(58), these are usually simpli�ed or special determina-

tion methods are chosen. A simpli�cation of the system of equations can be done, for example,

by specifying the initial temperature or by choosing tears streams4. With interval bisection for

the temperature and the use of the energy balance as a criterion for approximation by insert-

ing the selected temperature into equation (58), the system of equations can already be greatly

simpli�ed. The solution methods that are often used are triagonal matrix methods, such as the

boiling point method or the sum rates method, which are discussed in detail in [51]. In these

methods, the system of equations is decomposed into individual equations to be solved succes-

4Tears streams are provisionally assumed to be zero currents, which are later determined numerically by the
prediction-correction method according to a suitable algorithm, such as the algorithm described in [94].
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sively, which, with the exception of the energy balance, are then corrected primarily analytically

by the initial speci�cation in this type of simulative optimisation procedure and numerically by

correction through the energy balance or perhaps other de�ned central equation part. According

to [51], this also includes measures to reduce the order of the equation system and the applica-

tion of the so-called Naphtali-Sandholm method, which works with material component-related

material �ows (e.g.nLij = xijṅ
L) and thus requires only 2Ncomp + 1 equations to determine the

unknown quantity variables. The Newton-Raphson method can then be used for the solution.

The advantage is that unstable normalisation equations such as the sum-rates from equation

(57) are not needed. Sum rates are summation conditions for the compositions per phase, where

the sum of all substances involved per substance component must be 100%. Further summarised

solution methods can be found in [51].

2.2.4.3 Approximate solution methods for distillation The application of simpli�ed

solution approaches serves to determine initial values for the re�ux ratio v, the possible evapo-

ration rate VR (boil-up rate) and the total number of separation stages nth. The above variables

are then used as initial values in a formulated optimisation problem for the distillation column,

as mentioned in the previous section. The graphical solution methods can be used to determine

the solution for binary and ternary systems. For binary systems, the McCabe-Thiele method

according to [51, 78] is suitable under the assumption of small di�erences in enthalpy changes or,

if the enthalpies can be determined well, the Poinchon-Savarit method, e.g. according to [95],

analogous to the procedure of the principle of single-stage distillation for estimating the stage

construction of a distillation column. The re�ux ratio v can be determined by the practically

minimum possible re�ux ratio vmin (to enable the distillation countercurrent �ow) if the operat-

ing line in the multistage process touches the equilibrium line. For the estimation of the stage

construction of a recti�cation or other multistage distillation column operation, this means an in-

�nite number of theoretically required separation stages, as graphically illustrated in more detail

in the graphical solution methods of the following section on a binary system. From the practical

cost estimation between separation e�ort and required back feeding of parts or the distillation

products, a permissible range for the correction value S with v = S · vmin as the real re�ux ratio

is often determined. According to [78, 72, 73] the value S = 1.3 is often used, as the range for

industrial purposes very often varies between values of 1.1 and 1.5. The McCabe-Thiele and

Poinchon-Savarit methods are suitable approximation methods for binary mixtures. For ternary

mixtures the analysis can be carried out graphically in the triangular diagram of a total re�ux

distillation column (with v →∞) as shown in the sections (2.2.3.2) and (2.2.4.1).

The McCabe-Thiele method For binary systems the McCabe-Thiele method is often

used, which is explained in every distillation and process engineering handbook, e.g. [51, 78, 72].

It allows direct transfer to the xy diagram of binary VLE systems. However, this method

neglects pressure losses and evaporation enthalpy changes. Heat e�ects and heat losses are also

neglected. For the sake of clarity, this also applies to the temperature dependence, which can

only be considered very roughly by creating a new equilibrium line after each stage construction

step. This has the further consequence that the relative volatility α in the separation range to

be investigated must not be too large and with negligibly small temperature dependence in order
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to obtain meaningful results.

x
xF

y

xB xD

e>
1

e=
1

0<e<1

e<0
e=0

Figure 11: Principle sketch for the application of the McCabe-Thiele method using the example
of a simple continuous distillation column, within �ve important thermal feed condition cases

To illustrate the operating principle of the McCabe-Thiele method, which is described in [51,

78, 77] among others, the stage construction is shown schematically in an xy diagram according to

�gure (11). In this, assuming the same mole �ow ratios m′ :=
ṅV
k

ṅL
k

= const., k = 1, · · · , j, · · · , nth,
an analytically derivable equation for the kth feed stage for the operating line is obtained

yj = m′(xj−1 − xj) + yj+1. (61)

The operating lines are straight line equations yoperating = m · x + b, which are determined

by mass balance by balancing the material �ows from the balance area of the current separation

stage to the top of the column. The unknown variables are contained by the simpli�cations that

the approximate vapour-liquid molar �ow ratio per separation stage must remain the same [78].

To eliminate the unknown variables of each equation, a single balance equation between top

and feed �ow can be established from the balance equations of the mass balance per separation

stage including the de�nition of the re�ux ratio v = ṅR
ṅD

. In this way the operating line can be

determined as a correlation equation, which is shown schematically in Fig. (11) as a straight line

equation in light blue. Between xF < x < xD and for saturated liquid feed condition with e = 1

the following determining equation is available

yoperativerect (x) =
v

v + 1
· x+

xF
v + 1

. (62)

For a total re�ux column without feed and withdrawal streams, where all the distillate is fed back

to the column with v → ∞, the diagonal equation yoperatingrect (x) = x follows from the equation

(62) for the operating line. According to the de�nition of [51] for e = 1, the upper part of the

distillation column is called the rectifying section, while the lower part of the column is called

the stripping section, as the separation process is more similar to that of a stripping column for

the puri�cation of gases and vapours by a scrubbing liquid. There are usually two operating

lines passing through the feed stream. The point of intersection is determined by the thermal

condition state of the feed e. By combining the mass and energy balances for the feed, a line

of intersection point of the two operating lines can be obtained. Using the energy balance, the

thermal condition of the feed can be expressed by the equation (59). The mathematically derived
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line of intersection is now as follows

yinter(x) =
e

e− 1
· x− 1

e− 1
xF . (63)

To determine the re�ux ratio from the equation (62) with v = vmin, the value of vmin can be

obtained by �nding the point of intersection which lies on the equilibrium line under minimum

re�ux ratio. For this purpose, for x = 0, the expression for the minimum re�ux ratio vmin can be

obtained graphically by vmin = xF
y0
− 1. To calculate vmin for e = 1, the intercept at xF is on the

equilibrium line. For example, for an ideal mixture, the minimum re�ux ratio at the equilibrium

line can be determined as follows

vmin =
1

α− 1
·
(
xD
xF
− α · 1− xD

1− xF

)
. (64)

The slope of the intersection line is shown by the dashed line in Fig. (11) for the �ve di�erent

thermal feed states of subcooled liquid with e > 1, saturated liquid feed state with e = 1,

liquid-vapour region state with 0 < e < 1, saturated vapour with e = 0 and superheated vapour

condition with e < 0. For e = 1 the intersection is at xinter = xF and for e = 0 at yinter = xF .

From the intersection and another operating point y(xB) = xB, the straight line equation

between xB and xF shown in Fig. (11)can easily be determined as a light blue straight line.

Starting from the composition at the top of the column, the column stage construction, shown as

black steps in Fig. (11), can now be carried out iteratively. Assuming a �nite number of stages,

the vapour and liquid phase compositions of the stage construction are obtained up to the

product speci�cations. If a basic e�ciency of η < 1 is present, the real ratio is to be deviated in

percentage from the intersection point of the horizontal construction line of the stage and drawn

further in the direction of the diagonals, so that the separation stage becomes correspondingly

smaller by the factor 1− η.
The slope of the operating straight line depends on the respective mass balance between

the column sections at which feed or side streams are supplied. Iteratively, all operating lines

must be determined from the top to the bottom of the column, so that for a column with NF

feed streams and NS side streams, NF + NS + 1 operating lines exist and must be determined

one after the other. The stage construction is then completely analogous between equilibrium

and operating line construction, as shown in Fig. (11) for a single inlet �ow. The entire stage

construction method for this and other types of distillation columns and operations is described

in detail in [51].

Short-cut methods Shortcut methods are often used for the rough design of distillation

columns and for the estimation of re�ux ratios. The estimation of the re�ux ratio is carried

out for the multi-component mixture according to Underwood's method, where key components

have to be de�ned according to [72] from representative components. Estimation of the minimum

number of stages required is carried out according to the Fenske method. According to Fenske's

method, the minimum number of required separation stages of a binary mixture is estimated

for an in�nite re�ux ratio, in which, after de�ning and inserting the equilibrium relationship

for phase equilibrium according to [51] of the relative volatilities of the components of light and
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heavy boilers of all separation stages, the elimination of the other components in the estimation

approach takes place, so as a reduction of the complex problem. For nth,min stages including the

evaporator, the evaluation equation is as follows

nth,min+1∏
j=1

α1Ncomp,j =
xD,1

xDNcomp
/

xB,1
xBNcomp

. (65)

With suitable simple averaging to calculate the mean ᾱ-value, such as geometric averaging be-

tween top, feed and bottom composition or further averaging methods according to for example

[77, 51], a simple approximation equation to the theoretically-minimum required number of stages

can be determined, which is as follows

nth,min =

ln

(
xD,1

xDNcomp
/

xB,1
xBNcomp

)
ln (ᾱ)

− 1. (66)

The empirical calculation method according to Gilliland [51] is suitable for determining the

real number of stages, where a correlative �t function is plotted over the experimental data in
nth−nth,min

nth+1 ,v−vmin

v+1 -diagrams. For a mixture without too large a boiling range of all the components

involved, the following correlation approach applies as a rule of thumb as a good approximation

for a simple distillation column according to [51] with Ψ = v−vmin

v+1 and the parameters C1 =

54.4, C2 = 11 and C3 = 117.2

nth − nth,min

nth + 1
= 1− exp

[(
1 + C1Ψ

C2 + C3Ψ

)(
Ψ− 1√

Ψ

)]
. (67)

In the Underwood method for determining the required minimum re�ux ratio vmin for the

distillation column, a constant correction value θ (corresponding to the relative volatility averaged

over the column stages) averaged over the column is assumed, which ranges between the values

of the relative volatility of the low boiling component to the high boiling component. At the

thermal feed state, the following relationship equation to be numerically solved is then to be

evaluated according to [51, 72]

Ncomp∑
i=1

xF,iᾱi
ᾱi − θ

= 1− e. (68)

From equation (68), assuming θ = const, the minimum re�ux ratio can be calculated numerically,

which is obtained by substituting θ into the following equation for the column head according

to the following equation
Ncomp∑
i=1

xD,iᾱi
ᾱi − θ

= vmin + 1. (69)

The right-hand side of equations (68) and (69) follows directly from the mass balance. The

determination of the minimum re�ux ratio according to equation (68) and (69) can be calculated

numerically according to the Underwood method, e.g. by using the interval bisection method.

The complete combined calculation procedure which is presented here is also known as the

Fenske-Underwood-Gilliland method. It can be used for substance mixtures that do not boil too
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broadly, especially for substance components whose boiling points have similarly large intervals

and are relatively close to each other.

Estimated column design of distillation columns on low information and data

basis This section explains the estimation for estimating the column height and diameter. The

column cross-sectional area can be calculated using the so-called gas loading factors, called F-

factors, and the continuity condition Acol,D = ṁV

ρgmixw
g with the empty pipe gas velocity wg =

f(FV , · · · ). In this case, the F-factors can be interpreted from a physical point of view from the

balance of the forces of the �uid acting on the upper cross-sectional area, with a �uid-side and

a vapour-side loading factor with FL and FV in the detailed design for the top of the column

[81, 72] and as simpli�cation of the column stages as well assuming a mean column diameter.

Thus, the simpli�ed functional approach f(FV ) at the top of the column is essentially dependent

on the column type, vapour �ow characteristics and column operation, and thus a function of

the gas loading factor. Methods for calculating the F-factors for packed columns can be taken

e.g. from [81] (chapter 2). The simplest calculation approach of the empty tube gas velocity

can be made via a simple kinetic force F = ρg/2wg estimation, so that the approach via the gas

loading factor F is as follows

wg ≈ F√
ρgmix

. (70)

Common values for F-factors can be found in [96, 73], where for an atmospheric pressure of

1 atm a value of 2.0 is to be taken as a �rst estimate, but may deviate to 1.5 at overpressure.

According to equation (70), the cross-sectional area Acol,D = V̇
wg is determined by the volumetric

�ow rate of the vapour stream at the top of the column, where for a circular column cross-section

the column diameter is given by dcol,D =

√
Acol,D

π . The height of the column can be determined

in two ways:

1. Determination by experimentally determined height equivalent values of a separation stage,

the so-called HETP values.

2. Determination by mass transfer units according to the HTU-NTU principle.

Often the column height equivalent value is also used for column packings. Experimentally

determined HETP values can then also be used for other similar substance systems. The column

height is determined via the theoretical separation stage number nth of this separation column

as follows

H = nth ·HETP. (71)

In the HTU-NTU concept (HTU: Height of Transfer Unit, NTU: Number of Transfer Units),

the height of a transfer unit is characterised by the mass transfer and can be used for absorption

and packed columns. In contrast to the principle of the theoretical separation HETP value,

the HTU-NTU includes the mass transfer across the phase interface in a discretised way. It is

therefore the preferred method for calculating column height when modelling non-equilibrium

stages. Using the di�erential mass balance between the vapour and liquid phases, the mass
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balance equation can be established where, for an equilibrium composition yeq and a di�erential

height dh on the vapour side, the following applies

dy

y − yeq
=
kV cgAcol

Aphase

Vphase

ṅg
dh. (72)

Here, the unit NTU is a dimensionless index for the speed of mass transfer between the phases

liquid and vapour. The NTU unit is de�ned by the mass transfer β, the contact time ∆t in the

volume of the separation stage V̇ ≈ V
∆t under which there is a change in the molar composition

yeq. − y of the vapour phase. The expression for the NTU unit is

NTU =

∫ yout

yin

dy

y − yeq
, (73)

=
βVAcol

V̇ V
. (74)

For the HTU unit, the expression
kV cgAcol

Aphase
Vphase

ṅg follows, so that for the HTU-NTU method for

calculating the column height, the following applies

∫ yout

yin

dy

y − yeq
=
kV cgAcol

Aphase

Vphase

ṅg
·H. (75)

Similarly, the mass transfer can also be determined from the liquid side.
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Part III

Modelling of Distillation Units and simulation

results with representative Test mixtures

The modelling of distillative separation processes in this thesis relates to the study of the sep-

aration of metal chlorides from molten salts produced during the reprocessing of nuclear fuels.

In such fuels, uranium, Caesium and plutonium are among the most common representatives,

for which, however, hardly any data on vapour-liquid equilibria are available from the litera-

ture for the chlorinated species in order to be able to simulate a distillation process adequately.

Therefore, the process conceptualisation in this thesis mainly follows the simulation of ideal

phase equilibrium data as a most optimistic case calculation. For the conceptual design, suitable

representative mixtures are simulated by self-developed Octave/Matlab models. The simulation

results of these representative mixtures will be used for the simulation of distillation and ther-

mal separation processes using validated program codes of the ChemSep. In addition to the

ideal phase equilibrium calculations, exemplary chloride molten salt mixtures will be simulated

with real measured data of real vapour-liquid behaviour from the literature in order to obtain

qualitative statements on the non-ideal behaviour for the relevant mixtures for the current fuel

processing task. This will be followed by calculations to estimate the separation of particularly

volatile components and, conversely, particularly low to non-volatile components, such as non-

chlorinated oxide material or non-chlorinated precious or refractory metals, which occur in the

separation process. This knowledge can then be qualitatively included for subsequent process

simulations with complex material mixture systems in the next chapter (IV) to evaluate the

waste problem under ideal phase equilibrium behaviour . The following results and elaborations

of these work items have been carried out and are available in this thesis

� Extensive material data research from publicly available sources, including the development

of a proprietary material database of pure and mixed component systems required or usable

for the study of material component separation in the general case, covering conventional

pure material data, temperature-dependent material data and mixture properties.

� Simpli�ed simulative estimations using self-developed models for separability testing have

been done exemplarily on selected binary and ternary substance systems, including val-

idation and evaluation of the performance of the simulation models with ChemSep and

experimental data from comparative systems to the Kroll method.

� Initial estimates and simulations with non-ideal phase equilibrium relationships based on

binary test mixtures have been carried out.

� Estimation of the decay heat in distillation columns is used to estimate the heat e�ect

limits in spent fuel reprocessing and nuclear distillation-based fuel recovery.

� The development of the distillation-based separation process design and the �owsheet de-

velopment in chapter (IV) have been carried out under ideal phase equilibrium conditions

in order to present an overview of the nuclear relevant separation process under the most

D. Böhm Distillation as a separation method in nuclear fuel reprocessing Page: 43



3 VAPOR-LIQUID EQUILIBRIUM ESTIMATION APPROACH

optimistic conditions, where the separation in the real mixture can be further developed

from the simpli�ed process. The necessary steps include

� Pre-study of chlorinability for molten salt recovery and subsequent post-treatment

required for distillation-based component separation study.

� Simulative determination of the minimum separation e�ciency and estimation of the

number of column stages required for the use of distillation to determine the minimum

separation e�ciency required for the subsequent conceptual design.

� Based on the simulations, a semi-numerical development and creation of an overall

separation technology concept has been carried out, followed by an evaluation of the

realisation of a separation process on an industrial scale.

� Analysis for spent nuclear fuel reprocessing, but also high active waste material (HWL)

recycling and DFRm fuel recovery with the same evaluated distillation-based concep-

tual design in this thesis.

� An evaluation of possible working strategies for future follow-up work and projects

has been undertaken in this thesis study.

In the appendix of this thesis, the availability of mainly pure substance property data from

the generally available literature according to section (B) has been discussed, as well as the

elaboration of a conceptual design of additional recycling tasks to be simulated (see (IV)).

3 Vapor-liquid equilibrium estimation approach

Inorganic molten salts of simple monochlorides as the pure substance component are very often

characterised by broad, thermally stable liquid regions with higher boiling points compared to

higher chlorinated chlorides (see e.g. melting and boiling points of monochlorides from [14, 24, 67,

18, 97]). As can be concluded from studies of molecular dynamics simulations on liquid uranium

trichloride by [98], from a modelling point of view, part of the pure molten salt compound can be

assumed to be fully ionic, another part to be partially ionic, and another part to be covalency-

bound salt molecules. So the pure component system itself generates a multi-component system,

which has to be modelled somehow in a VLE system. Thus, even for a single pure salt component

system, a very large complexity of possible interactions can be assumed for modelling as a kind

of complex multi-component system depending on the dissociation behaviour depending on a

possible estimable dissociation constant. Molecular dynamics studies of uranium trichloride in

the eutectic chloride mixture LiCl-KCl are available in and show the complex dissociation mixing

behaviour in [99, 100, 101]. It is not possible to simulate such a complex interaction behaviour in

a meaningful way in this thesis, because the interaction behaviour is mostly still unknown, but

qualitative approaches to the analysis of the most important relationships follow in this section.

With the help of simulations of ideal phase equilibria and the acquired qualitative deviation

behaviour to such VLE chloride-based subsystems, an optimistic capture of the separation can

be made as an upper bound of the feasibility of a distillation and subsequently a conceptual design

of a spent fuel recovery in the most optimistic separation case. However, complex simulations

on simpli�ed mixtures need to be performed in the future. In order to qualitatively identify the
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most important relationships, the dependence of the attractive, repulsive intermolecular forces in

the fully dissociated and fully undissociated state of a salt mixture on the degree of chlorination

of the component involved must be qualitatively clari�ed.

In the following, the degree of chlorination n is de�ned as the number of chlorine atoms

bound to a single metal component M in a speci�c salt compound MCln. From [102] it can

be concluded that as the degree of chlorination increases for the pure chloride component, the

attractive force component decreases due to the e�ects of the predominantly surrounding chloride

anions as a kind of force-shielding e�ect on the interacting molecular attractive forces, so that

the boiling point of the higher chlorinated chloride decreases compared to the monochloride.

This e�ect broadens the observed di�erences in the boiling points of chlorides depending on the

degree of chlorination, as can be seen in the comparison of the melting and boiling points of the

di�erent uranium chlorides in [97] (e.g. p. 172) and the other chlorides with di�erent degrees of

chlorination.

For chloride mixtures with the same or di�erent degrees of chlorination, an even wider range

of possible interaction behaviour can be assumed than for the pure salt component system. In

addition to the dissociated fraction of chlorides, the intermolecular interaction behaviour in the

molten salt is also more signi�cant depending on the ionic potential and the volume expansion of

the dissociated cationic component as mentioned in [11]) mentioned. The formula for the ionic

potential is

φM(diss) =
ZMn+

rMn+

. (76)

In the equation (76), the volumetric expansion expressed by the expansion radius rMn+ of each

charge ZMn+ in�uences the repulsion of similarly charged cations and the attraction of chlorides

or chloride ions, even to another chloride component in a molten salt mixture. It can be further

concluded that the analysis of the dominant fully ionic e�ects signi�cantly in�uences the partial

pressures of the species involved. In addition to these e�ects, the formation of predominantly

uncharged chlorides must also be considered when the chloride components are transferred from

the liquid to the vapour phase.

The delimitation of all important e�ects for a rough qualitative assessment of the extent to

which such a VLE system is non-ideal and whether it tends to azeotrope formation or not is done

in the following by the simplifying assumption of two possible states, coupled via the mixture-

dependent dissociation constant or indirectly indicated via the net ionic degree depending on all

degree of chlorination s of all chloride components:

� Fully dissociated fraction: in�uence of the ionic radii of the ionic components of the melt

in combination with the ionic potential ratios between the cations (see e.g. [11]) for a

simpli�ed description of the repulsion and attraction behaviour of the ions in the melt in

molar fraction ratios (depending on the chlorination degree ratios) of the occurring ion

species.

� Completely undissociated fraction (covalency fraction): Description of intermolecular in-

teractions with mainly covalency binding character and simpli�ed assumption of similar

Van Der Waals interaction behaviour between the undissociated salt molecules.

The classi�cation of the possible behaviour of VLE molten salt chloride systems is based on
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the following model, which is illustrated in Fig. (12). In a binary mixture XY with the pure

components X and Y, which are not assumed to be dissociated, in general not only the interactions

of the pure substances exist, but also those of the components X and Y among each other for each

type of intermolecular interaction, as shown in the �rst case of Fig. (12). If the intermolecular

interactions of the components among themselves are of the same magnitude as those of the

pure substance components, an ideal phase equilibrium behaviour with γi = 1 would occur

according to equation (28). In this case the interactions between the components X-X, Y-Y

and X-Y would energetically compensate each other and the VLE system would only depend

on the vapour pressures of the pure substances. Substance systems that exhibit a behaviour

close to this property then behave in an ideal manner according to the validity of Raoult's law.

Such a VLE behaviour is probably not expected for the mixtures with chlorides in general, as

mentioned above, so for the chloride mixtures three possible intermolecular interaction types

for the formation of VLEs are predicted to be classi�ed as follows, for the sake of simplicity,

according to the molten salt mixtures of Fig. (12) (Type I and II).

The �rst example concerns a binary chloride system in which one chloride component has

a much higher degree of chlorination than the other chloride component, so that the attractive

forces between the chloride group in bound or dissociated form as ions of the higher chlorinated

component interact more strongly with the cation of the lower chlorinated component. Such a

case is illustrated in Fig. (12) as type I of chloride VLE systems. In both the covalently bonded

and the fully ionised states, these attractive forces clearly dominate over the repulsive forces.

Secondly, the interaction forces between the pure components are much weaker. In the fully

dissociated state, the cation of the less chlorinated component is surrounded on average by chlo-

ride ions of the counterpart, also with a higher ratio of surrounding chloride anions of the more

chlorinated counterpart species. Thus, the intermolecular interactions of the pure substances

are on average signi�cantly weaker, instead of the attractive dominating interaction behaviour

between the substance components. It can therefore be qualitatively concluded that the inter-

molecular attractive fractions in the sum of X-Y in the de�ned substance system XY dominate

or even strongly dominate in contrast to the remaining net intermolecular pure substance inter-

action fractions X-X and Y-Y considered. A possible example of such a system could be uranium

tetrachloride and any monochloride such as caesium chloride, which is shown as type I in Fig

(12). For the alkali element cations of the monochloride, a very dominant attractive interaction

behaviour in the network between the components uranium tetrachloride and cesium chloride

can be predicted, which can be so strong that it can lead to a temperature maximum azeotrope,

which can be described with a negative deviation from Raoult's law. But also for other systems

where the degree of chlorination is very high, while the degree of chlorination of the counter

current chloride is much lower, with n ≤ 3. Because of these attractive-dominant intermolecular

forces, the assumed more volatile chloride component is strongly prevented from phase transi-

tion from the liquid phase to the vapour phase, so that the boiling temperature of the mixture

is rising above the boiling points of the pure substances. There is then a point at which the

number of attractive intermolecular forces is equal to the ability of the two chloride components

to leave the liquid phase, resulting in equal mole fraction values of vapour and liquid. This point

is known as the azeotropic point. If the liquid molar fraction of the higher chloride component is
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smaller than that of the azeotropic composition, the lower chloride component will preferentially

pass into the vapour phase compared to the higher chloride component. In this case of appli-

cation of distillation, the corresponding distillation behaviour is then reversed and the actually

higher chlorinated component with higher degree of chlorination is obtained as a light boiling

component and the corresponding other component with lower degree of chlorination as a heavy

boiling component. An example of such a conceivable binary system relevant to this thesis could

be the mixture of uranium tetrachloride with monochlorides such as caesium chloride, as shown

in Fig. (12).

In another conceivable second case with a higher but also approximately equivalent degree

of chlorination with nA, nB > 3, a repulsive-dominant intermolecular repulsion behaviour in the

net between the substance components can also be assumed to be just as predictable. In this

case, the chloride groups between the same and di�erent components tend to have a dominant-

e�ect repulsive interaction between the components, leading to a greater volatilisation of the

chloride compounds within the mixture. For this purpose, a degree of chlorination of at least

four should be available for each substance component for the spatial structure formation in the

undissociated molecular state, in order to have a spatially distributed model of the distributed

chloride ions starting from tetrahedral in the VESPR model (explained in [20]) for the original

undissociated state, which preferably also does not change the spatially distributed state during

the partially dissociating melting process with assumed distribution of chlorine anions and a

resulting shielding e�ect of the positive charges. Such an example could be the case shown in

Fig. (12) as type II. Under very dominant repulsive interaction behaviour of the chlorides, a

moderate minimum azeotrope is then obtained with a strong positive deviation from Raoult's

law in an analogous inverse manner to the Type I chloride mixture.

In a further de�nable type III chloride VLE mixture, various such combinations of the above-

mentioned interaction VLE type behaviour an other intermediating molecular interaction e�ects

can be observed, up to indi�erent azeotropic behaviour , as well as saddle point azeotropic

behaviour , if such a pseudo-chloride component system is present by assuming partly dissociation

or complete dissociation behaviour of the liquid molten salt. Examples could be present in this

thesis for the binary substance systems AlCl3-FeCl3 from [5] as a zeotropic real mixture and

TiCl4-AlCl3 from [6] with indi�erent multi-azeotropic behaviour of several additional dissociated

assumed chloride components in a more complex VLE substance system.

However, there is a signi�cant lack of available experimentally determined vapour-liquid

property data for all nuclear-relevant mixtures to be investigated in this thesis in order to be able

to use validatable GE models with parameter �tting, even in simple or advanced UNIQUAC or

any modi�ed LIQUAC models for molten salts (e.g. the originally developed model for dissolved

salts according to [103, 92]). Therefore, for optimistic design with process simulations in this

thesis, only ideal phase equilibrium behaviour is usually considered to show that distillation is

usable as a possible separation method.
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(a) (left): Intermolecular interactions between non-dissociating and thermally stable components X,Y in an
idealized vapour-liquid phase equilibrium with validity of Raoult's law.
(right): Legend for possible interaction intensity
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(b) Intermolecular interactions of assumed type I with assumed formation of a temperature maximum
azeotrope with a negative deviation from Raoult's law for the exemplary substance system UCl4-CsCl
under covalent undissociated and completely dissociated ionic model conception.

W

Cl

Cl

ClCl

Cl

Cl

Mo

Cl

Cl

Cl
Cl

Cl

W

Cl

Cl

ClCl

Cl

Cl

Mo

Cl

Cl

Cl

Cl

Cl

W

Cl

Cl

ClCl

Cl

Cl

Mo

Cl

Cl

Cl
Cl

Cl

W

Cl

Cl

ClCl

Cl

Cl

Mo

Cl

Cl

Cl

Cl

Cl

6+

6+

5+

5+

_

__

_ _

_

_

_

_

_

_

_

_

_

__

_

_

_

_

_

_

(c) Intermolecular interactions of assumed type II with assumed formation of a temperature min-
imum azeotrope with positive deviation from Raoult's law for the exemplary substance system
WCl6-MoCl5 under covalent undissociated and completely dissociated ionic model conception.

Figure 12: Illustrative presentation of the intermolecular interaction behaviour of molten salts
in vapour-liquid equilibrium with the most important liquid mixture types: Idealized, I and II.
The circularly depicted area per element does not illustrate the speci�c volumetric size, but only
the geometric-spatial indication over the depicted thickness.
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3.1 Availability of vapor-liquid equilibrium data for molten salt systems

Completely experimentally measured VLE data from the literature are only known for �uoride

systems and some chloride systems. Examples of measured VLE data for �uoride and mixed

halide systems include the following substance systems:

� LiF-NaF-BeF2 and LiF-BeF2,: see: [104] and [8],

� UF6-MF6 or MF5 with M=W, Ta, Sb, V, Te, see: [105, 106],

� UF6-UF5Br and other uranium �uorides, see: [107, 108].

For pure chloride-based salt mixtures, VLE data are mainly known as binary systems with alu-

minium trichloride, such as the zeotropic mixtureAlCl3-FeCl3 according to [5] or the azeotropic

mixture TiCl4-AlCl3 according to [6]. These mixtures with aluminium trichloride will be dis-

cussed in more detail in the following section as they are relevant to the Kroll process for the

puri�cation of titanium ores after chlorination to chloride salts and distillation to titanium tetra-

chloride.

Furthermore, experimental literature data on molten salt distillation, preferably for single-

stage operations, can also be used to estimate the real phase equilibrium behaviour of these

mixtures in order to evaluate an applicable GE model for activity estimation. Secondary, even

qualitative statements on the distillability of such real molten salt mixtures are possible. Further

experimental investigations on the distillability of such substance systems have been carried out in

[109, 110] using a closed chamber unit or have been described in more detail in other distillation

apparatuses, e.g. in [111, 50] on the basis of �uoride or in [112] on the basis of chloride. In

[113, 114, 115], experimental investigations on the distillation of uranium hexa�uoride are carried

out, among other things, as follow-up studies to the experimentally measured VLE systems

of uranium hexa�uoride mixtures according to [107]. From some experimental results on the

composition of the distillation product, the activity could also be estimated for a single stage

distillation unit from the equilibrium condition of the γ − ϕ concept according to equation (27)

with p < 10 bar

ln γi = exp

(
yip

xipLVi

)
. (77)

However, as in [112, 114], it is often not su�cient to recognise whether the measured value

for the distillation product composition refers to the usable value in which a VLE equilibrium

system can be approximately assumed in order to be able to evaluate the activity coe�cient

according to equation (77). Therefore, this approximation method will not be used for VLE

determination in this thesis. However, it can be used in the future for later validation of activity

data in general, after a higher state of knowledge. On the other hand, molecular dynamics

simulations and Lennard-Johnes potential data are of particular importance, because with the

knowledge of these data the simulation of the mixing behaviour of the liquid phase according

to the UNIQUAC and LIQUAC model is physically feasible. In addition, Density Functional

Theory (DFT) work from the literature could also be helpful in the investigation as it provides

information on the potential used in the literature. However, these MDS and DFT data on the

interaction parameters are only given for the substance system UCl3-LiCl-KCl in [99, 116], where
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the interactions of the ion pairs and components have been measured by Molecular Dynamics

Simulations (MDS). More information on modelling for other matter systems can be found in

[117, 103, 98, 118].. GE models for the description of the behaviour of actinides in LiCl-KCl

mixtures are described in [119], but can also be used theoretically only as a rough approximation

for the description of the salt mixtures investigated in this thesis. However, the simulation e�ort

would be large and the results di�cult to validate. In addition, the simulations are only limited

in their ability to describe these mixtures, so even no literature data on molecular dynamics

simulations and density functional theory will be used in this thesis for simulations and other

estimations.

Further information on the real VLE behaviour and the description of the type of VLE

for chloride systems is given in [4]. From these data in [4, 5, 6] the following classi�cation of

vapour-liquid volatiles can be made for the following substance systems:

� Binary zeotropic VLE systems of chloride mixtures:

AgCl-PbCl2, AlCl3-FeCl3, AsCl3-SbCl3, AsCl3-GeCl4, AsCl3-SnCl4, BaCl2-MnCl2, CaCl2-

KCl, CaCl2-MnCl2, KCl-SmCl2, KCl-SrCl2, KCl-YbCl2, MgCl-MnCl2, MnCl2-SrCl2, PbCl2-

ZnCl2, SbCl3-GeCl4, GeCl4-SiCl4, HfCl4-ZrCl4, SiCl4-SnCl4, SiCl4-TiCl4, SiCl4-VCl4, SnCl4-

TiCl4, SnCl4-VCl4, TiCl4-VCl4, TiCl4-NbCl5, TiCl4-TaCl5, NbCl5-TaCl5.

� Binary azeotropic VLE systems of chloride mixtures with temperature maximum azeotropes

(expected Type I mixture):

� Low pressure measurement of AgCl-MgCl2 without apparent pressure dependence of

the azeotrope with azeotropic composition measured at y1 = 0.6799 for 0.002-0.018

bar.

� AlCl3-NbCl5 with observable pressure dependence of the azeotrope and the azeotropic

compositions at y1 = 0.2050 für 1-0133 bar and y1 = 0.1820 measured for 5.0663 bar.

� AlCl3-TaCl5 with azeotropic composition at y1 = 0.1250 measured for 1.0133 bar.

� Mixtures of binary chloride VLE systems with tendency to form a temperature minimum

azeotrope (expected Type II mixture): or other types of azeotropes (expected Type III

mixture):

� MoCl5-WCl6 with azeotropic/zeotropic composition between 0.9750 < y1 ≤ 1 (with

y1 = 1 as zeotropic mixture ) measured for 1.0133 bar.

� TiCl4-AlCl3 with two indi�erent azeotropic composition points at 0 < y′1 < 0.05686

and y′′1 = 0.7685 with uncertainties of +10.494-mol% and -4.332.mol% for slightly

higher pressures than 1.0133 bar measured in [6].

This exemplary list of zeotropic versus azeotropic behaviour of various molten chloride salt sys-

tems shows wide range of possible interaction behavour. But type II mixtures with strong net

attractive-dominating intercomponent interactions in the liquid can be expected for mixtures

of aluminium trichloride and a pentachloride with niobium or molybdenum as counterchlorde

component the a signi�cant higher degree of chlorination of �ve. This supports the hypothesis

that possibly net dominating attractive interaction e�ects for the mixture of type II are present,
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if one of the chloride components have a signi�cant higher degree on chlorination and the other

chloride component with a lower degree of chlorination of n ≤ 3. In this case, for the azeotropic

mixtures, the attractive-dominant intermolecular interactions would lead to a signi�cant reduc-

tion in the partial pressure of the chloride component within such a mixture, when considered

as an average of all intermolecular interactions, which alone could explain the formation of a

temperature maximum azeotrope in such a VLE system. This explanatory approach is purely

theoretically applicable to all the above-mentioned mixtures of substances with temperature

maximum azeotrope formation of the type I chloride mixture, regardless of whether the compo-

nents would be present in the molten salt in dissociated-ionic or undissociated molecular form

from a modelling point of view, since the higher degree of chlorination of the opposite chloride

component would always predominate and thus, even in fully dissociated form, the attractive

interactions between cation and anion of the opposite component would predominate in a purely

proportional manner with attractive interaction forces due to the chloride ions present in the

mixture in the higher stochiometric molar number.

Furthermore, it can be observed from the three given azeotropic mixtures with a tempera-

ture maximum, such as the mixtures AlCl3-NbCl5, partly show signi�cant pressure-dependent

azeotropes. Therefore, pressure swing methods are suitable for using distillation as a separation

application as explained in detail in [79] (p. 247f (Chapter 7)). For example, with two continu-

ously operating distillation columns, the composition in a second column could easily be shifted

to the other side of the azeotropic composition in these examples using these higher pressures in

a second column.

The mixture MoCl5-WCl6, which according to [4] has the opposite tendency to the potential

formation of a temperature minimum azeotrope, follows the theoretically suggested explanation

of the Type II interaction behaviour from Fig. (12). In this case it can be assumed that the net

repulsive interactions between the chloride components are present as strong dominating inter-

molecular interactions between the two di�erent chloride compounds. Consequently, azeotrope

formation would result in a decrease in the boiling temperature of the mixture due to the increase

in vapour pressure of the components in the mixture.

A comparison of similar binary mixtures based on �uoride salts also shows exceptions to the

above approach to explaining the formation of such forms of azeotropic mixtures. According to

[4], the mixture AlF3-NaF is a zeotropic mixture instead of a forecast azeotrope with a tem-

perature maximum. Another exception that contradicts the predicted expectation of azeotrope

formation is the mixture LiF-HfF4 with a pressure independent temperature minimum azeotrope

at y1 = 0.8800 instead of a qualitatively expected temperature maximum azeotrope. The binary

mixtures of uranium hexachloride with molybdenum or tungsten hexa�uoride instead show a

zeotropic mixture behaviour . For the qualitative prediction and estimation of the equilibrium

behaviour of a binary molten salt vapour-liquid system, the above primary qualitative approach

to the behaviour of intermolecular interactions is therefore not always really su�cient.

Another way to roughly estimate the vapour-liquid equilibrium behaviour of mixtures with

uranium or other actinide chlorides is to look at tabulated data at lower temperatures of the

melt, where the melt cannot evaporate. Furthermore, solid-liquid equilibria (SLE) can also

be considered for this purpose as a very rough �rst approximation to obtain possible purely
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hypothetical conclusions about the vapour-liquid system. However, two important simplifying

assumptions have to be made for this consideration. The �rst simpli�cation is the assumption

that the activity data change only slightly from SLE to VLE system behaviour . The second

simplifying assumption is that the azeotrope is pressure independent. In this case, the activity as

a function of composition can be used as an approximation to estimate the temperature from the

γ−ϕ concept for the VLE system according to equation (27). Such estimates are made for binary

VLE systems with uranium tetrachloride and partly even with thorium tetrachloride according to

[10, 9, 11, 120, 121] in the following section. For other actinide mixtures, only some activity data

are available for measurements with low concentrations of the actinide chlorides or measurements

related to the in�nite dilution determination, such as those from [122, 123, 124, 125, 126, 127].

Activity measurements at in�nite dilution in the LiCl-KCl system with a eutectic composition

of LiCl and KCl or molten cadmium are of less interest in this thesis, since only the case of the

actinide at dilution is considered for this particular system, and not the other cases of measuring

low concentrations of the other components in the actinide chloride. However, these data can be

used in future studies after this thesis. The activities and ionic activities in some electrochemical

studies of the behaviour of the species in LiCl-KCl eutectics at in�nite dilution are americium

di- and trichlorides listed in [128, 129, 130, 131]. References to neptunium chlorides can be found

in [130, 131, 122], among others, as well as to numerous uranium and plutonium chlorides, and

to thorium tetrachloride in [132, 130, 131, 133, 116]. Theoretical and qualitative data on the

behaviour of the melt with curium trichloride can be found, for example, in [134, 135, 136].

3.2 Estimation of VLE data and evaluation of the in�uence of real equilib-

rium behaviour

When de�ning the problem for the investigation of important representative mixtures for the

reprocessing of spent nuclear fuel from fuel elements, it already became clear that mixtures with

uranium tetrachloride and �ssion product chlorides, e.g. with cesium chloride as monochlo-

ride, as well as mixtures with actinide chlorides, e.g. plutonium trichloride, neptunium tetra-

or trichloride, are missing for this thesis. For the estimation of the possible real deviation be-

haviour , as already mentioned in the previous section on the availability of such data from the

literature, further substance systems are available for other non-nuclear relevant VLE molten

salt systems. These include the following mixtures with particularly large deviations from the

ideal vapour-liquid equilibrium behaviour with γi = 1 representing AlCl3-FeCl3 as a zeotropic

classi�ed mixture and TiCl4-AlCl3 as an azeotropic classi�ed mixture. These mixtures are in-

tended to illustrate the complexity of possible relevant binary VLE systems that may occur for

relevant binary sub-systems in the study of nuclear fuel reprocessing.

Calculations of activity in the BeF2-LiF system for the range of melting points of the pure

substances and the range of boiling points are intended to show qualitatively that statements

about the possible real phase equilibrium behaviour in the VLE system may be possible if the

activity coe�cients between the range of melting points of the pure substances and the range of

the corresponding boiling points are of similar magnitude. This comparison is important in that

approximate values for VLE data can be derived from SLE and activity data in the temperature

range of non-evaporating molten salts with uranium tetrachloride from the literature, but only
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and exclusively to clarify a possible simple non-ideal phase equilibrium behaviour . The extrapo-

lated data, however, have no relation to the real VLE, but only illustrate a possible real deviation

behaviour as well as the tendency to form azeotropic mixtures due to the above mentioned model

conception of activity by attractive dominating forces between cation and opposing component

depending on the degree of chlorination n and the ionic potentials of the cations simpli�ed as

completely dissociative (Φrn+).

3.2.1 Examples of VLE data for molten salt mixtures from the literature

For the AlCl3-FeCl3 mixture, classi�ed as a zeotropic mixture, the VLE data have been measured

from the literature at pressures slightly above 1 atm in [5]. In Fig. (13) the tabulated x1, y1, T

data are plotted together with the y1(x1) and T (x1, y1) correlation functions approximated here

from the literature data. The thin blue marked curve in Fig. (13) shows the graphically expected

course for an ideal-zeotropic expected mixture adjusted to the temperature range as a function

of pressure, where the highest measured values touch the maximum limit range of the ideal VLE

curve compared to the real case and the ideal VLE curve ends in the temperature minima and

maxima of the real VLE diagram. It shows the deviation behaviour for the real mixture in

xy-diagram representation.
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Figure 13: The VLE system to the zeotropic mixture AlCl3-FeCl3 according to experimental
measurement points from [5], with x1/y1 liquid/vapor mole fraction value of aluminium trichlo-
ride and T the temperature in K:
Fig. (a) shows the experimental measuring points, the �tted correlation function of the mea-
surement points and the graphical-estimated idealized VLE curve, in which optimized just all
measuring points are still below the ideal phase equilibrium curve, matching the temperature
and pressure range.
Fig. (b). shows the experimental measuring points together with the �tted correlation function.

As the xy-diagram in Fig. (13) shows for the mixture AlCl3-FeCl3, the zeotropic VLE

behaviour for 0.1 < x1 < 0.6 deviates visibly from the ideal case for γi = 1. The boiling range is

signi�cantly narrowed in this composition range. This narrowing of the distillation liquid-vapour

region is also clearly visible in the Txy diagram of Fig. (13) . The Margules approach is not
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su�cient to approximate these literature equilibrium data. This would require modelling with

more complex models to implement the complex VLE data pro�le. To approximate the data

points in the xy plot and Txy plot, 5th order polynomials are required. T (x1) = C0 + C1x1 +

C2x
2
1 + C3x

3
1 + C4x

4
1 + C5x

5
1 with all necessary details in tab (7) to describe the VLE data.

Fig. (14) shows the literature-given azeotropic mixture example TiCl4-AlCl3 with analo-

gous convention as for the AlCl3-FeCl3 except for the choice of approximation functions. Here,

separate non-linear functions are de�ned piecewise for each xy, Tx and Ty correlations, as men-

tioned in the description in Fig. (14). The details of the correlation functions for the ap-

proximation of they1(x1), T ′(x1) and T ′′(x1) curves of both mixtures are given in Tab. (7).

To �t correlation functions to the xy-diagram of the TiCl4-AlCl3 mixture, among others, the

�rst region can be well approximated with an exponential approach up to the mole fraction

of 0.077455. For larger composition values, a logarithmic approach is used for �tting. With

respect to the determination of the correlation functions for the Txy diagram, the functional

relationship of the form T (x1) = C0(C1 + C2x
−1
1 + C3x

−2
1 + C4x1 + C5x

2
1) has been chosen.

T (x1) = C0(C1 + C2x
−1
1 + C3x

−2
1 + C4x1 + C5x

2
1) gewählt worden.
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Figure 14: The VLE system to the double-azeotropic mixture TiCl4-AlCl3 according to experi-
mental measurement points from [6, 7], with x1/y1 liquid/vapor mole fraction value of titanium
tetrachloride and T the temperature in K.
Fig. (a) The xy-data are presented from the data points [6], �tted correlation function of the
measurement points and the graphical-estimated idealized VLE curve matching the temperature
and pressure range. A single approximation function is not su�cient to describe the complex
azeotropic VLE behaviour , especially at low titanium tetrachloride concentrations.
Fig. (b) The Txy-data are presented as data points [6] and �tted correlation function of the
measurement points. A single approximation function for each phase is not su�cient to describe
the complex azeotropic VLE behaviour , especially at low titanium tetrachloride composition
values.

The system TiCl4-AlCl3 in [6] has two azeotropic points at yaz,I1 = 0.045± 0.01 and yaz,II1 =

0.7722± 0.0474 , which cannot be clearly classi�ed as a type III azeotropic mixture. It can also

be clearly seen that the VLE curve for the ideal phase equilibrium behaviour intersects the curve

(hereafter referred to as the ideal VLE curve) for the real phase equilibrium behaviour . For the
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azeotrope at yaz,I1 there is no temperature minimum or maximum.
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Table 7: Parameters to the approximation functions for �tting experimental data for the VLE
systems with AlCl3 according to [5, 6].

(a) AlCl3-FeCl3

Approximation function f(x1) = C0 + C1x1 + C2x
2
1 + C3x

3
1 + C4x

4
1 + C5x

5
1

Constants, boundaries & Functions y1(x1) T (x1) T (y1)

C0 -0.13115 657.75552 677.04116
C1 4.55508 -601.6701 -725.01278
C2 -20.8824 2498.2712 2963.6095
C3 51.5518 -6030.699 -6801.0288
C4 -53.8858 6468.8022 7210.434
C5 19.8054 -2504.9317 -2830.2461

Lower limit 0.069801 0.069801 0.097309
Upper limit 0.981846 0.981845 0.995886

Standard deviation value of approximation 0.011570 2.74 K 3.39 K

(b) TiCl4-AlCl3 part I

Approximation function f(x1) = C0 exp (C1x1) f(x1) = C0 + C1 ln (x1)

Constants, boundaries & Functions y1(x1), x1 < 0.077455 y1(x1) ≥ 0.077455

C0 0.0038531 0.8180015
C1 57.7475069 0.1878156

Lower limit
Upper limit

Standard deviation value of approximation 0.087091 0.052939

(c) TiCl4-AlCl3 part II

Approximation function part II f(x1) = C0(C1 + C2x
−1
1 + C3x

−2
1 + C4x1 + C5x

2
1)

Constants, boundaries & Functions T (x1), x1 < 0.162 T (x1) ≥ x1 = 0.162

C0 1.00 1.00
C1 4.9517e+02 461.2477
C2 -2.1813e-01 0.8008
C3 1.4334e-03 0.0
C4 -2.1836e+02 0.0
C5 2.9348e+02 0.0

Lower limit 0.007049 0.162000
Upper limit 0.162000 0.967592

Standard deviation value of approximation 3.01 K 1.74 K

(d) TiCl4-AlCl3 part III

Approximation function part III f(x1) = C0(C1 + C2x
−1
1 + C3x

−2
1 + C4x1 + C5x

2
1)

Constants, boundaries & Functions T (y1), y1 < 0.520 T (y1) y1 ≥ 0.520

C0 1.00 1.00
C1 4.7999e+02 456.7698
C2 5.1113e-02 4.2585
C3 -6.4196e-05 0.0
C4 2.0463e+01 0.0
C5 -9.4584e+01 0.0

Lower limit 0.009880 0.0028145
Upper limit 0.967600 0.849153

Standard deviation value of approximation 2.39 K 1.98 K
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For the azeotrope at yaz,II1 , however, there are not enough data points to classify the azeotrope,

although a temperature minimum azeotrope can be assumed from the course in the xy diagram.

While the ideal VLE curve for larger composition values near yaz,II1 is signi�cantly higher than

the real literature VLE curve, the xx-diagonal in the xy-diagram intersects with the result of

the azeotrope formation as a presumed temperature minimum azeotrope. For small yaz,I1 values

there should also be an intersection with the xx-diagonal. All further peculiarities in the course

of the VLE in the Txy diagram with respect to the mixture of TiCl4-AlCl3 can be seen in Fig.

(14) .

In the context of this thesis (for both mixtures AlCl3-FeCl3 und TiCl4-AlCl3), the theoret-

ical explanations are still to be understood as purely hypothetical, without practical proof, as

experimental investigations of further chloride mixtures in dependence on di�erent degrees of

chlorination and metal components. Firstly, a comparison of the mixtures shows a clear depen-

dence of the degree of chlorination with iron(III) chloride at the same degree of chlorination

on aluminium trichloride and titanium tetrachloride at a higher degree of chlorination of four.

In addition, the nature of the metal component of the chloride compound also seems to play

a signi�cant role, as shown by the comparison of other binary mixtures of a trichloride and a

tetrachloride component according to the data in [4], as well as numerous examples given in

the previous section. Assuming a high degree of dissociation, a complex interaction behaviour

would be expected in addition to the degree of chlorination assumed in the e�ective range of the

cations (see ion potential and ion radii). For the mixture AlCl3-FeCl3 a narrowing of the boiling

range is observed in the xy diagram with a reduction of the boiling temperature, especially for

aluminium trichloride components which are not too large according to Fig. (13). However, due

to the associated reduction in the attractive forces between cation and chlorine ion in the disso-

ciated partial state, the same number of dissociated chlorine ions would be spatially available for

both chloride compounds to form the vaporous compound for evaporation due to the same degree

of chlorination of three. Thus, in the dissociated state, the same number of chloride ions would

always be available for each composition value for the new formation of the undissociated trichlo-

ride component during the transition to the vapour state due to the same degree of chlorination,

which makes azeotrope formation unlikely from the previously theoretically assumed interaction

behaviour . This mixture behaviour in the VLE system then changes for the TiClTiCl4-AlCl3
mixture, in which fewer chloride atoms would be available at low titanium tetrachloride contents,

but theoretically the charge shielding e�ect with the consequence of a temperature minimum

azeotrope formation would still be e�ective due to the dominating strongly pronounced assumed

repulsive intermolecular interactions between the two component participants. Whether a tem-

perature minimum azeotrope really exists for the mixture TiCl4-AlCl3, as mentioned in [6] for

the range of low titanium tetrachloride contents, cannot be su�ciently clari�ed, since there are

too few data points behind the azeotropic composition in the direction of the pure substance.

For the other azeotrope it cannot be excluded that the measured azeotrope is not caused by

measurement errors, e.g. impurities or decomposition of the aluminium trichloride component.

It should be emphasised that aluminium trichloride in the vapour phase becomes thermally un-

stable at high temperatures (see e.g. the indirect information on the thermal stability behaviour

of AlCl3 in [67, 14] at 1 atm for the liquid and vapour phases).
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In summary, the VLE examples presented here with aluminium trichloride according to [5, 6]

on the VLE behaviour as well as the considerations of the di�erent VLE forms of binary chloride

systems according to [4] also mentioned in the previous section generally show a broad possible

interaction behaviour for any chloride mixture system. Qualitative assessments of the VLE

behaviour of representative binary mixtures for nuclear fuel processing are therefore only possible

to a very limited extent within the framework of the qualitative theoretical-physical interpretation

carried out here. One possibility for a rough estimate is to approximate the VLE from SLE data

or activity data for representative chloride melts at lower temperatures where the chlorides do

not yet evaporate. These very rough activity estimates for the relevant VLE system are made

in the following section for binary chloride mixtures with uranium tetrachloride as the main

component in the task of distillative treatment of nuclear waste.

3.2.2 Hypothetical estimated in�uence of real vapor-liquid phase equilibrium be-

haviour for UCl4 −MCln mixtures

With regard to a possible simple estimation of the VLE behaviour with uranium tetrachloride,

only a few SLE data are available, as well as data in the temperature range of non-evaporating

binary chloride mixtures with uranium tetrachloride, e.g. according to [10, 9] for lanthanum

trichloride or manganese dichloride. Furthermore, it is to be estimated whether a mixture with

uranium tetrachloride can tend to azeotrope formation and how such a separation system could

look qualitatively. Fig. (15) shows that the activities between the melting points and the boiling

points of the pure substance components are always in the whole order of magnitude between

the minimum and the maximum of the activity values compared to the activity data in [8] on the

basis of the two original sources mentioned there with Ref.1 and Ref.2. Only the activity curve

as a function of the amount of beryllium dichloride changes signi�cantly. With the exception of

γLiF according to Ref.2 at 1942 K, larger deviations of the activity values result at high material

component fraction values of beryllium di�uoride. In addition, the di�erences between the two

partial sources Ref.1 and Ref. 2 are also very large and in some cases even larger than for the

di�erent temperatures. Thus, it can be concluded that a rough estimation of the azeotropic

tendency of a mixture based on extrapolation of the activity data for VLE data is potentially

possible, but is not suitable to realistically represent the activity behaviour as a function of the

composition of the components. However, a �rst estimate of the potential azeotropic tendency

of a mixture with uranium tetrachloride is su�cient for discussion purposes, even though the

actual VLE behaviour may be quite di�erent.

To estimate binary VLE data for UCl4−MCln mixtures from SLE or low-temperature activity

data of non-evaporating melts at low melting temperatures, the activity functions γi(x1), i = 1, 2

must �rst be determined neglecting the temperature dependence. Then the sizes of T ′(x1), y1(x1)

and T ′′(y1(x1)) can be determined.
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Figure 15: Example of some reference data given in [8] for the mixture BeF2-LiF for the calcu-
lation of the activities (γ1 for BeF2,γ2 for LiF) as a function of the liquid mole fraction value of
beryllium dichloride (x1) at melting and boiling temperatures as representative temperatures of
the pure substances according to two di�erent sources Ref.1 and Ref.2 from [8].

3.2.2.1 Used VLE estimation procedure Due to the lack of VLE data for binary systems

containing uranium tetrachloride, estimates of γi(x1), i = 1, 2 are simpli�ed for non-evaporating

tabulated activity data. For example, tabulated xi, γi value pairs for the substance systems UCl4-

MnCl2 and UCl4-LaCl3 are given in [10, 9] . Furthermore, for some UCl4 − MCln substance

mixtures, two values are given from the literature for the partial molar Gibbs excess energy

of the second substance component at x1 = 0, 9 (i.e. GE2 (x1 = 0, 9)) and the molar Gibbs

excess energy of the mixture at x1 = 0.5 (i.e. GE(x1 = 0, 5)). From these values, the activity

can be determined in a very simpli�ed way using the Margules approximation according to

the equations (45) with N = 1. For this, the equation (46) for GE2 (x1 = 0.9) is used only

for the γ2-equation part and the equation(45) with N = 1 is used for the determination of

GE(x1 = 0.5) in order to obtain a linear system of equations of the parameters A12, A21 to

be determined. The solution �nally gives the two activity functions γ1(x1), γ2(x1) according to

equation (46) of the correlative Margules model approach. The approximation of such activity

functions is possible for the determination of the VLEs of the following substance mixtures

UCl4-ThCl4, UCl4-LaCl3, UCl4-CdCl2 and UCl4-MCl, M=Li,Na,Cu,Ag from corresponding GE

data according to [11] using the presented approximation scheme. It should be noted that the

approximation of the activity functions γi(x1), i = 1, 2 at only two composition points is by no

means a su�ciently representative representation of the activity of such a real binary system

as a function of composition. However, the approximation at the same two composition points

can roughly show the potential possibility of the azeotropic tendency, where simulations can

predict possible deviations from the ideal case as illustrative qualitative case studies. On the

other hand, in order to evaluate the approximability of the Margules approach for the substance

systems UCl4-MnCl2 and partially UCl4-LaCl, the Margules function can be approximated on

the basis of several tabulated data.

From the determined activity functions γi(x1), i = 1, 2, the VLE is now determined via the

functional relations T ′(x1), y1(x1) and T ′′(y1). These functions can be determined using the equi-

librium conditions and the partial pressures related to the real mixture to be approximated. The

numerical determination of T ′ from known xi and the determined activity functionsγ1(x1), γ2(x1)
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is done by the following determination equation

p = x1γ1(x1)pLV1 (T ′) + (1− x1)γ2(x1)pLV2 (T ′). (78)

The composition of the vapour yi(x1), i = 1, 2 is then determined directly analytically by evaluat-

ing equation (95). Since from the graphical observation of the general Txy-VLE diagram the cor-

responding value pair y1, T
′′ also belongs to each value pair x1, y1, the relation T ′′ = T ′′(y1(x1))

follows directly, with which T ′′ is also derived directly from equation (95) for already calculated

or known γi(x1), yi(x1), i = 1, 2.

3.2.2.2 Results of the estimation of VLEs from exemplary literature data Tab. (8)

shows for the substance systems UCl4-MnCl2 and UCl4-LaCl3 the evaluated γ1, x1, x1, y1 and

T, x1, y1 data with UCl4 as substance component 1 from the literature activities ai = xi · γi
tabulated in [10, 9]. Between the evaluated points, the linear interpolation of the required VLE

data values is performed for simulation purposes by the interpolation formula

fi(xi,val) =
fik+1 − fik
xik+1 − xik

(xik+1 − xi,val) + fi,val, fi,valε(fik, fik+1) , (79)

with nearest tabulated interval boundaries fik,fik+1 and f = γ, y, T.

The determined Margules parameters of all substance systems are listed in Tab. (9). Even

when considering the absolute |A12| values, very high values are observed for mixtures of uranium

tetrachloride and monochlorides in comparison to the other mixture examples listed. These

Margules values are even signi�cantly higher than for other known mixtures of e.g. organic

substances or known from the literature from the chemical industry (see e.g.[51] (p.13-20f)).

Considering the absolute values |A21| according to Tab. (9), there is no particular correlation of

the dependence on ionic radii, degree of chlorination or ionic potential ratios, nor are there any

signi�cantly high absolute values in comparison to the |A12| values.
Fig. (16) shows the VLE data for binary mixtures with uranium tetrachloride evaluated for

ideal phase equilibrium conditions with γi = 1 according to the equation (27) for monochlorides

(lower part of sub-�gure (a)) and chlorides with a higher degree of chlorination (upper part

of sub-�gure (a)). Since only the vapour pressure of the pure components plays a role in the

idealized phase equilibrium, only idealized zeotropic mixtures can exist for the mixtures of the

monochlorides, in which uranium tetrachloride is the most volatile. In such a mixture with

ideal phase equilibrium behaviour , the intermolecular interactions between the two components,

uranium tetrachloride and the other chloride component, are on average equal to the average

interactions of the corresponding pure substances. In the pure substance, as [97] also emphasises,

a chloride component is particularly volatile at a high degree of chlorination due to the charge-

shielding e�ect of the chlorine atoms or chloride anions. Due to this charge shielding e�ect, the

order of volatility and boiling point of the pure substance component is tetrachloride, dichloride,

trichloride, monochloride, with decreasing volatility and increasing boiling point. Compared

to the use of the uranium tetrachloride component with a degree of chlorination of four under

high shielding chlorine content in the mixture, the di�erence in boiling points and volatilities
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is therefore particularly high for the components with decreasing degree of chlorination, i.e.

according to �gure (a) of (16) for the order of monochlorides (NaCl, LiCl and AgCl which possibly

form type I azeotropic mixtures as suggested in Fig. (12)), cadmium dichloride, manganese

dichloride, lanthanum trichloride and thorium tetrachloride. Below the idealized VLE shown in

Fig. (16) are the characteristic VLE properties of zeotropic and azeotropic Margules estimated

mixtures compared to the idealized phase equilibrium conditions (see: equation (28) for idealized

VLE expression), shown as partial �gures in the upper �gures (a) and (b) for the lower real course.

For the Margules estimated VLE properties, the equation (27) for the VLE expression is used.

In the idealized vapour-liquid equilibrium according to the validity of Raoult's law, where only

the vapour pressures in the mixture play a role for the VLE of this mixture, no deviations are

generally to be expected.

Table 8: Estimated VLE data excerpt examples from tabulated activity literature data (a1 =
x1γ1) from [10, 9] for the molten salt (a) UCl4-MnCl2 and (b) UCl4-LaCl3 mixtures

(a) UCl4-MnCl2

x1 γ1(x1) y1(x1) T ′(x1), T ′′(y1)

0.00000 � 0.00000 1510.7

0.05400 0.72222 0.72536 1367.2

0.09000 0.71111 0.83449 1319.4

0.13700 0.70803 0.90032 1277.6

0.24200 0.70661 0.95636 1221.3

0.31900 0.70219 0.97174 1195.4

0.39800 0.69849 0.98091 1175.3

0.48200 0.68050 0.98640 1160.4

0.54800 0.67153 0.98966 1150.2

0.60600 0.67162 0.99212 1141.4

0.65100 0.72197 0.99495 1129.2

0.71000 0.80563 0.99660 1112.7

0.77500 0.84129 0.99785 1102.1

0.85300 1.00470 0.99911 1080.6

0.92800 1.01510 0.99967 1073.5

0.97500 1.00620 0.99988 1070.4

1.00000 1.00000 1.00000 1069.0

(b) UCl4-LaCl3

x1 γ1(x1) y1(x1) T ′(x1), T ′′(y1)

0.00000 � 0.00000 2047.5

0.05200 0.46154 0.98979 1493.9

0.12700 0.45669 0.99895 1356.5

0.21800 0.44954 0.99955 1288.9

0.35600 0.42416 0.99983 1239.4

0.52300 0.37094 0.99993 1212.8

0.63000 0.30794 0.99993 1212.8

0.71800 0.24652 0.99993 1222.4

0.77500 0.22839 1.00000 1222.4

0.83200 0.25120 1.00000 1205.2

0.90400 0.85619 1.00000 1088.7

0.91500 0.88087 1.00000 1085.5

0.94700 0.93242 1.00000 1078.4

0.97300 0.97533 1.00000 1072.9

1.00000 1.00000 1.00000 1069.0
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Table 9: Estimated Margules parameters for exemplary selected binary substance systems from
[11] for determination of activity coe�cients with (1) approximated from tabulated actvitiy data,
(2) form given GE2 (x1 = 0, 9),GE(x1 = 0, 5) data.
rn+

2 : Ionic radius of cation component of the second MCln substance component)
Φrn+

2 ,r1
: Ionic potential ratios between the cation of component 2 and the uranium cation (com-

ponent 1)
*Marked absolute Margules parameter values might be unrealistically high for a successful VLE
approximation with the Margules model.

Substance system rn+
2 [nm] from [11] Φrn+

2
from [11] A12 A21 Ref. & method

UCl4-MnCl2 � � -1.4428 -0.1434 (1) [9]

UCl4-LaCl3 0.110 0.66 -4.8563 0.1485 (1) [10]

UCl4-ThCl4 0.102 0.95 -1.2464 -1.3568 (2) [11]

UCl4-LaCl3 0.110 0.66 -4.3970 1.9916 (2) [11]

UCl4-CdCl2 0.095 0.51 -1.50149 0.24374 (2) [11]

UCl4-LiCl 0.072 0.34 -15.6824* -2.8624 (2) [11]

UCl4-CuCl 0.093 0.26 -20.6511* 1.0309 (2) [11]

UCl4-NaCl 0.100 0.24 -29.8082* -3.1351 (2) [11]

UCl4-AgCl 0.118 0.21 -29.9198* -1.0610* (2) [11]
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(a) Estimated VLE data under idealized equilibrium
conditions at 1 atm
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Figure 16: Plot of the idealized versus roughly approximated xy-VLE data* (with x1/y1 liquid
and vapor mole fraction value of uranium tetrachloride) at 1 atm for zeotropic (top �gure part)
and the corresponding azeotropic classi�ed mixtures (bottom �gure part).
* xy-VLE data obtained from the Margules �t for the mixtures UCl4-MnCl2 & UCl4-LaCl3 from
[9, 10] and use of the two GE-data from [11] for Margules approximation using (45) and (46) for
the other binary uranium tetrachloride-based mixtures.

Compared to the estimates of the VLE according to the pressure-independent Margules ap-

proach at the same composition points, the deviations from the ideal VLE behaviour according

to the partial picture (b) in Fig. (16) seem to result essentially from the di�erences in the

intermolecular attractive forces between the metal component or the cation and the opposing
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substance component, which become particularly large when a substance component has a par-

ticularly low degree of chlorination. In addition to the assumed charge shielding e�ect, the

e�ect of chloride ion reduction theoretically occurs particularly in mixtures with monochlorides

and uranium tetrachloride in the dissociated state with decreasing uranium tetrachloride mole

fraction. Up to a certain azeotropic temperature maximum, theoretically assumed dominant at-

tractive forces between the uranium tetrachloride and monochloride components are still present

around the uranium tetrachloride component. According to this VLE behaviour , this separation

behaviour of the components will be reversed if a lower composition of uranium tetrachloride

than the azeotropic composition is used for distillation, since then, compared to the distillation

of uranium tetrachloride as a light boiler in the vapour phase, the original monochloride compo-

nent will act as a light boiler and the azeotropic composition as a pseudo component as a heavy

boiler. From the physical point of view, by decreasing the uranium tetrachloride azeotropic com-

position, the attractive force to leave uranium tetrachloride inside the liquid is higher then the

volatility behaviour to escape from the mixture, due to its dominant attractive interaction force.

Fig. (16) (lower part of sub�gure (b)) shows such an estimated temperature maximum at the

composition points 18.6415-mol% for UCl4-LiCl, 22.4196-mol% for UCl4-AgCl and 24.0753-mol%

for UCl4-NaCl. Since the Margules approach is pressure independent, the composition point of

the azeotrope does not change in this model. Furthermore, strictly speaking, the VLE data esti-

mated from [11] are only valid for the moderate process pressures of about 1 atm used here. For

mixtures of uranium tetrachloride with other chlorides of higher chlorination, a zeotropic VLE

behaviour is present below the Margules approximation made according to �gure (a) and upper

part of �gure (b) in (16). However, the mixtures of uranium tetrachloride with the monochlorides

show strong azeotropic behaviour as shown in the upper part of �gure (b). As zeotropic mixtures,

the large deviations between the Margules approximation and the ideal VLE are observed for

the mixture of uranium tetrachloride with lanthanum trichloride as the trichloride species. In

addition, the thorium tetrachoride, manganese dichloride and cadmium dichloride also show a

deviation from the idealized VLE, but comparatively much smaller as shown for the trichloride

component (see Fig. (16) ((a) and (b))).

The presentation of the real estimated VLE data in Txy plots below shows in detail the

corresponding VLE behaviour for the mixture examples mentioned. For mixtures of uranium

tetrachloride with manganese dichloride or lanthanum trichloride several possibilities of Margules

approximation are available, which are shown in Fig. (17) as an example for both mixture

examples.

For the mixture UCl4-MnCl2, there are only small deviations between the tabulated data

according to Tab. (8) (case A) and the Margules approximation from the tabulated data (case

B) are shown. As Fig. (17) (a) shows, the chosen approach of the Margules approximation

(B) from the tabulated data is able to reproduce the approximation via the tabulated values

alone very well. For the description of the vapour phase in approach (A) of the tabulated data,

practically no data points are available for small composition values x1 ≤ 0.6 in order to be able

to represent the data range well (physically sensible), so that the vapour phase has only been

approximated by a straight line approximation. The approximation according to case (B) from

the two data points manages with a suitable slope value at the last composition point of the
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vapour phase to be able to represent the VLE curve physically-realistically up to x1 = 0.
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(b) UCl4-LaCl3 at 1 atm

Figure 17: Comparison of approximated VLEs (with x1/y1 liquid and vapor mole fraction value
of uranium tetrachloride and T temperature in K) depending on the selected approximation
method and the di�erent literature data ([11, 9, 10]) for the mixtures at 1 atm (a) UCl4-MnCl2
and (b) UCl4-LaCl3 with estimated zeotropic equilibrium behaviour .
Di�erent estimation methods are used:
A � Direct linear interpolated from the experimental given data with equation (79)
B � Approximated Margules functions by �tting the x1γ1 data from Tab. (8)
C � Approximated Margules functions from the GE-data given in [11]
Note: The melting point of lanthanum trichloride as a pure component is 1131-1133 K > boiling
point of pure uranium tetrachloride at 1064-1068 K (1 atm).

In the case of the substance system UCl4-LaCl3 according to Fig. (17) (b), the deviations

between the approximation variants (A to C) are greater compared to the system with manganese

dichloride, since the temperature in the VLE system of LaCl3 falls below the melting temperature

of pure lanthanum trichloride at high proportions of uranium tetrachloride in this substance

system. The uranium tetrachloride-lanthanum trichloride system is a more complex system of

VLE and possible SLE behaviour . A simple Margules approximation is not able to represent

the phase equilibrium VLE behaviour here in a physically meaningful way. The tabulated data

(case (A)) shows a unusual curvature of the vapour composition curve between x1 = 0.3 and

x1 = 0.85. For this substance system, the Margules approximation from the tabulated values

according to Tab. (8) only provides meaningful values for representing the VLE behaviour for

high contents of uranium tetrachloride in the vapour phase. The Margules approximation from

two points at x1 = 0.5 and x1 = 0.9 shows the slightly di�erent VLE behaviour of the liquid

and vapour composition with higher values in the vapour phase as well as in the liquid phase

between x1 = 0.02 and x1 = 0.218. Accordingly, the deviations of the approximation variants

show that the Margules approximation according to case (C) is certainly applicable for a very

rough and qualitative VLE approximation.

Fig. (18) shows the curve progression of the VLEs for the substance systems UCl4-CdCl2
(sub�gure (a)) and UCl4-ThCl4 (sub�gure (b)), which were determined according to the Margules

approximation in case (C). For the substance system UCl4-ThCl4, the retraction-bending curve

of the said liquid composition can be seen very clearly between x1 = 0.0 and x1 = 0.3, while

between x1 = 0.0 and x1 = 0.1 there is only a deviation from the ideal zeotropic liquid-vapour
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region.
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Figure 18: Roughly approximated VLEs (with x1/y1 liquid and vapor mole fraction value of
uranium tetrachloride and T temperature in K) from GE data of [11] for the mixtures at 1 atm
(a) UCl4-CdCl2 and (b) UCl4-ThCl4 with estimated signi�cant zeotropic equilibrium behaviour
.

Fig. (19) shows the Txy data according to the Margules approximation approach for case (C)

for binary systems of uranium tetrachloride with the monochlorides lithium and silver chloride

at a pressure of 0.1 bar. The results show a clear temperature maximum near the composition

point of x1 = 0.2. According to the Margules approximation approach, the Margules functions

can only be approximated from two given composition points at x1 = 0.5 and x1 = 0.9 for

the Gibbs excess energy from [11]. Unfortunately there are no data from [11] for x1 < 0.5 and

therefore it is only a very rough approximation, especially for monochlorides, in determining the

height of the temperature maximum and the imageability of the azeotropic point location, espe-

cially for the very large temperature height. At pressures of 1 atm, the temperatures for sodium

chloride at 2200 K are already well above 2000 K, so that distillation using this approximation

by Margeules would not be technically feasible. For the mixtures with the monochlorides, this

approach according to Margules is not suitable to physically adequately represent the repre-

sentability of the temperature maximum of the azeotrope in composition point and temperature

height. This Margules approach can therefore only be used to approximate from the SLE data to

describe zeotropic VLE systems. The Margules approximation therefore only gives an indication

of whether and how such a mixture behaves azeotropically.

Due to the lack of validity of the VLE data for mixtures of uranium tetrachloride with the

other chlorides and, in particular, due to the lack of representability for the VLE behaviour of

corresponding binary mixtures with monochlorides, the subsequent simulations in this thesis in

the following chapters, including the conceptual design of the separation plant for the reprocessing

of nuclear fuel, can only be carried out with the ideal phase equilibrium relations according

to Raoult's and Dalton's law for γi = 1 according to equation (28). However, it allows the

investigation of the best possible separability, where the deviating separation behaviour does not

lead to a fundamental change in the process design. Thus, for zeotropic mixtures, only more

separation stages would be required, whereas for mixtures with azeotropic separation, in the

presence of distillation barriers due to azeotropic compositions, more separation columns are
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required depending on the separation regions separated by the azeotropes.
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Figure 19: Comparison of roughly approximated VLEs (with x1/y1 liquid and vapor mole fraction
value of uranium tetrachloride and T temperature in K) for the mixtures (a) UCl4-LiCl and (b)
UCl4-AgCl with estimated signi�cant azeotropic equilibrium behaviour at reduced pressure of
0.1 bar and neglecting the positions of melting points of sodium chloride which is 1073.8 K >
boiling point of pure uranium tetrachloride at 1064-1068 K.

Nevertheless, the knowledge obtained here for estimating the possible VLE behaviour can be

used qualitatively to show possible qualitative deviations in the simulation results due to non-

ideal VLE behaviour from the binary VLEs estimated here according to Margules for zeotropic

and azeotropic mixtures with uranium tetrachloride in dependence on the degree of chlorination

of the opposite choride component. For example, the increased number of separation stages for

the distillation of various tetrachlorides with uranium tetrachloride can be predicted for small

proportions of light boilers such as neptunium tetrachloride (as a light boiler in a binary system

with uranium tetrachloride). Furthermore, it can be shown by examples that the separation

behaviour of uranium tetrachloride from a mixture UCl4-CdCl2 is clearly approaching the ideal

VLE behaviour , and thus simulation results generally show similar results the more the real

behaviour of the VLE approaches the ideal one. For mixtures of uranium tetrachloride with

monochlorides such as cesium chloride or silver chloride, azeotropic behaviour is clearly to be as-

sumed on the basis of the behaviour approximated here with sodium, lithium and silver chloride

from the activity approximation data according to [11]. Simulations of the distillation of such

mixtures with these exemplary approximated VLE data are given as examples in the appendix

of the section (D.1) despite the poor approximability from the data of [11], but do not have a

su�cient physical basis in relation to the corresponding realistic separation problem. In the case

of an azeotrope behaviour that is not necessarily pressure dependent, as shown in Fig. (19) of

the (right) distillation range shown for mixtures of uranium tetrachloride with the monochlo-

rides (e.g. For mixtures of uranium tetrachloride with the monochlorides (e.g. lithium chloride

or silver chloride), it can be seen that up to an azeotropic composition of around x1 = 0.2 (de-

pending on the monochloride component) a normal distillation column can be used to separate

the azeotrope as a pseudo-substance component in the heavy boiler component and high purity

uranium tetrachloride as the light boiler component distillation product. A small addition of

pure monochloride to the azeotrope is then su�cient to obtain the composition to the left of
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the azeotrope shown in Fig. (19). In a further separation column, the monochloride can then

be recovered as the light-boiler component and the azeotrope as the heavy-boiler component at

the same pressure. In this way, the azeotrope can be separated repeatedly in a cycle analogous

to the azeotrope separation methods of the pressure swing process according to [51], and both

substances can be obtained by high purity distillation. In the case of a signi�cant pressure de-

pendence, the pressure swing method can also be used directly for the separation of substances,

as generally described in [51].

4 Developed models for the simulation of distillation units

For the simulation, and for better comparability of the subsequent simulation results, two types

of models have been used for each separation unit:

� A self-implemented model per separation unit, which requires little substance data and

has been implemented in Octave/MATLAB (a simulation tool for solving mathematical

problems).

� An external model with validated code from the software tool ChemSep Lite for the simu-

lation of distillation and other thermal separations, as also explained in the tutorial [68].

The ChemSep models require more pure substance property data and have been used to estimate

and illustrate the operation of the simulation codes implemented in this thesis and the following

simulation results in the next sections and in the conceptual design. For an overview, there

are four di�erent self-implemented models in Octave/Matlab and the ChemSep Lite software on

distillation units, which are listed in (10). For this purpose the self-implemented models with

O/M (Octave/Matlab) and the ChemSep comparison models with C/S are listed in the table,

which are only used in this thesis.

Distillation models Octave/Matlab ChemSep

Single stage distillation SSD-O/M SSD-C/S

Flash operation Isothermal �ash: IF-O/M Simple Flash F-C/S

Continuous distillation column Finite re�ux column FRC-O/M Simple distillation SD-C/S

Total re�ux column Total re�ux TRC-O/M Total re�ux TRC-C/S

Table 10: Octave and ChemSep models for the simulation of various distillation units

The MESH equations (of the equations (55), (56), (57), (58)) are usually used for single and

multi-stage separations in distillation processes with simulation of multi-component mixtures.

For the isothermal �ash (model IF-O/M) the reduced equation (54) has to be solved, which only

depends on the vapour �ow as a variable to be solved.

After modelling the single stage distillation units, the multi-stage distillation column is dis-

cussed below based on the model equations for the single stage distillation process. Compared

to the simple continuous distillation column modelling, the modelling of the total re�ux column

operation is of much greater importance for this work, since the concept proposes a separation

column concept for nuclear distillation that di�ers from the industrial column operation.

D. Böhm Distillation as a separation method in nuclear fuel reprocessing Page: 67



4 DEVELOPED MODELS FOR THE SIMULATION OF DISTILLATION UNITS

4.1 Flash evaporation

For �ash evaporation, the IF-O/M model simulates an isothermal single stage continuous �ash

evaporator (in steady state) with a single feed and the outgoing vapour and liquid streams.

The pressure di�erence is not considered. Therefore only the simpli�ed equation 54 for the

isothermal �ash has to be solved numerically to determine the vapour �ow ṅV . These equations

can be seen in the section on the basics of simpli�ed model approximations for distillation in

section (2.2.4.1). Other �ash model operations are described in [51] (p.13-25 � p.13-26). For

comparability of this octave �ash model with ChemSep in the F-C/S model, as can be seen in

[68], such an isothermal �ash evaporator could be simulated by assigning the same temperature

as feed and operating temperature. Similarly, the same pressure should be used to simulate the

isothermal �ash evaporator in ChemSep as in the IF-O/M octave model.

4.2 Single stage distillation unit

For the solution procedure, the model SSD-O/M of a single-stage column is considered �rst.

Instead of using the Newton-Raphson method to solve the MESH equation system in this thesis,

the interval bisection method with a reduced system of equations will be used to avoid invalid

solutions or convergence problems. A better handling of the possible solution range is also

easy to handle. In a reduced system of equations, a variable can be chosen in the interval

bisection procedure that is strongly coupled to the equations in the entire MESH system of

equations in order to simplify the system of equations. By reducing the number of variables, a

corrector equation must be de�ned. So, by the idea of interval bisection, the value closest to the

solution is chosen and a new interval is created, similar to the one-equation interval bisection

method described in [93]. It is also an order reduction method to solve the system of equations

separately. The sub-systems of equations can be solved by simple numerical methods such as

interval bisection for one variable or the Newton-Raphson method. The selected variables into

which the initial values are inserted are de�ned as reduced variables only in this thesis. The

mass or energy balance as an equation can be used as a corrector solution by selecting the range

in the interval bisection whose solution value is closest to the equation solution in terms of the

interval bisection idea. Thus, the entire solution process is based on the implementation of only

two iteration loops to solve the reduced system of equations and to apply the interval bisection

procedure. An outer loop is for the main predictor corrector bisection procedure, while reducing

the equation system and the inner loop is for solving the sub-equations.

In the following, the vapour �ow is chosen as the reduced variable of the system of equations,

as it was also de�ned as a variable in the IF-O/M model. Unlike the IF-O/M, the reduced

system of equations cannot necessarily be converted directly into a simple analytical equation.

For this purpose, the two vapour �ow values from the left and right interval of the interval

bisection procedure are used in the mass balance to determine the liquid �ows. For a single stage

distillation unit with feed xF , ṅF , distillate product y, ṅV and remaining liquid x, ṅL, the molar

�ow of liquid ṅL can be determined as follows

ṅL = ṅF − ṅV . (80)
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The solution is inserted into the equations of the component-speci�c mass balance equation

part of the MEST equations (equation (55)) and the equilibrium relation (equation (56)) with

yi = xiKi. For the K-factors the expressionsKi =
pLV
i
p (for ideal phase equilibria) andKi =

pLV
i γi
p

(for real phase equilibria) apply. Thus the following reduced equation is to be evaluated here

x̃i =
xF,i

ṅL +Ki · ṅV
· ṅF . (81)

Here x̃i does not correspond to the liquid mole fraction, because the liquid mole fraction is not

yet normalised and contradicts the criterion of the sum rates in the MESH equations, because for

values outside 0 and 100 mol% for the mole fractions no (useful) solution for the sum rate equation

of the MESH equations is available. Accordingly,x̃i is normalised by x̃i∑
i|x̃i|

and inserted into the

reduced system of equations until the mass balance (55) is satis�ed. Within this reduced system

of equations, the system pressure must be equal to the sum of all corrected partial pressures with

p =

Ncomp∑
i=1

xip
LV
i (T )γi(xi, T ). (82)

For ideal phase equilibrium conditions the solution of the temperature T from the previous equa-

tion lies between TB,min = min
{
TB,1, . . . , TB,Ncomp

}
and TB,max = max

{
TB,1, . . . , TB,Ncomp

}
. So

the interval bisection method is also suitable as a solution method for the sub-equation system.

The energy balance is the correction equation in which the solution for the vapour �ow is chosen

which is closer to the solutions of the following equation using enthalpies in the energy expression

terms as the following equation

fcorr(x, y, ṅ
L, ṅV , T ) = hF (xF , TF )ṅF −

(
hL(x, T )ṅL + hV (y, T )ṅV

)
, (83)

fcorr(x, y, ṅ
L, ṅV , T )→ 0. (84)

The iteration procedure continues until a prede�ned termination value is reached, such as δ =

1E − 06 in

∆ṅVerr = δ · ṅF . (85)

In the case of an evaporator, the thermal feed state is de�ned as liquid-boiling. As a second

possibility, saturated vapour can be condensed out. Thus, a single-stage evaporator or condenser

can be simulated via the single-stage distillation, which is still of decisive importance for the

�ow formation development. Those inputs to the �ash evaporation model F-C/S are also to be

used under isobaric conditions to simulate such a single-stage evaporator or condenser as close

as possible to the corresponding IF-O/M Octave model.

In ChemSep Lite the compatible single stage distillation model SSD-C/S can be selected. By

setting the same conditions as for the Octave model, the simulation results of both models can

be usefully compared. For more information on modelling and simulation procedure see [68].

4.3 Total-re�ux distillation column

Typically, total re�ux column models are used only to validate the GE models and to be able

to apply these GE models to continuous distillation columns with physically meaningful phase
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equilibrium descriptions. As mentioned earlier, the continuous operation of this total re�ux

column principle is of interest because a liquid to be distilled is presented to maintain such

steady-state continuous conditions during operation. When the steady-state column operation

is switched o�, the distillation product and, if possible, the bottom product or by-products are

removed. Since there are no valuable products to be sold, i.e. the economic factor is missing for

the nuclear relevant reprocessing problem, the total re�ux column operation is of great technical

importance for the nuclear separation problem. Moreover, the main distillation can be carried

out in a closed system, which is clearly preferable from the point of view of safety and emission

prevention. In addition, the total re�ux principle requires fewer separation stages to achieve the

same separation result than the continuous or discontinuous modes of operation commonly used

in chemical industry. This is why the simulation of the total re�ux column is so important for

this thesis. The conceptual design of the distillation column is described in section (5.2). In

this section, the important point is to explain the simulation of steady-state total re�ux column

operation, which requires the column design described in section (5.2).

UCl4

CsCl

PuCl3

Figure 20: Illustration of the steady-state total-re�ux-column principle:
The simpli�ed illustration of UCl4-CsCl-PuCl3 distillation with ten stages (including evaporator
as column stage) and under simpli�ed non-dissociating behaviour of the chloride compounds

Fig. (20) clearly exemplary illustrates the scheme of a distillation column according to the

stationary total-re�ux principle using the separation example of the substance system UCl4-CsCl-

PuCl3 under the simplifying condition that the compounds are molecular, do not dissociate and

that ideal phase equilibrium conditions exist. Volatile uranium tetrachloride accumulates in

the condenser and plutonium trichloride can be recovered in the evaporator. Caesium chloride

remains as an intermediate boiling component between the third and seventh separation stages

because it is too cold to remain further up in the vapour phase and too hot to remain further down
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in the column towards the column evaporator. The cesium chloride is then contaminated with

uranium tetrachloride or plutonium trichloride in these intermediate separation stages. After

separation of the light and heavy boilers (uranium tetrachloride and plutonium trichloride), the

process can be repeated to separate the two material components from the cesium chloride.

The simulation of the total re�ux column is based on the speci�cation of the mole fraction

in a selected separation stage and the speci�cation of the liquid or vapour mole �ow in the �rst

separation stage. The choice of the �rst separation stage is crucial for an adequate possible

comparison of the simulation results with the ChemSep model TRC-C/S, since the speci�cation

of the material �ow of the �rst separation stage is required in the TRC-C/S model. In the

k-th separation stage, either the composition of the liquid phase or the vapour phase must be

speci�ed. The peculiarity of the simulation of a total re�ux column is that no �ows are added or

removed and therefore, in terms of mass balance, the fraction of liquid of the previous stage must

be equal to the vapour phase of the next stage in equilibrium and therefore ful�l the following

equations

yij+1 = xij , (86)

ṅVj+1 = ṅLj . (87)

Since in the steady-state total re�ux column principle no external �ows are added to or removed

from the column, the evaporator performance must also be equal to the condenser performance.

For the energy balance, the heat loss from each column is neglected, so that the main column is

in an adiabatic condition.

Due to the sum of the above conditions for the operation of the total re�ux column, the

entire modelling is extremely simple by applying the equilibrium condition according to equation

(27). The mass balance and composition equations can be evaluated separately as well as the

energy balance. The composition of the liquid and vapour phases is evaluated with subsequent

calculation of the material �ows via the energy balance between the condenser and the column

stage. The calculation scheme for the simulation of the whole re�ux column on the equilibrium

stage model is therefore carried out in the following simple steps:

1. Request the substance components, the total number of stages, the mole �ow for the �rst

separation stage and the mole composition at a separation stage k per phase.

2. Internal stage iteration: Simultaneous evaluation of the stage temperature according to

equation (82) and evaluation of the equilibrium relation according to equation (27) with

the help of the application of the interval bisection method via the temperature as variable.

Starting from the iteration of the composition speci�cation at the kth separation stage, the

following calculation scheme follows:

(a) Upper section of the column with separation stage j, j ≤ k: Calculation of the vapour

fraction yij and the temperature T_{j} of stage j with subsequent application of the

equation (86) for the total re�ux column.

(b) Lower part of the column with separation stage j, j > k: calculation of the liquid
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fraction xij and the temperature Tj of stage j with subsequent application of the

equation (86) for the total re�ux column.

3. Calculation of the condenser performance and the evaporator Performance with

Q̇evap =
∣∣∣Q̇cond

∣∣∣ , (88)

Q̇cond =−
Ncomp∑
i=1

(
xD,i∆h

LV
i (Tcond)

)
· ṅD. (89)

4. Calculation of the mole �ows via the energy balance between condenser and separation stage

by evaluating the following analytical calculation equation after application of equation (87)

for the liquid mole �ow

ṅLj =

∣∣∣Q̇cond

∣∣∣
hVj+1 + hLj

. (90)

This very simple iteration scheme is used to simulate the stationary total-re�ux column.

In relation to the ChemSep Lite software, the same model can be used for total re�ux simu-

lation with a slightly di�erent solution methodology as described in [68]. For this purpose, the

Total Re�ux Column model, here abbreviated as TRC-C/S, is directly available in (any) Chem-

Sep Lite version and the necessary speci�cations are congruent with the corresponding Octave

model TRC-O/M.

4.4 Continuous distillation column for binary mixtures in Octave/MATLAB

For binary mixtures, the total re�ux column (TRC) is simpli�ed so that only the determination

of the light boiling component is required for the binary composition itself. However, for the

continuous distillation column with a realistic continuous re�ux rate, the e�ect of simplifying the

MESH equations (equations (55)�(58)) is more signi�cant. As a result, the Sum-rate condition

can be separated from the MESH equations for a binary system as follows.

The modelling and simulation of the �nite re�ux distillation column in Octave according to

the FRC-O/M model (for binary mixtures only) can then be simpli�ed for each thermal state feed

condition. With the thermal feed condition e=1 (liquid boiling feed state) and with x2 = 1− x1

from the sum rates criterion (equation (57), but for a binary mixture), the following system of

equations is obtained, which is much easier to solve numerically:

p = x1j+1γ1(x1j+1, Tj+1)pLV1 (Tj+1) + x2j+1γ1(x2j+1, Tj+1)pLV2 (Tj+1),

(91)

ṅVj + ṅLj = ṅLj+1 + ṅVj−1 + CF ṅF , (92)

y1jṅ
V
j + x1jṅ

L
j = x1j+1ṅ

L
j+1 + y1j−1ṅ

V
j−1 + xF,1CF ṅF , (93)

hV (y1j , Tj)ṅ
V
j + hL(x1j , Tj)ṅ

L
j = hL(x1j+1, Tj+1)ṅLj+1 + hV (y1j−1, Tj−1)ṅVj−1 + CFh

L(x1F , TF )ṅF .

(94)
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The composition of the vapour phase can be evaluated directly by equation (56) as an equi-

librium condition, so that with the known quantities x1j , Tj and the system pressure p follows

directly:

y1j =
x1jγ1(x1j , Tj)p

LV
1 (Tj)

p
. (95)

The determination of the unknown quantity variables to be calculated are ṅVj , ṅ
L
j+1, xj+1 and

Tj+1 from the equations (91) �(94) using the interval bisection method as explained in the main

section above. This is done by initially specifying the vapour �ow ṅVj (as in this thesis so called

reduced variable) between the minimum and maximum speci�ed mole �ow values. This allows

the molar �ow ṅLj+1 to be determined via the equation(92) and subsequently the composition

of the liquid phase of the next stage with the molar fraction xj+1 by evaluating the equation

(93). The temperature of the next stage Tj+1 is determined by the equation (94), where a simple

numerical method such as Newton's method with the variableTj+1 can be used. As a criterion

for the interval bisection procedure to determine ṅVj , ṅ
L
j+1, xj+1 and Tj+1, the appropriate ṅVj

is chosen whose solution still best satis�es equation (94). The appropriate interval is then re-

adjusted with respect to the solution of ṅVj using the interval bisection method for the new range

of the reduced variable ṅVj .

Between the boil-up rate and the re�ux ratio, the value of the boil-up rate at the end of the

column iteration of the last separation stage (not to be confused with the bisection iteration,

which is not meant here) can be determined in terms of mass balance without the need to

determine the tears streams before.

5 Simulation results of representative selected test mixtures

The evaluation of feasibility and performance in the distillation application of nuclear fuel pro-

cessing is carried out simulatively using representative preferred binary and ternary mixtures

under ideal phase equilibrium behaviour . Simulation calculations under ideal phase equilib-

rium behaviour essentially represents the best possible separation e�ort. Deviations from ideal

phase equilibrium behaviour is assumed in high separation accuracy, which results in more re-

quired number of separation stages for such a real zeotropic mixtures or, in the presence of

azeotropes, additional separation columns become necessary, e.g. using pressure swing separa-

tion if the azeotropic composition points are signi�cant pressure dependent. The evaluation of

feasibility and performance in the distillation application of nuclear fuel processing is carried out

simulatively using representative preferred binary and ternary test mixtures under ideal phase

equilibrium behaviour . All calculations are simpli�ed under ideal phase equilibrium conditions

with γi = 1 of all possible separations required for the conceptual design according to chapter

(IV). First a mixture with uranium tetrachloride cadmium dichloride and cesium chloride is

simulated. Here, uranium tetrachloride is the main component of nuclear fuel, accounting for

95-98 mol%, with cesium chloride as the �ssion product chloride being the second most impor-

tant component. Validation and comparisons are possible by simulation of the Kroll process.

In [12] the experimental discontinuous distillative puri�cation of titanium tetrachloride under

high re�ux ratio is carried out in a small laboratory test column, which comes closest to the
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principle conditions of the total re�ux column mainly used in this thesis, and in a pilot plant of

a discontinuously operating �ve-stage distillation column.

5.1 First idealized approximation results

In order to obtain initial estimates and indications of distillability, simple calculations are made

using the mixture UCl4-CdCl2 with the composition [0.55, 0.45]T. This mixture is chosen because

it is not expected to have as strong interactions as monochlorides compared to cesium chloride

under real phase equilibrium conditions, as shown in the comparison between ideal and real

phase equilibrium conditions in the previous section 3. Thus, azeotropes are not expected and

the original calculations assuming ideal phase equilibrium are justi�ed. The feed temperature is

1136 K and is based on the boiling temperature of the mixture determined at 1 atm.
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Figure 21: Graphical representation of the single-stage distillation of a UCl4-CdCl2 mixture at
1136 K and 1 atm (with x1/y1 liquid and vapor mole fraction value of uranium tetrachloride)

In a single stage distillation unit, the method of calculating the intersection of the operating

and equilibrium lines is carried out as explained in section 2.2.4.1. The calculation result for

the single stage distillation is shown in Fig. (21). In the vapour phase, the molar composition

fraction of uranium tetrachloride is 0.73883 and in the liquid gas it is 0.31825. The distillation

e�ciency can be considered good with a relative volatility of αUCl4,CdCl2 = 6.06. However, even

with an impurity content of only 10 mol%, single-stage distillation is not su�cient to separate

the chlorides roughly. Single stage distillation processes are therefore only suitable for separating

gases dissolved in the melt or highly volatile chlorides. Examples of such separations would be

the separation of boron trichloride with a boiling point of 285.8 K from a low volatility uranium

tetrachloride-plutonium trichloride-cesium chloride melt.
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Figure 22: McCabe-Thiele diagram for the UCl4-CdCl2 (with x1/y1 liquid and vapor mole frac-
tion value of uranium tetrachloride) distillation into a continuous distillation column of twelve
separation stages:
left: under saturated liquid feed (thermal feed condition)
right: subcooled liquid feed (thermal feed condition)

Fig. (22) shows the evaluation of the distillation of the UCl4-CdCl2 mixture in a continuous

distillation column according to the McCabe-Thiele method for e = 1 (saturated liquid feed)

on the left and e = 1.1 (subcooled liquid feed) on the right. The separation accuracy has been

assumed to be 1 mol% and the equilibrium line sketched for the feed temperature. The blue lines

in Fig. (22) are the operating lines of the rectifying section of the distillation column and the

yellow lines are those of the stripping section of the column. In the case of liquid boiling feed, the

intersection is unfavourably high and ensures a large number of necessary separation stages in

order to obtain as distillation products only uranium tetrachloride with an impurity level of 1 mol-

% in the top of the column and cadmium dichloride in the bottom. According to Underwood's

estimation method, the re�ux ratio here is relatively small, with a value of 0.32 < v < 0.49.

The ratio of the separation stages is almost the same in both column sections (rectifying-section

and stripping-section), which means that the feed in the column can be placed on the sixth

separation stage. Since the equilibrium line has only been determined at the feed temperature,

the degree of separation must be set lower than when evaluating the composition as a function

of temperature. Due to the lower separation e�ciency at high substance proportions for one of

the two substance components, more stages are then required according to the McCabe-Thiele

method.

For improving separation by reducing the number of separation stages required, the thermal

feed condition for distillation can be modi�ed by subcooling the liquid to reduce the rectifying

part of the column. In this way, the separation process is preferably shifted to the stripping

part of the column, which is more favourable for separation. For a value of e = 1.1 and higher,

according to the results of Fig. (22) (right), only ten separation stages are required. The feed is

then on the fourth separation stage, while the stripping section of the column has been enlarged.

Further detailed analyses of such and numerous other separation examples with such simpli-

�ed graphical methods were carried out in [29] and will not be discussed in detail here in this

thesis. Much more important is the presentation of the simulation of suitable distillation columns
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with test mixtures with the self-implemented simulation models in the following sections.

5.2 Simulation results for the total re�ux column

The use of the total re�ux column to separate chlorides as accurately and selectively as possible

is investigated theoretically. In the following, a new idea of column operation mode is presented,

specially developed for this thesis, which involves successive total re�ux column settings in a

closed operating system and subsequently allows separate product removal without grossly inter-

fering with the operation of the column. As shown in Fig. (20), the column is completely closed

during the total re�ux operating phase. Fig. (20) presents the column design in two column

operating states shown in blue.

(a) First operating state:
Overall total re�ux column operation

(b) Second operating state:
Distillation product removal and separate internal
total re�ux operation mode

Figure 23: Conceptual design of the main distillation column used in this nuclear fuel reprocessing
with two separate column operation modes.

In the �rst step before use, the liquid feed to be distilled is fed into the column in a quantity

nF and with a homogeneous composition xF . The column is then switched to operating mode

and operated according to the total re�ux principle until the column has reached a steady

state. Once the steady state total re�ux mode has been reached, the top distillation product and

possibly the bottom product are concentrated in a �rst and second secondary distillation product

re�ux drum connected in series. At the top of the column, in total re�ux mode, no distillate

is removed from the �rst and second serially connected re�ux drums and all of the distillate is

completely returned to the distillation column. By closing the second re�ux drum but switching

the �rst re�ux drum to total re�ux mode by opening the re�ux valve in the �rst drum while

closing the second re�ux drum, it is easy to remove distillate without a�ecting the total re�ux

principle. In the second re�ux drum, the pressure must also be kept constant during the removal

of the distillation product, which is achieved by inert gas injection, as shown in Fig. (20) (on

the right second operating state) in the second operating mode. Similarly, the same could be

done for bottom product removal if technically necessary. So the advantage is that a closed,

safer distillation system is always available, and it comes very close to the more optimised total

re�ux column operation, with a lower number of stages required for distillation compared to the

continuous or discontinuous column operation common in the industry. The only disadvantage

is the lower amount of distilled product, so this column principle is not suitable for the chemical
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industry when large amounts of product are sold in most cases, where this distillation concept

would never be economical.

For the simulations in this thesis, the compositions are only evaluated in the discrete sta-

tionary column mode according to the total re�ux principle. In order to be able to simulate the

column in general, the summation or integration of the substance-speci�c molar �ows must be

determined as a function of the column height, which is equal to the batch quantity circulating in

the column per active operating time in the running process cycle (PPC) ∆tPPC. A continuous

process cycle of the total re�ux column operation selected here, in which a distillate is enriched

discontinuously in a distillation column until the steady-state operation of a total re�ux column

is reached and then the distillate is withdrawn, is called PPC. For the batch volume per time

ṅF =
nF

∆tPPC
. (96)

To simulate the total re�ux mode of each PPC, the simulations for the entire re�ux column

must be optimised so that the substance-speci�c molar �ows of the liquid per separation stage

with ṅLij = xijṅ
L
j are equal to the circulating molar �ow ṅF . This can be done iteratively by

setting the default molar composition as a variable iteration variable. Following a suitable non-

gradient-based optimisation procedure, the composition is varied after each simulation until the

circulating batch �ow per total time is equal to twice the amount of substance-speci�c liquid

phase molar �ows per separation stage. Since for each separation stage the mole �ows and mole

fractions between the liquid phase and the next vapour phase must be equal according to the

equations (86) and (87), the sum of the liquid �ows must be equal to the vapour �ows after

applying the mass balance. Therefore, for the simulation in the steady-state mode of the total

re�ux column, the following applies

ṅF ≈ 2

Ncomp∑
i=1

nth∑
j=1

xijṅ
L
ij . (97)

In the following simulations, only the stationary operation of the total re�ux column is

simulated in this thesis by �rst determining the composition, molar �ows and temperatures for

each separation stage to be able to start the total re�ux simulation. This idea of distillation

column operation, together with the simulation of its total re�ux PCCs, is of great importance

in the conceptual design.

5.2.1 Distillation of the UCl4-CdCl2-CsCl system

The �rst test mixture used is the substance system UCl4-CdCl2-CsCl with the corresponding

composition x = [0.96, 0.016, 0.024]T which is primarily fed to the column. A PPC total re�ux

column operation is then simulated and the simulation results are shown in Fig. (24).

The simulation results show that in stationary operation of the total re�ux column, high

purity uranium tetrachloride can be concentrated in the �rst separation stage and high purity

cesium chloride in the last separation stage. As the number of stages increases towards the evap-

orator, the proportion of the light-boiling component uranium tetrachloride decreases and the
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proportion of cesium chloride continuously increases. The separation curve of cadmium dichlo-

ride occurs in the middle section of the column with a global maximum of the separation curve

as a typical medium boiling component. The maximum of the cadmium dichloride separation

curve with respect to cadmium dichloride is located in the seventh separation stage with a stage

temperature of 1237 K, close to the boiling point of cadmium dichloride. Further away from the

sixth and seventh stages, cadmium dichloride is much more depleted because the temperatures

there are too cold or too hot for this component to remain as an intermediate boiler in these

column areas. As a result, this component tends to accumulate in the vicinity of the seventh and

sixth column stages. In the �rst and last stages, the amount of cadmium dichloride involved is

less than 1E-04 mol%.

With regard to the temperature pro�le, it is noticeable that there are essentially two temper-

ature plateaus in the simulation results for the temperature, depending on the boiling point of

the light and heavy boiling components of uranium and cadmium chloride. As the proportion of

the medium boiling component cadmium dichloride is always lower than for the other two com-

ponents, cadmium dichloride contributes little to the average setting of the stage temperature via

the thermal equilibrium state. As the proportion of uranium tetrachloride clearly predominates

in stages 1 to 6 and the proportion of cesium chloride clearly predominates in stages 8 to 12, the

boiling temperature there is also in the direction of the corresponding pure components. Due

to the requirement that the feed should contain 96 mol% uranium tetrachloride, the proportion

of uranium tetrachloride in the liquid molar stream of separation stages 1-5 is correspondingly

greater than in other separation stages. In the seventh stage, where the cadmium dichloride

fraction is maximum and the cesium chloride fraction is already reduced compared to the eighth

stage, the liquid molar �ow becomes minimum. Therefore, a global minimum is reached in the

mole �ow pro�les in the seventh stage. Consequently, the mole �ow pro�les in the temperature

plateaus of the column between stages 1-5 with uranium tetrachloride as the dominant material

component and between stages 8-11 with cesium chloride as the dominant material component

assume constant values.

For real VLE behaviour , the possibility of azeotrope formation in the interaction behaviour

between uranium tetrachloride and cesium chloride could be present here, as discussed in section

(3.1) for similar mixtures of uranium tetrachloride and monochlorides of the alkali elements. As

the azeotropy results have shown, mixtures of uranium tetrachloride with lithium or sodium

chloride are estimated to be strongly azeotropic mixtures. This could also be the case for the

uranium tetrachloride-cesium chloride system. In the ternary mixture UCl4-CdCl2-CsCl, the

formation of a limiting distillation line in the form of a distillation barrier is conceivable, taking

into account the function f(x1, x3) of the composition of uranium tetrachloride (1) and cesium

chloride (3). For this, the binary VLE substance system UCl4-CsCl would �rst have to be

measured to check if and where the azeotropic composition is present. The ternary system can

then be tested experimentally in the future for the presence of such a distillation boundary line.

If such a distillation boundary line exists, it would be possible to cross it by adding cesium

chloride at certain composition points in the region of the distillation boundary line in order to

enter the other distillation region. Alternatively, if the azeotrope shows a signi�cant pressure

dependence from the measurements, the usual pressure change method can be used as explained
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in section (3.2.2).
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Figure 24: Simulation results for the total-re�ux distillation of the UCl4-CdCl2-CsCl mixture
with the assumption of ideal phase conditions
(boiling points of UCl4: 1064 K, CdCl2: 1237 K, CsCl: 1570 K)

The �nal comparison of the simulation results of Octave Matlab and the ChemSep Lite model

in Fig. (24) under ideal phase equilibrium behaviour shows a very good agreement between the

results. Both models are able to describe the separation problem in the same qualitatively and

quantitatively correct way. This underlines the applicability of the Octave/Matlab model to

use it for the analysis of more complex substance systems of the conceptual design even with

little known substance data. The largest logarithmic deviations of the simulation results are

shown for the mole fraction of uranium tetrachloride with increasing number of stages and for

cadmium dichloride for compositions, the further the separation stage is from the feed stream or

the global maximum of the cadmium dichloride separation curve of the seventh separation stage.

When determining the liquid mole �ows, the mole �ow curve of the ChemSep model used is

slightly higher than that of the Octave/Matlab model. The presumed reason for this is probably

the di�erent determination of enthalpy via heat capacities in the total re�ux Octave/Matlab

model. The deviations in the temperature pro�le are quantitatively even smaller and only di�er

noticeably by a few degrees in the eighth separation stage.
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5.2.2 Simulation of titanium puri�cation from the Kroll distillation process in total

re�ux columns

A pilot plant for the chlorination of various titanium-containing ores and the distillation of

titanium tetrachloride from the corresponding fully chlorinated volatile salt mixtures according

to the Kroll process was technically realised as early as the 1940s. The experimental results

for the distillation are given in the technical report in [12]. Two distillation examples for the

simulation of a total re�ux column are taken from this report. First, a total re�ux distillation

column is simulated according to the TRC-O/M and TRC-C/S models for a binary mixture of

silicon tetrachloride and titanium tetrachloride.

The aim is to �rst re-simulate a �ve-stage laboratory column according to [12] under high

re�ux ratios, in which the separation of titanium tetrachloride with a purity of 99 mol% as a

heavy boiler and more volatile silicon tetrachloride as a light boiler with an impurity of 6 mol%

of titanium tetrachloride. Here total-re�ux simulation is useful to nearly simulate the separation

condition in [12] of special high re�ux rate for the laboratory column. In this case, the simulation

results (Fig. (25)) show that a separation with �ve separation stages is su�cient to obtain exactly

these product speci�cations by total-re�ux distillation column.
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Figure 25: Comparison of the simulation results of the SiCl4-TiCl4 distillation

The comparison of the results in Fig. (25) shows almost the same simulated results as in

the literature in [12]. The simulation results are therefore in remarkably good agreement with

the experimental results. At the condenser the residual titanium tetrachloride content according

to our own TRC-O/M model is 5.4 mol%, i.e. close to [12] values of an expected residual of 6

mol% at high re�ux ratios. In the TRC-C/S model the value is slightly lower, as can be seen

in Fig. (25). Further towards the evaporator the proportion of titanium tetrachloride increases

according to the simulation results in Fig. (25) and the proportion of silicon tetrachloride as a

low boiling substance decreases accordingly, as can be seen from the mole fraction values shown.

From the third separation stage onwards, titanium tetrachloride dominates as the heavy-boiling

component until titanium tetrachloride is obtained in the bottom distillation product with a

separation accuracy below 99 mol-%, as also graphically mentioned in [12]. The separation

accuracy is thus slightly better than that given in [12] (for the �ve-stage laboratory column at

high re�ux). In conclusion, both simulation models are able to reproduce the separation curves
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and temperature pro�les with good agreement between the results. Only the temperature curve

di�ers by a few degrees between model and experimental results. All other deviations can be

seen in Fig. (25). The results of the re-simulation of the distillation of the binary mixture in

a �ve stage laboratory distillation column have shown that the results given in [12] are in full

agreement. This demonstrates the applicability of the TRC-O/M model for simulations with

ideal phase equilibria. This also indicates a very ideal zeotropic separation behaviour for such a

binary VLE system.

As a further example, a more complex �ve-component mixture corresponding to the feed

composition Lot1 according to [12] is now simulated in a total re�ux column. A mixture of

Cl2-SiCl4-TiCl4-VCl4-FeCl3 with 97-5 mol% TiCl4, 2 mol% SiCl4 and small amounts of other

speci�ed components is used as the feed template for the total re�ux column simulation. In

contrast to the distillation column according to [12], chlorine is now to act as a light-boiling

component and ferric chloride as a heavy-boiling component, so that the corresponding boiling

temperatures (of the pure substances) must also occur in the column in order to maintain the pure

substances. Secondly, a re�ux ratio of 2 is assumed for the pilot plant and the same high re�ux

ratio for the laboratory column. According to the simulations, a column with fourteen separation

stages is required to achieve this separation accuracy, with the simulation results shown in Fig.

(25). However, it should be noted that in the experimental results chloride was not considered as

a separation component within the distillation process, although its composition was measured

in [12].

The molar �ow according to the simulation results after total re�ux column operation in �g.

(26) of the �rst stage is about 0.85 mol/s. This �ow consists only of circulating high purity

volatile chlorine. The temperature pro�le shows that the chlorine content decreases rapidly from

the fourth/�fth separation stage. The chlorine separation curve then follows a monotonically de-

creasing curve with increasing number of stages. Silicon tetrachloride is the next medium boiling

component in this distillation column with a sharp global maximum in the �fth trap. This is fol-

lowed by the intermediate components titanium tetrachloride and vanadium tetrachloride with a

maximum in the eighth stage. The medium boiling component titanium tetrachloride dominates

in the 6th to 8th stage. Matching the maximum of these two medium boiling components in

the separation pro�les, the maximum of the mole �ow curve is also found at 0.43 mol/s. The

temperature pro�le does not show a monotonous S-shape, as the temperature curve in the sep-

aration stage area of the column takes a di�erent curve due to the medium boiling components.

From the ninth separation stage onwards, the heavy-boiling iron(iii) chloride predominates. As

a result, the temperature curve changes again from this separation stage onwards, as is typical

of the heavy-boiling component. After the local maximum, the mole �ow decreases and reaches

a global minimum of 0.24 mol/s in the ninth stage. As the number of stages increases, the molar

�ux increases again to 0.3 mol/s in the fourteenth stage.

Comparing the models TRC-O/M and TRC-C/S it can be seen that the slope of the separa-

tion curve of the medium boiling components titanium tetrachloride and vanadium tetrachloride

is almost the same for each separation stage (visible in the range of separation stages 5--12). This

can be explained by the similar relative volatility values between 1.1 and 1.6 and similar boiling

points of the pure substances of 409.5 K for titanium tetrachloride and 421.0 K for vanadium
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tetrachloride. Here all the curves shown in Fig. X between the two models shown are in excellent

agreement with each other. Both models reproduce almost exactly the same separation results,

which shows that the Octave/Matlab models are able to simulate even complex mixtures very

well compared to the professional software ChemSep Lite, which requires much more pure com-

ponent data, since for the Octave/Matlab model nearly only vapour pressure data are necessary

for a successful simulation of such a total re�ux column with complex multi-component substance

systems. Slightly larger deviations are only seen in the separation pro�les of the medium boiling

components with increasing number of stages due to the propagation of deviations between the

two models. In the representation of the mole �ow curve, the deviations are larger due to the

di�erent evaluation of the enthalpies for both models, as already indicated for the separation

examples in the previous section. Apart from the ninth separation stage with a slightly larger

deviation, the temperature pro�le is also correctly represented by the simulation results of both

models.5
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Figure 26: Comparison of the simulation results of the Kroll process

In order to compare the experimental results from[12] with the simulation results, it can be

shown in the following on the basis of another simulation example that the VLE behaviour of the

5In summary for the comparison of Octave/Matlab and ChemSep Lite models, the comparison of the appli-
cation of the simulation models shows the excellent applicability of the TRC-O/M model for the simulation of
more complex substance mixtures under ideal phase equilibrium relationships. Although signi�cantly less material
data is required, the TRC-O/M model can be robustly applied to the development of separation processes in the
distillation of spent fuels.
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�ve-component mixture behaves very similarly to an ideal phase equilibrium behaviour without

signi�cant deviations from Raoult's and Dalton's law if chlorine is not considered as a substance

component to be separated. As a substitute, a similar four-component mixture without chlorine

is now simulated using the data on the feed state from [12] for "Lot-1" in Tab. (2) (of [12]) and

the experimental distillation results for the laboratory column at very high re�ux ratios in Tab.

(5) (of [12]). The data are summarised in Tab. (11). This mixture is also excellently suited for

simulation purposes as a substitute example for the representation of subsystems in nuclear fuel

processing, in which a predominant tetrachloride component, namely uranium tetrachloride with

95-98 mass % (also known as weight %), is also present as a feed with further �ssion products (e.g.

rare earths) or actinides (e.g. plutonium or neptunium) as tri- or tetrachlorides with preliminary

neglect of di- and monochlorides. When considering a six-stage separation column (including

the evaporator as an additional separation stage), as analogously used in [12] for the industrial

column as a pilot plant, this column condition can be simulated very well with su�cient accuracy

with a total re�ux column at high re�ux ratios. Deviations between experimental results and

simulation results therefore only result from the di�erences in activity according to equation

(27) for phase equilibrium behaviour between ideal and real phase equilibrium behaviour and

from possible deviations caused by the numerical solution procedure compared to the distillation

experiment according to [12] for laboratory column distillation.

The comparison of the simulation results with the experimental results according to [12]

shows in Fig. (27) the good agreement of the simulation results between TRC-O/M and TRC-

S/L also for this example. It can also be seen that for the main components silicon and titanium

tetrachloride the separation behaviour is very similar to the experimental results. This shows

that this zeotropic partial mixture must also behave very similarly to the ideal behaviour close

to γi ≈ 1, because almost exactly these separation limits are reached in the experimental case

according to the presented results (experimental results according to [12], TRC-O/M and TRC-

S/L). Only for ferric chloride and vanadium tetrachloride are there larger deviations, otherwise,

according to the experimental results for vanadium tetrachloride, the distillation area should

be concentrated in the opposite direction to the evaporator and there should be a measurable

proportion of ferric chloride in the bottom product.

Thus, for this simulated mixture essentially for silicon and titanium tetrachloride, it is im-

pressively shown that in both simulation models practically only the vapour pressures are su�-

cient with a simple model approach to be able to simulate complex mixtures under ideal phase

equilibrium conditions. Compared to the very large deviation behaviour of the real measured

equilibrium results of the TiCl4-AlCl3 mixture according to section (3.2.1), it is shown that for

representative mixtures with uranium tetrachloride, the interaction behaviour does not necessar-

ily have to show large deviations with respect to this similar comparable substance mixture with

similar degree of chlorination of involved substances. This is also illustrated by the interaction

behaviour with the mixtures of uranium tetrachloride and lanthanum trichloride, as they occur

representatively in the case of the distillative treatment of spent fuel recovery in section (3.2.2)

and the simulation results according to subsection (D.1), where the mixtures are zeotropic, but

also not so far away from the ideal phase equilibrium behaviour condition of the VLE (if not

too high separation accuracies are required, as conclusively shown in this example for the Kroll
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process according to [12] and the re-simulation). Furthermore, according to [4], as also men-

tioned in section (3.2.1), the binary subsystems SiCl4-TiCl4, SiCl4-VCl4, TiCl4-VCl4 are known

to be strictly zeotropic mixtures, except for iron(III) chloride. In this range of possible interac-

tion behaviour s, such a separation behaviour can be expected for nuclear fuel processing when

considering binary uranium tetrachloride systems.
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(a) Comparison between TRC-O/M and experimental results:
(right in logarithmic scale)
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(b) Comparison between TRC-C/L and experimental results:
(right in logarithmic scale)

Figure 27: Comparison between experimental and simulated results for a high re�ux laboratory
distillation column according to [12] for the composition "Lot-1" used in Tab. (11). The bound-
aries marked with an upward arrow in the thinner lines show the experimental results according
to Tab. (11) as the top product composition and with a downward arrow as the bottom product.

Table 11: Experimental results in [12] in wt% for �Lot-1� of laboratory distillation column for
fractionation of commercial titanium tetrachloride. Source of data: see [12].

Component Feed Top product
(2-wt%)

Bottom product
(93.4-wt%)

Residuals
(3.3-wt%)

TiCl4 97-98 5.0 99 99
SiCl4 1.5-2.5 95.0 Negligibly small Negligibly small

V as VCl4 0.06 0.0215 0.015 0.015
FeCl3 0.002 Negligible Negligible Not speci�ed
Cl2 0.03 Not speci�ed Not speci�ed Not speci�ed

In conclusion, it can be said that for process development of distillation-based separation
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processes, the calculation with ideal phase equilibrium behaviour using the Octave/Matlab mod-

els, as well as the simulation as simpli�ed zeotropic mixtures, is reasonable as far as is known

from the literature for representative mixture examples such as those used here. Therefore, in

the next section and in the conceptual design part of this thesis, Octave/Matlab based models

will be used, assuming ideal phase equilibrium.

5.3 Simulation of separation of non-chlorinated solids, gases and volatiles

This section deals with special situations for the separation of on the one hand highly volatile

dissolved gases and volatiles and on the other hand non-volatile solids, such as non-chlorinated

oxide or metal material of precious and refractory metals, which can occur during distillation

under simpli�ed ideal physical equilibrium conditions and a conceptual design of a separation

plant. For the solids separation, the Octave/MATLAB distillation models were used, in which

the otherwise usual phase equilibrium relationships according to equation (27) for the description

of VLEs are replaced by SLE equilibrium conditions according to equation (20) for SLEs. In this

way, concentration separation units for suspension melt solutions and crystallisers are simulated

with these models.

In addition to the simulation results in the Appendix for the �rst section of the total re�ux

column, the decay heat e�ects in the distillation column are investigated in detail and the heat

input per separation stage is determined. Simpli�ed, it is assumed that, as in a continuous

distillation column, the heat production is approximately in equilibrium when the continuous

product is withdrawn, which is the case here. Su�ciently assured heat removal of decay heat

is an important safety feature that should be mandatorily estimated for distillation based on

the circulation of material components within the column on test mixtures with active elements

contributing to the decay heat of each active isotope. Knowledge of the heat accumulation in the

column also allows conclusions to be drawn about the cooling required and, where appropriate,

the use of the active components as so-called active heat generating elements in the evaporator

of a distillation column.

In this section, impurities are de�ned as dissolved gaseous or solid components that can be

considered as suspended or dissolved in the molten salt after chlorination. These can be oxides,

metals, precious metals or noble gases, but also highly volatile chloride components, some of

which have boiling points well below 500 K. The highly volatile chlorides would cause practical

problems in distillation, as many of the chlorides may be metastable in some phases, as in the

example of selenium chlorides in the system SeCl4(s)-Se2Cl2(l,g)-SeCl2(g)-Se(s,l,g)-Cl2(g). Other

volatile chlorides may be formed, for example, by tellurium, antimony, niobium or tin chlorides

in stable or metastable form. Therefore, after chlorination, such volatile chloride compounds

should be separated at the lowest possible temperatures. Since uranium tetrachloride is often

present in very high proportions in the salt mixture for most nuclear separation problems, the

separation process of these volatile components should be carried out slightly above the melting

point of uranium tetrachloride to prevent the melt from freezing. Unfortunately, the vapour

pressure of uranium tetrachloride in the liquid phase is already relatively high and, under these

conditions and circumstances, signi�cant amounts of uranium tetrachloride are also present in the

vapour phase. Therefore, the idea is to separate the volatile chlorides in two separation steps by
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�ash evaporation and subsequent condensation before using the main distillation if technically or

theoretically feasible. In this process, the volatile components, including uranium tetrachloride,

can �rst be removed via the vapour phase of �ash evaporation at higher temperatures and then

condensed out in the subsequent condensation unit at low temperatures (far) below the melting

point of uranium tetrachloride. Only the volatile chlorides remain in the vapour phase in the

second separation step. Therefore all volatile chlorides present in the original salt mixture are

then completely separated.

Another issue is the earliest possible separation of solids. Non-chlorinated dissolved or sus-

pended solids should not enter the distillation column stages to prevent crystallisation and me-

chanical blockage. Suspended salt melts can also increase the viscosity of the liquid phase. This

also makes it necessary to separate such substances as early as possible before using distillation

as the main separation step in this thesis. The advantage of these non-volatile materials is the

di�erent polarity compared to the chlorides, in which it should form miscibility gaps even the

di�erent polarity properties of these species compared to the chlorides. So the idea is to con-

centrate the melt step by step and possibly evaporate a little. This step can be combined with

the previous separation step of volatile separation by phase change of the dissolved volatiles into

the vapour phase. It can be assumed that the solids, as practically non-volatile components,

cannot pass into the vapour phase, but only a few volatile chlorides and the volatile components

themselves. In addition, the solubility of any dissolved solid components is signi�cantly reduced

by the evaporation of the chlorides and these components crystallise out of the melt. Since the

melt contains only small amounts of solids, the amount of concentrated melt is much less than

the original mixture. After concentration, these residual chlorides from the separated �ltered

solids can then be evaporated in a type of furnace unit at high temperatures of around 2000 K

in the hot exhaust gas stream of a hot argon atmosphere stream. In this case there is even the

possibility of a continuous operation variant using conveyor belt technology, where the melt is

continuously fed into the furnace type and the remaining solids without chlorides are conveyed

out after sieving and/or �ltration. Other alternative methods for handling solids are described

in detail in an experimental tech report in [85] regarding such solids in nuclear waste material,

e.g. molten salts.

The above-mentioned preseparation processes prior to the actual main distillation of the

molten salt are simulated in a simpli�ed manner under ideal phase equilibrium conditions using

the SSD-O/M and SSD-C/S models. For the separation of the highly volatile chlorides, the

following test mixture SbCl3-CsCl-PuCl3 (boiling point of antimony trichloride 496.6 K compared

to cesium chloride at 1573 K) with the composition vector [0.083, 0.250, 0.667]T is used for

simulation. The feed mole �ow here is 0.1 mol/s. The argon supply here allows the formation of

a larger gas phase in which the antimony trichloride component can preferentially pass into the

vapour phase. In addition, the argon supply is used to spray the liquid into the �ash chamber

to favour the exchange surface for mass transfer to the vapour phase.
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Figure 28: Simulation results for the separation of highly volatile SbCl3 from the ternary mixture
SbCl3-CsCl-PuCl3 at temperature T in the argon gas stream supplied at 1 atm.

The simulation results for �ash evaporation and condensation are shown in Fig. (28) . At the

optimal operating temperature of the �rst separation of 1093 K, the simulation results according

to Fig. (28) (left �gure) show that antimony trichloride occurs only in negligible amounts of 2E-

04-mol% in the liquid phase (left partial bar shown in blue for SbCl3). Thus, the majority of the

antimony trichloride passes into the vapour phase (right green middle bar of SbCl3 shown in red).

Due to the higher operating temperature, some of the cesium chloride passes into the vapour

phase, although the majority remains in the liquid phase (left blue bar for CsCl). The proportion

of plutonium trichloride in the vapour phase is considered to be very low, passing through the

vapour phase with a mole fraction value of 1E-03 mol%. Nevertheless, plutonium trichloride

should be virtually completely separated from the volatile antimony trichloride component below

the ppm separation range. The separation of cesium chloride and plutonium trichloride in the

next separation step is simulated as pure condensation within the separation chamber with the

simulation results in Fig. (28) (right �gure). While antimony trichloride remains in the vapour

phase, only a negligible amount of cesium chloride (of about 2E-04-mol%) is present in the vapour

phase at 1041 K. Otherwise, cesium chloride and plutonium trichloride are condensed out of the

vapour phase, as shown in the simulation results in Fig. (28) (right �gure) (blue bar on the left

for each component). The remaining argon-antimony trichloride gas �ow is then only 0.038939

mol/s.

Fig. (29) shows the simulated separation result at 1093 K and 1 atm for �ash evaporation

when 10 mol% solids are added to the original mixture in the original antimony trichloride -

cesium chloride - plutonium trichloride mixture. It is assumed that the melt contains 5 mol%

rhodium, 4 mol% technetium and 1 mol% uranium dioxide. The vapour pressure of the solids

is so low that no fractions are observed in the vapour phase, as can be seen in the plotted

simulation results. In fact, all the solids remain in the liquid phase. The concentration of the

solids rhodium, technetium and uranium dioxide in the melt is simulated via concentration and

crystallisation with nine separation repetitions of crystallisation and sieving (at 1093 K and 1

atm). The separation results are shown in Fig. (30), with concentration starting in the �rst

separation stage of the liquid feed and neglectable solid amount but available solid fraction.
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From the simulation results it can be seen that all the solids are completely removed from

the liquid phase in a few required separation steps (also further de�ned as separation stages)

and the proportion of solids in the concentrated phase increases. The amount of solids will be

di�erent for each separation stage. The simulation shows that uranium dioxide is separated in

the second stage, followed by technetium in the sixth stage and rhodium in the eighth stage.

Since in the simulation model the solids are concentrated for each separation stage, the uranium

dioxide component in the solid phase is virtually absent from the �fth separation stage onwards.

As rhodium remains as the last component in the solid phase, the proportion of rhodium in

the solid phase increases. From the ninth stage onwards, the separation of the solids can be

considered to be complete, as there are virtually no solid components left in the liquid phase.

The simulation results have thus successfully demonstrated the concentration and crystallisation

of the solids. The separation of the volatile components has been shown in the previous analysed

separation task in Fig. (28).
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Figure 29: Simulation results for the separation of high volatile SbCl3 from the SbCl3-CsCl-
PuCl3-UO2-Tc-Rh in the fed argon gas stream at 1093 K and 1 atm

The evaporation of the remaining chlorides from the solids separation can then be easily

achieved by setting the temperature above 2000 K, although due to the very low vapour pressures

of the solids, a transition to the vapour phase is practically impossible.

Another process idea is to carry out the concentration steps and solids removal discontinuously

directly in the evaporator of a distillation column, where the solids are concentrated directly in

the salt melt of the evaporator. However, the solids then have to be removed manually. Since

everything should take place in the closed total re�ux system discussed above, such a conversion

in an evaporator of a distillation column is even more di�cult to implement and integrate.

Finally, the solids separation should be considered as a separate separation unit.
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Figure 30: Simulation results of the concentration & crystallisation of solid impurities at an
average temperature of 1093 K and at 1 atm.

Within the developed process of volatile and non-volatile separation in two single-stage sepa-

ration units, all aspects for the basic conceptual design of spent fuel processing have been shown,

so that the conceptual separation design can be developed. Since the distillation and presepa-

ration can withstand some variability, at most a minor modi�cation is required to also purify

HWL and DFRm material by distillation, as shown in the Appendix after section (C.1.1). In

fact, as the results in the appendix will show, no signi�cant modi�cation at all is required.
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Part IV

Conceptual design of distillation-based

processing for various nuclear waste materials

This section deals mainly with the reprocessing of spent nuclear fuel (SNF) from spent fuel

elements, including all other additional separation units and steps required, such as the self-

designed distillation-based cladding material recycling and waste gas treatment according to

the Linde process (compare e.g. [137]). Using appropriate simulation models, a separation

concept has been developed under ideal phase equilibrium conditions and ideal assumptions.

The application of the developed separation process to other nuclear waste, such as high-level

waste (HLW) from other reprocessing activities, is further investigated and discussed in the

appendix in the section (C). The appendix also discusses the recovery of DFRm fuel with

the same developed distillation-based conceptual distillation design shown, but under di�erent

process conditions. Furthermore, the applicability of distillation for the reprocessing of DFRm

material is also simulated and its results are subsequently discussed in detail, including the point

of integration and even possible mixing of di�erent wastes, and it is shown that this is possible

with the same conceptual separation design.

6 Process development of the main separation concept

Examples of nuclear distillation for SNF (re)processing, HLW recycling and DFRm fuel recovery

can be applied to a single, independently developed separation concept in the context of the

overall distillation-based SNF (re)processing concept. The section (C) with HLW and DFRm

separation, while subsequent sections as central parts of this thesis deal with the basic SNF

distillation-based separation processing concept. The simpli�ed basic �ow chart for this is shown

in Fig. (31). With the exception of fuel chlorination, o�-gas treatment and zirconium cladding

material recycling, the separation process should operate at atmospheric pressure of about 1

atm.

The main �ow chart The main focus in this chapter is on SNF processing. In the

mechanical separation unit, the cladding material is separated from the SNF fuel under an argon

atmosphere. In the conceptual design, the cladding material is crushed and the fuel is ground,

e.g. in a ball mill, to a powder with a preferred mean particle size of 5µm. The chlorination

of the cladding material is carried out with chlorine as the oxidising agent, since the cladding

material is based on metalloids and is therefore easier to chlorinate than the oxide SNF fuel. The

oxide SNF fuel, which consists mainly of oxide material, essentially uranium oxide, is chlorinated

over hydrogen-free chlorocarbons (fully chlorinated carbon compounds), preferably as a carbon

tetrachloride-chlorine mixture. All chlorination steps are exothermic. A recommended chemical

reaction concept with the use of a plasma �ame is also theoretically conceivable for such oxide

components in the SNF fuel in order to achieve high product yields. Concepts recommending

chlorination-based burner concepts are recommended in [29, 127].
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Figure 31: The generalized basic �ow chart of distillation-based nuclear waste recycling

However, higher pressures are required for distillation-based cladding recycling. The material

basis of the cladding material is based on zirconium of suitable zirconium alloys, in which zir-

conium tetrachloride is predominantly produced during chlorination for the distillation concept

by chlorination for cladding material recycling. High pressure distillation separation processes

are used to separate zirconium and the materially chlorinated cladding material zirconium alloy

components by distillation. Higher pressures are required because zirconium tetrachloride as a

pure substance does not have a liquid phase after chlorination below 1 atm. As the triple point

of zirconium tetrachloride is 22.36 bar and 710 K, the pressures for distillation must be above the

triple point in order for the zirconium tetrachloride to become liquid in the pure state required

for separation.

For the chlorination of the SNF fuel, the process e�ort is increased not only for the chlorination

of the oxide material, but also for the chlorination of some reaction components in order to achieve

high chlorination product yields, whereby some residual precious metal components cannot be

chlorinated, which is still conceptualised in this developed separation concept. Fortunately,

however, the main component of the SNF fuel material is the potentially distillable uranium

oxide, mainly present as uranium dioxide, which makes up on average at least 95 mol% of the

SNF material (see [29]). The remaining 5 mol% are �ssion products in metallic or oxidised form.

Therefore, chlorine is also required for the chlorination of the SNF material in the form of a carbon

tetrachloride-chlorine mixture. In the calculation of the required chlorination step according to

[29] for the volatilisation of the fuel material required for the application of distillation, the

chlorination of uranium dioxide was assumed as the main focus, which could theoretically be

realised in a type of plasma burner or a pulverised fuel combustion chamber. After chlorination,

solid components of metals (refractory or noble metals) and oxides (mainly from the remaining
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non-chlorinated feed material) remain in the chlorinated molten salt SNF material in dissolved or

suspended form, as well as dissolved associated residual gases and volatile chlorides. Separation

of these components should be carried out relatively early in the developed distillation process

in a preseparation unit to obtain pure distillable molten salts, as described in detail in section

(5.3) on the test mixture. This section also explains in detail the separation procedure for these

components. In addition, volatile chlorides and volatile residual components (e.g. iodine, xenon

and others) separated with the noble gas stream enter the o�-gas treatment stage, where �rst the

chlorides are condensed out and then the noble gas components are separated from each other

by distillation in a noble gas treatment unit according to the Linde process (see among others

[137]).

After the pre-treatment and preseparation steps required in the separation design for the use

of the main distillation, the modi�ed total-re�ux distillation column principle proposed in section

(31), as shown in red in Fig. (5.2), was used. In this part of the conceptual design, the chloride

components are distillatively separated as sharply as possible. The column is operated in two

process stages as a closed total re�ux column, an idea from the previous chapter Conceptual

Design Idea for Using SNF Distillation and Subsequent Safe and Even More E�cient Distillate

Removal. The basic process idea without process simulation is still available in [47], but is slightly

modi�ed in this developed separation process by process simulations of each separation unit and

within the designed total re�ux column principle idea by cyclically repeating PPCs (Progressing

Process Cycles). In a PPC, �rst the product feed and then the distillation takes place analogously

to a discontinuous separation column, without in�uencing a favoured total re�ux principle as the

main column operating condition. In the �nal stage of a PPC, the distillate accumulated in the

total re�ux mode of a separation stage is then withdrawn without the need to change operation

or shut down the entire separation column operation. In the discretely repeated operation of the

respective designed distillation column process scheme, the fractionated distillation products are

obtained with separation fractions that are as pure as possible, but also with transitional mixed

fractions, whereby the mixed fractions can also be reused in the next batch of the column to be

distilled. In this way, only a small amount remains in the column until the end of the entire

lifetime of the column.

6.1 Conceptual design of a distillation-based SNF recovery

For simulations and calculations of complex SNF reprocessing mixtures, the detailed composition

vector6 is required. For the �ssion product composition in SNF material the thermal �ssion data

of only U-235 in [35, 138] and in [139] have been used for the simulations required for the

process development. Data from [139] for SNF waste have been specialized used for more precise

estimation of the �ssion product vector of fuel material. Data for other actinide compositions

involved are also taken from [139].

6The SNF material to be reprocessed is present in pellet form, mainly as oxide in fuel elements, as also described
in [13]. The fuel consists mainly of uranium dioxide with a fraction of 95-98 mol%, depending on the fraction
of �ssile material. This �ssile material fraction is limited to a maximum of 5 mol% as an upper limit for the
accumulation of �ssion products in the solid fuel of today's solid fuel reactors [13].
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Figure 32: The main �ow chart of the distillation-based SNF recovery
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The separation process theoretically developed for this thesis is shown in Fig. (32), which is

based on the �ow chart separation idea of [47] and shows all relevant process conditions as well as

all incoming and outgoing process �ows. The separation plant should be capable of processing at

least 1000 t/a with a maximum of 5 assumed maintenance days of plant downtime due to possible

maintenance. The cladding material consists of a zirconium alloy with a clear predominance of

metallic zirconium, as described in [15, 16]. So the mass fraction of zirconium cladding material

relative to the amount of fuel material can be estimated from the geometric dimensions and

shape of these fuel elements according to [16, 29] and is 0.37801. The total fuel input to the SNF

reprocessing plant is estimated to be 0.138684 mol/s. In addition, the fuel mole �ow feed is only

0.086480 mol/s and the zirconium mole �ow is 0.052204 mol/s. The chlorination of the fuel is

equimolar, with the same molar ratio of fuel to chlorinating agent. To ensure the exclusion of

atmospheric oxygen, an argon inerting atmosphere is required for the fuel reprocessing, neglecting

argon losses to the environment. The chlorination of the zirconium cladding material should also

be equimolar, assuming pure zirconium and chlorine for chlorination. It is recognised that in

practice the exact composition in the zirconium alloy may also vary. Given the de�ned recovery

speci�cation of 1E-04-mol%, the remaining molar �uxes can be determined by mass balance and

all leaving process �uxes are shown in Fig. (32).

All other process conditions, process �ows, heat supply and removal �ows are also included in

this �owchart. Note that the pressures pm in the �owchart refer to required minimum pressures,

but are not set exactly to this value. Higher pressures would then be required for operation, such

as for the separation of zirconium tetrachloride in the high-pressure columns DC-3 and DC-4

in which 23.36 bar as the minimum speci�ed pressure corresponds exactly to the triple pressure

of zirconium tetrachloride. The other explanations and following symbol labelling convention is

chosen in the �ow chart diagram of Fig (32):

� Separation-speci�c units:

� DC-1�DC-4: Distillation column operating in the special total-re�ux separation prin-

ciple mode with PPCs as explained in section (5.2) of chapter (III),

� DF-1�DF-2: Continuous fractionation column with possible side stream take-o�s,

� EV-1 or E1: Furnace with argon inerting (E1 simple design, EV-1 (not proposed as a

variant in Fig. (32)) in continuous process in hot argon �ow),

� PB-1�PB-2: Chlorination units (PB=Plasma burner or �uidised bed),

� PC-1: Single phase separator according to �ash evaporation principle,

� SC-1�SC5: Phase separator of a required condensation, crystallisation or concentra-

tion process step.

� Additionally necessary process units:

� M-unit: Mechanical dismantling of the fuel elements to remove the fuel from the

zirconium cladding, including grinding and crushing stages (see: [29, 37]),

� SR-unit (For simpli�cation of �ow chart view, not explicitly shown in Fig. (32)):

Electrolysis and chemical precious metal separation processes for separating precious

metals from oxides, including recycling of the oxides to the renewed chlorination unit,
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� PP-unit (For simpli�cation of �ow chart view, not explicitly shown in Fig. (32)):

Possible necessary postprocessing steps.

� Necessary accessories:

� B1�B2 (For simpli�cation of �ow chart view, not explicitly shown in Fig. (32)):

Temporary storage in containers: in B2 this is theoretically replaceable by the system

of M1 and K2,

� C1�C5: Compressors and pumps,

� D1,D1a,D2: Throttles and pressure relief valves,

� H1�H5: Heat exchanger,

� K1�K2: Retention device for solids, for example by means of retention sieves,

� M1: Mixing unit as static mixer,

� S1�S5: Concentration, enrichment or sedimentation tanks or vessels.

Figure 33: The detailed basic �ow chart of distillation-based nuclear waste recycling, Ref.: [13]
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In summary, the separation process developed comprises the necessary separation processes

shown in Fig. (33), divided into three process areas:

1. Section mechanical separation and chlorination,

2. Section prefractionation,

3. Section distillation.

The condensation units are shown in Fig. (33) as a single separation unit.

In order to use a distillation-based separation process, the fuel and cladding material must

�rst be mechanically separated. This involves removing the fuel material from the cladding

material and further grinding it into powder. The cladding material is shredded. A concept

for mechanical separation (preconditioning) is described in [29] (p.29 - 35) and includes the

separation of the cladding material from the fuel. The fuel is ground in a ball mill to a mean

solid particle size of 5µm, corresponding to spherical solid particles of the same size. The

cladding material, on the other hand, has to be coarsely crushed in the millimetre range. The

particle size distribution is particularly important for the chlorination of the fuel material, since

the rate of the macroscopic chlorination reaction in the selected chemical reactor is decisive,

and the chlorination processes are strongly dependent on time and particle size in relation to

the product yield. The particle size of 5µm has been determined in the calculations to allow

chlorination in PB-1 (as shown in Fig. 32) in continuous �ow plasma burners or in discontinuous

�uidised bed pulverised fuel combustion chambers. There, the oxide compounds are to be broken

down in order to chlorinate the corresponding elements via a suitable chlorinated carbon-chlorine

mixture, a preferable carbon tetrachloride-chlorine mixture, in order to obtain a fully chlorinated

metal salt with high product yields. For the chlorination of uranium with carbon tetrachloride,

the following reaction takes place

UO2(s) + CCl4(l/g)→ UCl4(V ) + CO2(g). (98)

First, it should be noted that under normal conditions in the range of 1000 K, despite a

strongly negative enthalpy of reaction, chlorination to high product yields of uranium dioxide is

still not possible according to (among others). The reason for this, according to [140], is that

no di�usion and reaction to carbon dioxide can be assumed to take place due to the lack of

desorption capacity of oxygen in the present crystal structure of uranium dioxide. This is the

reason for choosing a type of plasma combustion with small particle sizes of about 5µmand

process ambient temperatures of 2000 K and higher process pressures or chlorination in �uidised

beds.

Secondly, uranium tetrachloride should be obtained as the only uranium chloride component

in the chlorination process, as this is the result of the process design presented here. It would be

problematic to remove the volatile, simpli�ed, thermally stable penta- or hexa-chloride uranium

compounds together with the volatiles to be separated in the �rst preseparation step. Less volatile

uranium trichloride would in addition accumulate in the heavy boiling fraction together with

other actinide and lanthanide trichlorides and would signi�cantly increase the separation �ow for

the distillation problem, since almost 95 mol% of the fuel is assumed to be uranium. In addition,
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the separation of the uranium trichloride is between that of americium and plutonium trichloride,

and also the relative volatility values show this, so the di�erences between the volatilities of the

components would be much smaller compared to the quite optimal uranium tetrachloride with

very high relative volatility compared to the trichloride component species.

In the chlorination of uranium dioxide, it should be noted that uranium chloride can ex-

ist in four possible chlorination states from tri- to hexachloride. Thus, the process tempera-

ture is chosen to obtain mainly the tetrachloride component in very high proportions of the

total bound uranium after chlorination. However, this may include some oxochloride bonds

as mixed oxychlorides of the form UOnClm, n,m = 1, . . . , 6 (compare: [141]) as well as more

complex UOn1Cln1·n2 , k = 1 . . . 3, n = 3 . . . 6 compounds possibly formed by chlorination with

chlorine and carbon tetrachloride. However, the formation of thermally stable oxochlorides and

Un1Cln1·n2 , k = 1 . . . 3, n = 3 . . . 6 compounds at high temperatures up to 2000 K is still partly un-

clear. But it can be assumed that these compounds, especially the uranium chlorides Un1Cln1·n2 ,

cannot be thermally stable at these high process temperatures during chlorination. Indications

for this can be obtained from the data of the standard reaction enthalpies and the temperature-

dependent free molar enthalpies of formation and linearly extrapolated to 2000 K (cf. e.g. [14]

pp. 1750-1751 for UOCl, UOCl2, UOCl3, UO2Cl2 for the oxochlorides and [18] (p. 404) for

U2Cl8, U2Cl10).

In order to obtain particularly high yields of uranium tetrachloride only for the chlorination

of uranium dioxide, an equimolar ratio of pure carbon tetrachloride to uranium dioxide is there-

fore recommended. Carbon tetrachloride does not necessarily have to be thermally stable for

chlorination at high temperatures up to 2000 K for the reaction to occur, but the ratio of carbon

for the formation of carbon dioxide and chlorine for the formation of uranium tetrachloride is

important in the reaction. It is much more di�cult to use carbon and chlorine in the correct

proportions as explained in [127]. However, in addition to the chlorination of uranium dioxide

with carbon tetrachloride, chlorine gas is also required as a chlorinating agent for the other

components of spent fuel. In addition, chlorine is an important component as a process gas for

chlorination in a type of burner or �uidised bed. Simpli�ed calculations with chlorine on the re-

action equilibrium network of the equilibrium system Cl2(excess)-UCl6-UCl5-UCl4-UCl3 via the

Gibbs free molar reaction enthalpy estimation ∆gR(T ) =
∑6

i=3 νUCli∆Gf,UCli(T ) from the tab-

ulated temperature-dependent data of the free molar enthalpies of formation of the components

∆gf,UCli(T ) according to [14] already show that at high temperatures up to 2000 K uranium

tetrachloride is clearly preferentially formed (see Fig. (34)). In contrast, the corresponding

Gibbs reaction enthalpies for uranium tri- and hexachloride are positive in Fig. (34) and are

unlikely to be formed as expected in real experimental studies. As the temperature decreases, the

negativity of the chlorine excess to the reaction enthalpy of the corresponding uranium tetrachlo-

ride component decreases. For uranium hexachloride, the positive value decreases signi�cantly

from 2000 K to the melting temperature of uranium tetrachloride (863 K). The tendency to

form the pentachloride and hexachloride components thus increases at lower temperatures, and

at the melting temperature of uranium tetrachloride these components are even preferentially

formed. However, for a subsequent separation concept, the formation of uranium tetrachloride

with larger fraction values is crucial in order to be able to separate the volatile components from
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the uranium tetrachloride. Therefore, the gaseous chlorine component should be removed as a

process gas as early as possible in the separation process and the proportion of chlorine required

should be as low as possible. The non-chlorinated coarse material is then retained in the CY-1

cyclone. This includes inert precious metals and any residues of more complex carbon oxide

compounds. A very coarse �lter K1 retains particularly large residual solid particles from CY-1

down to the millimetre range, which are nevertheless initially carried along with the feed �ow of

the �rst preseparation stage for the separation of volatiles and dissolved solids.
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Figure 34: Plot of the temperature dependent Gibbs energy of reaction ∆gR for the molten
chlorine-uranium chloride system from the temperature dependent molar speci�c Gibbs energy
data ∆gf,i(T ) of pure substance components from [14].:
A-UCl3 : UCl4 + UCl5 + UCl6 ↔ 3UCl3 + 3Cl2,
B-UCl4 : UCl3 + UCl5 + UCl6 ↔ 3UCl4 + Cl2,
C-UCl5 : UCl3 + UCl4 + UCl6 ↔ 3UCl5 − Cl2,
D-UCl6 : UCl3 + UCl4 + UCl5 ↔ 3UCl6 − 3Cl2.

The chlorination to high product yields of the zirconium cladding material in PB-2, on the

other hand, is comparatively simple according to [142] at 623 K under ambient pressure of 1 atm

by chlorine as an oxidising agent (or as an electron acceptor) according to the following reaction

Zr(s) + 2Cl2(g)→ ZrCl4(g). (99)

Such a reaction with high product yields is theoretically technically feasible, for example in a

�uidised bed of the fuel by injecting chlorine, which would be technically extremely easy to

implement in both continuous and discontinuous operation.

For all chlorination steps, it has been simpli�ed that all other substance components involved

are also co-chlorinated under high product yields and under these process conditions, as is also

indicated in [29, 47].

After chlorination, the actual separation takes place in the pre-processing unit, the main

distillation unit and the waste gas puri�cation unit. In the pre-treatment stage, the mixture is

pre-cleaned by removing solids and highly volatile components. The highly volatile components

include more volatile chlorides that are di�cult to separate, such as tin, antimony, niobium,

tellurium, selenium or zirconium chlorides in the chlorinated fuel. Precious and refractory metals

include technetium, molybdenum, but also rhodium or ruthenium. A separation concept of such

solids and volatiles has already been discussed in principle in section (5.3). The separation of
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the highly volatile components and the very volatile problematic chlorides takes place via a two

to three stage separation process with isothermal �ash evaporation and condensation of the less

volatile, co-evaporated main chlorides in one or two condensation stages. In the �owchart shown

in Fig. (32), the evaporation step consisting of the units H1, D2 and a �ash evaporation PC-1

is carried out at temperatures of 1135 K, taking into account signi�cant evaporation fractions of

other chlorides such as uranium tetrachloride.

The subsequent condensation step then consists of the units H2, SC-2 and S2 as a continuous

concentration step at 625 K to 725 K. If necessary, depending on the separation speci�cation,

a further separation stage of the same required units at a temperature of 625 K must also be

selected in order to be able to separate the last chlorides, such as uranium tetrachoride, from

the vapour phase. The remaining melt leaving PC-1 is thus practically free of volatile chlorides,

but rich in solids in dissolved or suspended form, the insolubility of the solids being assumed on

the basis of the di�erent polarity between chlorides and non-chlorides. Similarly, section (5.3)

explains how these impurities can be separated from the melt. Below PC-1, this requires multiple

applications of concentration/crystallisation stages at 1135 K, followed by a sedimentation tank

and removal of these solids by sieving, e.g. 10 mol% of exemplary assumed concentrated melt

after each separation repetition for solids removal. In a furnace type at 2000 K to 2250 K,

the chlorides remaining in the concentrated melt are evaporated from the solids under an argon

atmosphere (see E1/EV1 in Fig. (32)). The chlorides are condensed out again after the argon

�ow has transported these salt impurities out of the main furnace. The main chlorides of the melt

from S1, the thus evaporated chlorides from E1 and the condensed chlorides in S2 are collected

and temporarily stored in M1. The solids retention K2 is shown in Fig. (32) to show that all

solids must be retained at this point to prevent blockage or crystallisation in the continuous

fractionation column DF-1. For this purpose, M1 can also be used as an intermediate storage in

a �rst process step until enough material is available for distillation.

The chloride mixture from M1 consists of very large proportions of over 95 mol% uranium

tetrachloride, in which the remaining chlorides almost all have signi�cantly higher boiling points

than uranium tetrachloride, with the exception of cadmium dichloride and the less volatile nep-

tunium tetrachloride. Therefore, the separation of the smaller part of these less volatile chlorides

is to be carried out continuously (as an exception not used in total re�ux or discontinuous column

operation) in the fractionation column DF-1 (with partial condenser) at temperatures of 1064 K

- 1645 K (as an exception not used in total re�ux or discontinuous column operation), in order

to carry out the �ne separation of the material components of both separated fractions sepa-

rately in a distillation column close to the total-re�ux principle, as explained before, in several

PPCs (Progressing Process Cycles) (see also (5.2)). The chlorides of the uranium tetrachloride

fraction are separated in DC-1, while the much smaller fraction in the range of about 5 mol% is

separated in DC-2 distillation. In order to ensure the mass transfer of the D2 column due to the

much smaller fraction and therefore a very small total fractional amount, it may be necessary

to accumulate a su�cient amount in a receiver of the DC-2 before the column can be put into

operation. The separation of uranium tetrachloride, which is puri�ed as a material component

in DC-1, also takes place in DF-1. Thus, already in DC-1, in the not too high temperature range

of 1064 K - 1643 K at an ambient pressure of 1 atm, a very large part of the mixture to be
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originally puri�ed of at least 95 mol% can be easily separated to be reused as fuel in liquid fuel

reactors such as the DFR. However, this is only the case if the neptunium tetrachloride does

not have to be separated from the uranium tetrachloride. This is because, due to the similar

volatilities of these tetrachlorides, separation by distillation of these components would require

a large number of stages, but the separation is irrelevant for reprocessing if reused as fuel in the

DFRm (see: [39]), so that separation of the chlorides has not been considered in the development

of the separation process shown in Fig. (32). As a result, neptunium tetrachloride and uranium

tetrachloride are recovered together as light-boiling products and used, among other things, as

fuel in the DFRm.

In DC-2, the remaining 5 mol% of the original fuel is primarily processed, but only a coarser

separation into di�erent fractions is possible. Essentially, the substances accumulate in three to

�ve fractions, as the simulation results in the following section will show under calculations with

idealized phase equilibrium condition assumptions.

The separated waste gases (after leaving SC-2 and EV-1) still contain the volatile components

whose pure components, such as zirconium tetrachloride or selenium tetrachloride, cannot form a

liquid phase below 1 atm, some of which could form several metastable chlorides both separately

and among themselves, which is undesirable in the separation, so fortunately these components

are separated at the beginning of the developed separation concept. The separation of the

chloride components involved from the waste gas is similarly achieved by a condensation step

at low temperatures, but from 250 K to 270 K (0°C), as shown in Fig. (32) of the separation

units of H3,SC-3,S3 and B1. In the cooled state, these chlorides are temporarily stored in B1

until a su�cient quantity is available for distillation to technically realise the mass transfer by

contacting the two phases within the separation stages. In DC-3, at higher pressures above 23.36

bar in the temperature range of 507 K - 867 K, the chloride components are preferably separated

from each other by distillation in a suitable column operating condition not speci�ed here.

In DF-2, the noble gas components are also recycled by distillation at pressures above 6.185

bar using the Linde distillation process for air liquefaction, as described in [137] among others.

In the zirconium recycling unit, it is assumed that a very small residual amount of fuel will

remain on the separated and crushed zirconium material and enter the zirconium processing

plant. To ensure that this residual is not co-distilled in the DC-4, these materials are separated

in the SC-5 evaporator (of the H5, SC-5 and S5 separation unit system). At temperatures of

725 K at 1 atm, the zirconium tetrachloride, together with the other volatile components of

the chlorinated zirconium alloy, is evaporated from the residual material consisting of the small

amounts of chromium and nickel and their chlorides and the remaining fuel material. These

components can be fed to the fuel grinding step in the mechanical processing unit and then

chlorinated in the PB-1 fuel chlorination unit. Similarly, non-chlorinatable material can then be

separated in the same way as solids in E1/EV-1. The separation of most of the excess chlorine

takes place in the condensation unit SC-4 (of the separation unit system H4, SC-4 and S4) at

temperatures of 270 K - 298 K (preferably below the normal room temperature of 293 K (20°C)).

The excess chlorine can be reused in the PB-2 chlorination unit.

Distillation in DC-4 takes place in almost complete analogy to distillation in DC-3 under

similar process conditions at 538 K - 825 K and pressures above 23.36 bar. As the proportion of
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volatile chlorides in the fuel is so small, the amounts collected in B1 are also relatively small, so

that consideration can be given to feeding these chlorides to column DC-4 instead of column DC-

3, thus eliminating the need for column DC-3. Another idea to simplify the process is to move

the pre-treatment unit of all the separation units for solids separation to the evaporator unit of

the distillation column DF-1, so that units SC-1, S1, E1 and K1 can be integrated compactly and

easily. However, this requires manual product removal during column operation and increased

maintenance, which is obviously more problematic for practical processing.

The following sections present and discuss the simulation results of the process simulation

required to create and optimise the separation process design, including the process conditions

mentioned. Each separation step is simulated or literature references are provided for its suc-

cessful technical implementation. In addition, these simulation results prove that the developed

separation process is valid if the ideal phase equilibrium behaviour used in the simulations and

calculations is valid.

6.2 Simulation results of the SNF separation concept

For the �ow sheet simulation, an appropriate calculation of the feed composition for the pre-

processing unit and the distillation-based zirconium cladding material processing is required.

According to the reaction of equation 98, the equimolar chlorination of the fuel produces the

same molar amount of CO2 as CCl4 is stochiometrically required in relation to the molar �ow of

the fuel. The CO2 molar �ow is therefore equal to the fuel �ow. The inerting ratio must be 1:1 in

terms of argon:fuel. The supply of argon is necessary not only as an inert gas but also as a carrier

gas (dissolving gas) so that the light boiling chlorides pass into this gas/vapour phase and can be

removed from PC-1 in the vapour stream. Feeding or spraying in an argon atmosphere provides

the contact surface for mass transfer after expansion. Otherwise, the mass �ows are too small to

form su�ciently large mass transfer contact surfaces. In order to obtain 1/3 of the vessel with

melt in the molar ratio, the same molar amount of argon is stochiometrically required. Thus,

the molar �ow of argon is equal to the CO2 �ow.

Table 12: PC-1 Feed composition in mol-% of chlorinated SNF-material

Ar CO2 UCl4 PuCl3 NpCl4

3.3333e+01 3.3333e+01 3.1413e+01 4.2285e-01 2.0097e-02

AmCl3 CmCl3 CsCl SrCl2 Tc

4.7145e-02 2.1413e-03 1.0617e-01 9.7788e-02 1.0465e-01

Ru Rh Mo BaCl2 LaCl3

5.9953e-02 6.9970e-03 1.0466e-01 1.0775e-01 1.0777e-01

CeCl3 PrCl3 NdCl3 SmCl3 EuCl3

1.9343e-01 9.3419e-02 1.3153e-01 9.6962e-03 7.7001e-03

ZrCl4 NbCl5 SbCl3 SbCl5 TeCl2

1.1096e-01 1.1209e-01 2.2262e-04 2.2262e-04 7.2974e-02
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For the uranium dioxide in the fuel, complete chlorination with 100% yield is assumed for

simplicity. The feed composition for the PC-1 �ash evaporation is given in the Tab. (12). The

ratio of feed, CO2 and argon is therefore about 1/3, based on the above data.

All other molar fractions combined are estimated to be only 1.9203 mol%, with plutonium

trichloride in larger proportions, now including the gas phase as a major molar fraction. The

�ssion product fraction is therefore no longer 5 mol% but less than 2 mol%, although the amount

of �ssion product after chlorination has not changed. This is simply due to the fact that the

argon gas is assumed to be ideal for the calculations and simpli�ed homogeneously dissolved

using a spray device. The proportions of the remaining 1.9203 mol-% are shown in Fig. (35)

in percentages, related only to the �ssion fraction. The composition is derived from the �ssion

product data in the SNF material according to [139, 35]. With the exception of higher proportions

of lanthanide chlorides, in particular cerium trichloride and neodymium trichloride, the material

components are quite evenly represented (in terms of molar percentages).

TeCl2
SbCl3
SbCl5
NbCl5

ZrCl4

EuCl3
SmCl3

NdCl3

PrCl3

CeCl3

LaCl3

BaCl2MoRh
Ru

Tc

SrCl2

CsCl

CmCl3
AmCl3

NpCl4

PuCl3

Figure 35: PC-1 Feed composition in mol% of residual SNF-Material without the components
Ar, CO2, and UCl4

Exceptions with lower proportions are antimony chlorides, curium trichloride, samarium

trichloride, europium trichloride and rhodium. Based on this composition of the feed mate-

rial, the application of the �ow scheme simulation with appropriate Octave/Matlab separation

models from Tab. (10) of section (10) and the resulting separation simulation results are now

discussed in detail.

6.2.1 The preprocessing unit

After chlorination of the fuel, �ash evaporation is carried out in the preprocessing unit via the

apparatus system H1,D2,PC-1 (of the �owchart in Fig. (32)), which is simulated as a single-

stage isothermal �ash evaporator according to the IF-O/M model (see Tab. (10)). The aim is to

separate the light boiling chloride fraction from the molten fuel salt. The dissolved solid fraction

of the precious metals without the chlorides also has to be sharply separated by concentration,

crystallisation and sieving, where concentration and crystallisation are simulated simultaneously.

However, the sieving is not simulated. The addition of argon has the e�ect of increasing the pro-
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portion of volatile chlorides entering the vapour phase. Evaporation also has an oversaturation

e�ect on concentration and crystallisation. The use of the �ash inlet is proposed by spraying ar-

gon injectively, which simultaneously increases the contact exchange surface between liquid and

gas/vapour phase. The simulation results in Fig. (36) (sorted according to the boiling points of

the compounds) show the characteristic distribution of low and high boiling components, with

the vapour fraction of the substance component increasing with increasing volatility. Barium

dichloride, strontium dichloride and the solids rhodium, ruthenium, technetium and molybde-

num are present only in the liquid or solid phase, while the gaseous components argon and

carbon dioxide, including the antimony chlorides and niobium pentachloride, are not present as

liquids. Approximately sorted by boiling point in the direction of decreasing volatility of the

components, it can be observed that the proportion of the vapour phase decreases and the liquid

proportion increases for each component. Since the process temperature of 1135 K is above the

boiling temperature of pure uranium tetrachloride, it follows from the observation of ideal phase

equilibria that in the ideal mixture the vapour fraction of uranium tetrachloride is signi�cantly

greater than in the liquid phase. Thus, in Fig. (36), the separation of light and heavy boilers

is shown, with the middle boiler component being transition components, which are represented

in both phases. The higher vapour content of uranium tetrachloride also means that the ratio

of liquid to vapour in the separation option is not too large compared to, for example, assuming

that no uranium tetrachloride evaporates.

The separation of the volatile compounds tends to follow a distribution with respect to the

volatility of the compounds, sorted by their boiling points, as shown in Fig. (37). From this it can

be seen that even when looking at the boiling points, there are four separation ranges in which

larger boiling point di�erences to the next component can be seen (Fig. (37)). The noble gas

fractions of argon and carbon dioxide, and the volatile chloride fractions of antimony pentachlo-

ride to zirconium tetrachloride are classi�ed as light-boiling components, which are completely

removed as vapour by �ash evaporation. Neptunium tetrachloride and uranium tetrachloride are

present separately as medium-boiling components, which should be easily distillable due to the

high boiling point di�erences of at least 250 K from the other boiling points of the other com-

ponents. The chlorides curium trichloride to lanthanum trichloride can be considered as heavy

boiler components, whereas a larger boiling point di�erence of about 100 K can be observed

between the chlorides europium trichloride and barium dichloride. In a distillation, a further

division into light and heavy boiling components is therefore possible, starting from curium

trichloride to barium dichloride as the light boiling component (according to the division of the

substance components in Fig. (37). Finally, the metals rhodium to molybdenum follow as solids

whose melting points are well above 2000 K, so that they can be separated by crystallisation and

are not liquid as pure components.
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Figure 36: Flow-chart simulation of SNF distillation:
Upper �gure: PC-1 results at 1135 K, 1 atm,
Lower �gure: PC-1 summated and renormalised mole fraction curve

In the lower part of Fig. (36) the summed mole fractions are shown with a tendency from light-

boiling components of the vapour phase to light-boiling components of the liquid phase. However,

the summed consideration assumes the heavy-boiling component of the vapour phase and the

heavy-boiling component of the liquid phase. The summed separation curves also illustrate

the ratio of liquid to vapour to the component of interest. Above the volatility of uranium

tetrachloride, the vapour phase predominates, with the red curve in Fig. (36) lying above the

blue curve. At volatilities below uranium tetrachloride this relationship is reversed and the liquid

component predominates. Ideally, a sharp separation of uranium tetrachloride with a sharp

reversal of the peak fraction curve would be desirable. However, this one-step separation is not

sharp and only allows separation into particularly light-boiling components, such as the gases

argon and carbon dioxide, or heavy-boiling components, such as the practically non-evaporable

metal components present. As already explained in section (5.3), a further condensation stage

is required to separate the volatile components, in which the chlorides are completely condensed
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out at lower temperatures below the volatility of neptunium tetrachloride.

Since the proportion of uranium tetrachloride in the vapour phase is so high according to Fig.

(37), a condensation step in SC-2 at 725 K and 1 atm is not su�cient, especially for uranium

tetrachloride, to completely separate uranium tetrachloride from the vapour stream, while all

other less volatile chlorides of neptunium and uranium tetrachloride can be condensed out of

this vapour phase within this single-stage separation step. This is shown by the simulation

results (with model SSD-O/M) in Figure (38). To enable separation of uranium tetrachloride

with a residual content of 1E-06, a second condensation step at 625 K below 1 atm is required.

Temperatures lower than this cannot be set, otherwise the sublimation temperature for pure

zirconium tetrachloride will be reached. In the �rst condensation stage, uranium tetrachloride is

present with a vapour pressure of 1.6108E-04 bar, which is still relatively high at 1 atm. In the

second condensation stage at 625 K, the vapour pressure of uranium tetrachloride is 8.1643e-07

bar, and the separation of uranium tetrachloride is just below a fraction value of 1E-04 mol%

according to the simulation results, subject to the required separation target of having separated

each volatile component with an impurity fraction value of 1E-04 mol%.
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Figure 37: Melting and Boiling points of pure chlorides and high volatiles

Now follows the analysis of the solids separation according to section (5.3) by model SSD-

O/M in series connection of the separation stages with SLE equilibria. The solid components

rhodium, ruthenium, technetium and molybdenum have to be concentrated and separated in

several steps in the concentration/crystallisation unit. This includes concentration to 10 mol%

residual chlorides, which are then evaporated in E1/EV-1. The concentration could be operated

discontinuously, with the downstream concentration and crystallisation stages simulated as single

stage suspension crystallisers instead. The simulation results show that these solids can be

removed from the molten salt under these conditions at 1135 K and 1 atm with a few separation

repetitions under the separation speci�cation of 1E-04 mol%. After each separation step, the

concentrated solid is removed.
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Figure 38: Flow-chart simulation of SNF distillation: SC-2,S2 results at 625-725 K, 1 atm

In (39) thirteen continuous separation stages have been simulated. Clearly visible in the liquid

phase in (39) (right �gure part) is the exponential depletion of solids per stage with logarithmic

representation of the y-axis. Only the separation of rhodium is somewhat more complex, as

the slope of the composition curve for each stage is lower than for technetium, ruthenium and

molybdenum. For molybdenum and ruthenium, only six stages are required to separate from

the liquid phase, whereas for technetium and rhodium eight stages are required to meet the

separation speci�cation of 1E-04 mol% impurity content with ideal phase equilibrium.
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Figure 39: Flow-chart simulation of SNF distillation: SC-1,S1 results at 1135 K, 1 atm: left:
solid mole fraction each separation stage, right: liquid mole fraction each separation stage

Barium dichloride also enters the solid phase as shown in Fig. (39)(left partial �gure), which

can hopefully evaporate from the suspension melt at temperatures of 2000 K if the chloride has

crystallised on the surface. However, if it is dissolved deep in the crystallised solid matrix, it

would be more di�cult to separate this chloride component from the crystallisation product in

E1/EV1. However, as the simulation results show, the barium dichloride content in the solid
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phase unfortunately increases due to the solid separation as the metallic solid components are

depleted in the liquid phase. While the barium dichloride content is still low at the beginning,

it increases in the solid phase due to the solid separation, as the metallic solid components are

much more depleted in the liquid phase with increasing crystallisation repetition. It should also

be noted that as the number of separation stages increases, the amount of molar �ux decreases

signi�cantly. As there are virtually no separable solved assumed solids left in the liquid at the

last separation stages after the tenth stage, only a very small fraction of the molar �ux enters the

solid phase. As a result, the proportion of metals in the solid phase also decreases signi�cantly

from the third separation stage onwards, as most of the solids in the metals have already been

separated. Since technetium and ruthenium are slightly more di�cult to separate, the proportion

of solids increases between stages 1-3 and the metals initially accumulate more in the solid due

to the later separation. Although barium dichloride crystallises out, the separation e�ort of

the simulation results shown has demonstrated the good separation of the solids. The partially

removed barium dichloride component is not as being seen critical for the separation concept as

for other components, such as more active isotopic elements (see form example in Tab. (18) of

section (D.2) in the Appendix).

With a separation accuracy of 1E-02-mol%, the chlorides can be evaporated from the solid in

the evaporator unit E1/EV-1, simulated in the SSD-O/M model with VLE properties, as shown

in the simulation results as one-step evaporation in Fig. (40).
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Figure 40: Flow-chart simulation of SNF distillation: EV-1 results, at 2000 K, 1 atm

Only in the case of lanthanum trichloride is the boiling point above 2000 K an exception here,

so that complete evaporation from the liquid phase is not possible. However, the problem of solid

separation is solved to such an extent that no active elements enter the vapour phase. Bit this

should not be so problematic of these components. Looking at the metals, it is noticeable that

a certain amount of vapour is present in the case of rhodium and technetium, since the molar

�ow is lower compared to the isothermal �ash after PC-1 (Fig. (40)). Consequently, based on

the simulation results, there is an increased vapour fraction. Since supersaturation, primary and

secondary crystallisation have to be initiated in addition to crystallisation by evaporation, it can
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be expected that the separation of already completely undissolved solids in a suspension melt

without necessary crystallisation can be realised much more easily and with higher separation

accuracy. Furthermore, the simulation results have shown that concentration is easier to imple-

ment than crystallisation (see: Fig. (40)). Therefore, the separation accuracies are expected to

increase signi�cantly and possibly fall below 1E-06 at an impurity level than would be expected

from the simulation results for crystallisation. This means that the separation can be done better

in this case with signi�cantly higher separation accuracy.

This shows that the precious metals with possible impurities can be separated well from

lanthanum trichloride so far, although a �ne separation of the metallic components still has

to be carried out in special precious metal separation processes. It is only important that the

simulation results (see Fig. (40))) show that all other essential chlorides, especially all actinide

chlorides in EV-1/E1, can be separated by evaporation in hot argon, neglecting a very small

proportion of undesirable precious rhodium loss.

Table 13: Composition after mixing in M1 given in in mol-%

UCl4 PuCl3 NpCl4 AmCl3 CmCl3 CsCl SrCl2

9.5887e+01 1.2907e+00 6.1345e-02 1.4391e-01 6.5362e-03 3.2407e-01 2.9849e-01

BaCl2 LaCl3 CeCl3 PrCl3 NdCl3 SmCl3 EuCl3

3.2891e-01 3.2897e-01 5.9042e-01 2.8516e-01 4.0148e-01 2.9597e-02 2.3504e-02

As mentioned above, all chloride streams from S2, S1 and E1/EV-1 are collected and mixed

in M1. In order to reach the temperature in DF-1, an external energy supply is required in

addition to the mixing of the streams. Evaluating the mass and heat balance, a required heat

�ow with a remaining required heating value of 20.638 kW is calculated. The remaining mole

�ow is about 8.500E-02 mol/s and the temperature without heat input is estimated to be 678.6

K. The composition is given in Tab. (13). This composition is identical to the feed composition

according to Tab. (12), only separately normalised for the substance components appearing in

M1. Based on the simulation results so far, this must also be ful�lled, as the main chlorides are

not present in the vapour phase of SC-2 or in the solid phase of the solids separation in E1/EV-1,

with a few not more disturbing exceptions still to be discussed. This is then the pre-puri�ed feed

for the subsequent distillation unit which remains and has been collected in M1 as it enters the

main distillation unit.

6.2.2 The main distillation

For the simulation of the distillation, the feed composition according to Tab. 13, where the

mixed stream from the di�erent chloride sub-streams is fed to the continuous distillation column

DF-1 under liquid boiling conditions. Ideal phase equilibrium conditions without deviation from

Raoult's law are further assumed for the simulations. The continuous fractionation column

consists of three separation stages including the evaporator. The simulation results in Fig. (41)

show the absolute separation results with condensate distillate liquid (left bar shown in blue in

Fig. (41)) and the evaporator product in (right bar shown in red).
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As can be seen from the simulation results considering ideal phase equilibrium behaviour in

Fig. (41), the predominant fraction of uranium and neptunium tetrachloride is obtained from

the initial mixture in the condenser. The remaining residual fraction is 2-3E-03-mol% as a

bottom product of these components. Only a very small residual fraction of cesium chloride of

about 1E-03-mol% remains in the distillation product of the condenser in the simulation results

according to Fig. (41). This fraction would increase signi�cantly if, according to the estimated

VLE data between uranium tetrachloride and monochlorides such as lithium chloride, silver

chloride or sodium chloride according to section (3.2.2), a similarly strong azeotropic separation

behaviour analogous to that of cesium chloride would exist. However, under idealized phase

equilibrium conditions, the results show the separation behaviour shown in Fig. (41). The

consideration of other binary subsystems with a higher degree of chlorination according to section

(3.2.2) with regard to the non-ideal phase equilibrium behaviour of the chlorides involved shows

that they would form zeotropic mixtures. Only the number of separation steps would change

slightly compared to the ideal phase equilibrium behaviour presented here, as can be observed in

the extended simulation results according to section (D.1) for the corresponding estimated real

VLEs. However, in the case of the monochloride cesium chloride, DF-1 would be extended by

another column (e.g. DF-1-AZ) in which the azeotrope could be separated at higher pressure,

if experimental results would show a strongly pronounced pressure-dependent behaviour of the

limiting distillation barrier. On the other hand, it would be technically feasible to add cesium

chloride close to the distillation limit of the complex mixture in order to reach the other side of

the distillation range. A more precise interpretation would require experimental measurements

on the binary subsystems, which tend to form azeotropes, which are not feasible and simulatable

for the complex mixture conceptually required within the scope of this thesis. Therefore, only

the rough qualitative assessment that would be observed when looking at the real VLE behaviour

of the binary subsystems will su�ce here and for the following simulative investigations for the

main distillation unit. The main focus will be therefore on the simulation results under the �rst

assumption of an idealized phase equilibrium.

In the following consideration of the simulation results with ideal phase equilibrium behaviour

according to Fig. (41), the remaining chlorides are present exclusively in the melt phase of the

evaporator product as heavy-boiling components. The mean operating temperature of the column

is 1100 K, with the condenser temperature at the boiling point of uranium tetrachloride and the

evaporator temperature at only 1645 K. Below these temperatures, practically no heavy-boiling

components occur that could accumulate in the column.

In the condenser, practically only the mixture of neptunium tetrachloride and uranium tetra-

chloride with minor impurities of cesium chloride is obtained. The separation of the neptunium

tetrachloride component from the uranium tetrachloride is not considered in detail in this the-

sis, as the separation is not necessary for use as fuel in many liquid fuel reactors, in particular

for the DFR. In addition, due to the relatively close boiling points of neptunium tetrachloride

and uranium tetrachloride, the separation e�ort in terms of the number of separation stages

required would increase signi�cantly. Column DC-1 is used for secondary �ne separation to

remove other chlorides, such as cesium chloride, from the corresponding mainly contaminated

binary NpCl4-UCl4 mixture.
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Figure 41: Flow-chart simulation of SNF distillation: DF-1 results at 1064-1645 K and at 1 atm

This separation is not shown further in the SNF preparation of this thesis using a total re�ux

column simulation.

The detailed separation of the remaining chlorides, neglecting the remaining neptunium and

uranium tetrachloride fractions, is carried out in the total re�ux column DC-2 with 25 separation

stages. Due to the high complexity of all components involved, the simulation results for sepa-

rable fractions with chlorides of similar boiling points are summarised in Fig. (42) in reasonable

fractions instead of separation fractions in terms of mole fractions per separation stage for a

single component. Detailed results can be found in the appendix in section (C.2).

The �rst application of the �rst distillation batch of the DC-2 column (as shown in Fig.(42)

under total re�ux PPC 1) corresponds to the simulation of the �rst steady-state total re�ux

column condition before the actual separation. The summarised separation curves of the light

boiling, heavy boiling and the three medium boiling fractions are shown here.

The light-boiling fraction can be separated from the other fractions in the �rst separation

stage with a separation speci�cation of 1E-04-mol%, whereby only the SmCl3-Fraktion fraction

shown is present in the column in the �rst separation stage. Within the column, the frac-

tion of the combined light-boiling fraction decreases and becomes signi�cantly depleted from

about the tenth stage onwards, as shown in the logarithmic representation in Fig. (42). From

the seventeenth separation stage onwards, this fraction is practically no longer represented in

the subsequent column stages. The heavy-boiling fraction (plutonium trichloride fraction with

cerium, presodymium, plutonium and lanthanum trichloride) is also distillatively enrichable in

the evaporator of the �rst stationary total-re�ux column operating condition and later separable

with high purities below 1E-04-mol%. The mole fraction value of this summarised heavy-boiling

separation curve reduces in the direction of the condenser between the twenty-�fth and �fteenth

separation stage only relevantly in terms of coarse separation accuracy to a fraction of about 60

mol% and then decreases signi�cantly between the twelfth and �fteenth separation stage. A sep-

aration of plutonium trichloride with respect to cerium, presodymium or lanthanum trichloride is
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technically not feasible within this distillation e�ort of assumed ideal phase equilibrium condition,

as detailed simulation results is shown in the appendix in Fig. (73) of section (C.2). The same

applies to the rare earths chloride components, where only neodymium trichloride is separable

from cerium, presodymium and lanthanum trichloride exclusively for this purpose. Neodymium

trichloride occurs together with barium trichloride in the neodymium trichloride fraction in an

intermediate boiling summarized fraction of the simulation results. Here, the maximum molar

fraction is reached for these components in the �fteenth separation stage with fraction values of

10 - 12-mol%. In the direction of the condenser, the proportion of the neodymium trichloride

fraction decreases stronger than on the side of the evaporator. For the americium trichloride

fraction, the maximum of the combined separation curve is in the fourteenth separation stage,

from which it decreases more signi�cantly with increasing number of stages towards the evapo-

rator than towards the condenser. The europium trichloride fraction is in the middle between

the two separation curves as intermediate boiler component. The temperature fraction, de-

�ned in the following as θ = T−Tmin

Tmax−Tmin
(with Tmin in the �rst separation stage and Tmax in the

last), shows the temperature distribution of the column depending on the represented boiling

behaviour of the represented substance components. This temperature fraction curve shows a

strictly monotonously increasing curve progression up to the accumulation of the heavy-boiling

fraction and clearly approaches this fraction curve with increasing depletion of the other fractions.

The intermediate boiling fractions apart from the europium trichloride fraction are separately

enriched in the next separation repetition of the next steady-state total re�ux column operating

condition PPC 2 according to Fig. (42) (lower �gure). The active separation range of the

column is here between stages 5-22. In each of the other stages, the americium trichloride light

and neodymium trichloride heavy fractions are obtained with separation speci�cations well below

1E-04-mol%. In the range of the 5th-22nd separation stage, the europium trichloride medium-

boiler fraction also accumulates with a maximum of about 1 mol% in the �fteenth separation

stage. From the condenser to the fourteenth stage no clear �ne separation of the light boiling

component can be observed, but according to Fig. (42) (lower �gure) it only runs visibly between

stages 14-21. After stage 21, the medium and light fractions are no longer represented in the

stages with signi�cant impurities. In these stages the pure heavy fraction is obtained. The de�ned

temperature fraction curve here is strongly dependent on the neodymium trichloride fraction,

since the boiling points and temperature-dependent volatilities of the components in the other

fractions are signi�cantly lower than in the neodymium trichloride heavy-boiler fraction. The

medium boiling component europium trichloride of the medium boiling fraction can only be

separated in a mixture with strontium trichloride, as shown in another simulation of the next

total re�ux column operation in Fig. (43). It can be seen that cesium chloride as an intermediate

boiling component can only be roughly separated from strontium in the �rst separation stage with

a residual content of 8E-02-mol%. The same applies to the enrichment of europium trichloride

with a residual cesium chloride content of just over 8 mol%. Further details on the simulation

results of the separation curves can be found in Fig. (43).
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Figure 42: Flowchart simulation of SNF distillation: DC-2 Results PPC 1 & PPC 2 ***/**** at
1643-2000 K and at 1 atm **:
1*) SmCl3-fraction/CmCl3-fraction: CmCl3, and traces of SmCl3
2*) AmCl3-fraction: AmCl3, SrCl2, CsCl, SmCl3
3) EuCl3-fraction: mainly EuCl3, with impurities of CsCl and SrCl2
4*) NdCl3-fraction: BaCl2, NdCl3
5) PuCl3-fraction: PrCl3, CeCl3, PuCl3, LaCl3
*designated according to the largest proportion of the fraction present
**Separation accuracy: 1E-06
*** The choice of colors is intended to illustrate purely qualitatively the location of the respective
substance component in relation to the temperature residence range of the component within the
column: From dark blue with respect to cold temperatures in relation to the curium trichloride
light-boiling fraction to red toward hot temperatures of the plutonium trichloride heavy-boiling
fraction. Medium-boiling fractions are illustrated in mixed colors in relation to the temperatures.
**** Detailed results each chloride component are available in the comparison of SNF and HLW
recovery in section (C.2) of the Appendix.

For a precise separation of europium trichloride and strontium dichloride, considerably more
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separation stages would be required within the current distillation column operation. If only

stable isotopes are present in this distillation repetition in the current PPC, the detailed separa-

tion of a simpli�ed three-component mixture CsCl-SrCl2-PuCl3 is not mandatory. However, the

third separation process is necessary if signi�cant amounts of the active isotopes strontium-90

and cesium-137 are present, which contribute to the decay heat accumulation inside the distilla-

tion column, as shown by the results of the decay heat estimation in section (D.2),(D.2.2), (in the

Appendix of this thesis), especially for the mixture of the substance system CsCl-SrCl2-PuCl3
investigated there (see also Fig. (88) and (89)).
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Figure 43: Flow-chart simulation of SNF distillation: DC-2 results PPC 3*** of a detailed third
repetition of distillation following the total re�ux principle at 1530-1645 K and at 1 atm**
**Separation accuracy: 1E-06
*** The choice of colors is intended to illustrate purely qualitatively the location of the re-
spective substance component in relation to the temperature residence range of the component
within the column: From dark blue with respect to cold temperatures in relation to the curium
trichloride light-boiling fraction to red toward hot temperatures of the plutonium trichloride
heavy-boiling fraction. Medium-boiling components are illustrated in mixed colors in relation to
the temperatures

In conclusion, based on the simulation results of Fig.(42), it can be said that all actinides

in fractions with other few chloride components are otherwise highly pure separable under sep-

aration speci�cations of 1E-04-mol% of the other chloride components involved. While already

the largest represented fraction of SNF fuel with 95-96 mol% regarding uranium tetrachloride

together with neptunium tetrachloride is separable under high-purity separation accuracy (1E-

04 mol% of other chloride components), as shown in the DF-1 simulation results in Fig. (41),

the transplutonium elemental chlorides can be obtained as only mediate pure or together in

separable fractions of other chloride components. The transplutonium elemental chlorides can

be separated as light-boiler components in the DC-2 column as fractions of only a few other

chloride components, e.g. cesium chloride (see Fig. (42)). In the �rst separation of the DC-2

column, high purity enrichment and separation of curium trichloride with an impurity content

of less than 1E-03 mol% of samarium trichloride is possible. Americium trichloride is recovered
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together with samarium trichloride, cesium chloride and strontium dichloride in the next sepa-

ration repetition of the PPC. Plutonium trichloride, on the other hand, can already be obtained

in the �rst separation as a heavy-boiling component in the mixture of cerium trichloride, pre-

sodymium trichloride and lanthanum trichloride, but as a high-purity fraction without any other

visible chloride components involved, as can be seen from the simulation results.

Concerning the separation of �ssion products, it can be concluded from the simulation results

that the separation of neodymium trichloride with 1 mol% barium dichloride impurities as the

only impurity component is feasible in the second stationary total re�ux column operation. Un-

fortunately, the boiling points and also the volatilities of the lanthanide trichloride components

are too similar, so that for many of these mixture fractions occurring in the distillative puri�-

cation, even shown here in the simulation results as possible heavy-boiling distillation products,

even a separation to medium purity is not possible. Furthermore, cesium chloride and strontium

dichloride cannot be separated to high purity (in this DC-2 column), but are always present con-

taminated in other de�ned separation fractions. This is shown by the simulation results in Fig.

(42) and Fig. (43), where the components are always present together in numerous fractions.

Finally, especially with regard to the consideration of the post-decay heat accumulation of some

isotopes, such as 137Cs or 90Sr according to Tab. (18), this has to be taken into account in general,

especially during the distillation for the cesium chloride and strontium dichloride components.

As the results of the third separation show, 90Sr as a dichloride component could only be enriched

together with cesium chloride among the possible 137Cs present. However, since cesium chloride

and strontium dichloride are also present in the americium trichloride and europium trichloride

fractions, puri�ed separation of these active components as separate components is not possible

(see results for Fig. (42)). Detailed separation results for each component can be found in Figs.

(72) and (75) of the (C.2) section in the Appendix. Nevertheless, the simulation results have

shown the usefulness of the simulated designed �owchart as it always improves the separation

problem even for di�cult to separate components. For di�cult to separate components, a much

more intelligent fractionation of only a few components is possible, in which secondary distillation

e�orts can be used to separate these components, as simulation results have shown here and for

test mixtures (from the simulation results in chapter (III)) even in this process by back-feeding

as distillation feed.

6.2.3 Waste gas treatment and noble gas recovery

The waste gas treatment, consisting of volatile chloride separation and distillative puri�cation

and further waste gas puri�cation for the separation of noble gases, mainly argon, can be operated

externally, separate from the processing of nuclear fuels, since no actinides and other active �ssion

products are involved in this separation part. Then, according to [29], the o�-gas puri�cation

part is not subject to any legal requirements for handling radioactive materials, as long as the

uranium tetrachloride content is well below the ppm range. A second SC-2 separator should be

installed downstream at higher operating temperatures to ensure that all uranium tetrachloride

impurities are completely separated in or quite below the ppm range.
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Puri�cation step of the volatile chlorides The simulation results of the condensation (or

even crystallisation) unit SC-3 of the volatile chlorides at 270 K as presented in Fig. (38)

show that all process and noble gases remain in the gas phase and all chloride compounds are

completely condensed out of the vapour phase. The remaining red marked vapour fraction from

the simulation results here only shows the components carbon dioxide and argon. In order to

ensure that the uranium tetrachloride condensation product in SC-3 is completely below the

separation speci�cation of 1E-04 mol%, a second SC-2 condensation unit at 625 K (and 1 atm)

is required. The impuri�cation of uranium tetrachloride is followed directly from the simulation

results of the SC-2 simulation results from Fig. (38).
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Figure 44: Flow-chart simulation of SNF distillation: SC-3 at 250-270 K and 1 atm

The separation simulation for the separation of zirconium tetrachloride and possible other

components from the mixture of condensed or partly even possible crystallised volatile chlorides

in the DC-3 distillation column follows. If no uranium tetrachloride is present, the separation

speci�cation of 1E-04-mol% is no longer necessary for all non-active elements in these chloride

components (compare also [29]). This means that higher impurity levels are also permissible for

zirconium tetrachloride separation. Since, unfortunately, zirconium tetrachloride only shows a

liquid phase at pressures above 23.36 bar, the distillation must be operated and simulated at

pressures above 23.36 bar. As an approximation to the pressure correction in equation (27) with

γi = 1, only the Poynting correction according to equation (26) is considered for the following

simulations. The simulation results are given in Fig. (45). A pressure of 25 bar is set for the

simulations, but this is not speci�ed in the �owchart as the pressure is not optimised and is only

used here for simulation purposes. In the simulation results at higher pressure the separated

pure chloride components have then signi�cantly boiling points compared to normal pressure.
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Figure 45: Flow-chart simulation of SNF distillation: DC-3 results of PPC 1 & PPC 2 at 25 bar

According to the simulation results in PPC 1, antimony pentachloride is distilled as a light-

boiling component of high purity from the other components of the �rst separation stage using

the usual total re�ux column principle, despite the absence of radioactive components. Tel-

lurium dichloride is also obtained as a high purity but high boiling distillation product in the

�nal separation stage. In the separation stages 8-16, the proportion of the medium boiling

components zirconium tetrachloride and niobium pentachloride increases signi�cantly between

separation stages 8-14, which leads to a bending of the temperature curve of the �rst separa-

tion process between separation stages 8-14, as shown in Fig. (45). The separation curve for

niobium pentachloride has its highest composition value with a maximum of 26 mol% in the

fourteenth separation stage. For zirconium tetrachloride the maximum is in the eleventh stage

with a maximum mole fraction of 88 mol%. However, the medium boiling components of zir-

conium tetrachloride and niobium pentachloride dominate in these stages, with only about 10

mol% of other chlorides present, which is not su�cient for any separation accuracy. The temper-

ature curve in PPC 1 is otherwise monotonically increasing from 629.5 K in the �rst separation

stage to 851.7 K in the last separation stage, where the maximum proportion of the antimony

trichloride separation curve is also obtained for the antimony trichloride component according to

the thermochemical equilibrium conditions via [14]. The temperature curve in PPC 1 otherwise

increases monotonically from 629.5 K in the �rst stage to 851.7 K in the last stage.

In PPC 2 the components zirconium tetrachloride and niobium pentachloride with impurities
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up to a maximum of 1 mol% can be recovered by distillation in the simulation results (according

to Fig. (45) (lower �gure for total-re�ux PPC 2). The tendency of the composition to change

after the separation stages is signi�cantly less pronounced in PPC 2 than in PPC 1 due to the

signi�cantly smaller temperature di�erence between the �rst and last separation stage in PCC 2

with 715 K to 760 K compared to PPC 1. The zirconium tetrachloride component is less depleted

in the direction of the evaporator than in the previous separation, while the medium boiling

component of at least 0.5 mol% is always present as an impurifying component in the mixture

with zirconium tetrachloride. Only the antimony trichloride curve changes most signi�cantly as

a very weak medium boiling component with its maximum on the nineteenth stage. With respect

to antimony trichloride, this component is enriched together with niobium pentachloride as a

mixture in the heavy distillate product fraction of the boiler. Therefore, antimony trichloride

is only recovered as a mixture with niobium pentachloride under these process conditions. It

is possible to separate these components in the heavy boiler in order to select more separation

stages for the whole column. In this case, higher puri�cation accuracies can also be achieved for

the other components in the PPC 2.

Alternatively, if additional chlorine is added to SC-2, which a�ects the presence of equilibrium

reactions, the chemical equilibrium of the chlorides can be signi�cantly shifted towards the more

chlorinated volatile chlorides according to the Le'Chatelier principle. The reaction equation in

SC-2 are then as follows (l de�ned as liquid and g as gaseous state)

SbCl3(l/g) + Cl2(g)↔ SbCl5(l/g),

NbCl3(l) + Cl2(g)↔ NbCl5(l/g),

TeCl2(l/g) + Cl2(g)↔ TeCl4(l/g), (100)

ZrCl2(l/g) + Cl2(g)↔ ZrCl4(l/g),

SnCl2(g) + Cl2(g)↔ SnCl4(l).

In this case, the antimony trichloride content would nearly disappear and niobium pentachloride

could be obtained by distillation in the second separation process (total-re�ux PPC 2) with

signi�cantly lower impurities well below 0.5 mol-% as the calculations have shown. This improves

the separation accuracy even signi�cantly compared to the simulation results from Fig. (45).

O�-gas puri�cation For the recovery of argon from the equimolar carbon dioxide-argon gas

mixture of the gas stream of SC-3, a modi�ed Linde liquefaction process via cryogenic distilla-

tion at pressures above 6.2 bar can be applied in the separation operation of DF-2. The more

detailed technical separation procedure is described in [137] and suitably modi�ed to apply to

the distillative separation of the equimolar Ar-CO2 mixture. For this purpose, the corresponding

DF-2 column is simulated in a simpli�ed way as a total-re�ux column and the simulation results

are shown in Fig. (46) .
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Figure 46: Flow-chart simulation of SNF distillation: DF-2 at 6.5 bar

These results show very good separation success with high separation accuracy. Within an

eight stage distillation column it is therefore possible from 113.8 K to 220.0 K at 6.5 bar (and

from 120 K to 270 K at about 8 bar) to recover argon with high purity in the condenser with

separation accuracies well below 1E-04 mol%. Carbon dioxide is recovered with high purity in the

evaporator. For the separation curves shown in Fig. (46), the argon content decreases steadily as

the number of separation stages increases, while the carbon dioxide content correspondingly in-

creases steadily. In the �rst two stages, where practically no carbon dioxide is present, the colder

temperature of 113.8 K is reached, while from the fourth stage the carbon dioxide dominates and

the temperature is close to 220 K. The challenge of this distillation is to achieve distillation at

low temperatures, close to -160 °C. The required cooling energy can be obtained for the chosen

liquid fuel reactor, preferably the metallic Dual Fluid Reactor version. Alternatively, this process

step can be outsourced to other companies that have good technical solutions to the separation

problem and can implement them.

6.2.4 Zirconium alloy treatment plant

The chlorination in PB-1 (see �gure 31) of the shredded zirconium cladding alloy material takes

place under relatively mild process conditions at 623 K and 1 atm. Fuel material entrained in

the shredded zirconium cladding material and adhering to the walls, for example, cannot be

chlorinated with pure chlorine under these process conditions, as explained in [142, 143, 16].

For the simulation calculations below, a maximum of 0.1 mol% of the original uranium dioxide

molar content is assumed as entrained material in order to estimate that the separation of

the uranium dioxide can then be easily and completely carried out in SC5, S5. According to

[15, 142], the predominant molar fraction of the chlorinated cladding material is only 98.327

mol% zirconium tetrachloride. To obtain zirconium tetrachloride after reaction with chlorine

gas via Zr(s) + 2 · Cl2(g) → ZrCl4(s/g) with yields close to 100%, chlorine is used in excess.

Since both the exact composition of the additional alloying elements can vary greatly and the

excess amount of chlorine and the amount of entrained fuel material as uranium dioxide are

unknown, only the composition from Fig. (47) is considered for illustrative purposes in the

simulations. Fig. (47) shows the feed composition of all other components after chlorination as
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additives to zirconium tetrachloride. These are mainly tin tetrachloride, niobium pentachloride,

iron chloride, mainly as iron trichloride, in equal proportions and very small contribution of

uranium dioxide inpuri�cation from the fuel material. Furthermore, the small amounts of cobalt

and rare earths are negligible according to data from [142, 15]. Nickel and nickel chlorides are also

neglected as material components in the following calculations due to the lack of data on thermal

properties at high temperatures. Most chlorides, such as chromium chlorides, are estimated to

be thermally metastable based on ideal stability data according to [14, 24]. Therefore, in the

following simulation calculations only chromium dichloride is assumed as the only chromium

chloride. Other chlorides or even �ssion products are considered to be so small that they must be

neglected here, since the exact composition value cannot be determined. Furthermore, variations

in the zirconium alloy components are quite common, so only one example of such a composition

is selected and simulated in these calculations.

SnCl4

UO2 CrCl2

FeCl3

NbCl5

Figure 47: SC-4 feed: Additive composition with residual amounts of adhering or penetrated
uranium dioxide from SNF-fuel material given in mol%.
Ref.: [15, 16]

The simulation results for the condensation in SC-4 show that chlorine together with possible

small amounts of tin tetrachloride with 1E-02-mol% can be removed as vapour phase (see red

bars shown on the right in Fig. (48) for chlorine and tin tetrachloride). Although zirconium

tetrachloride does not have a liquid phase as a pure substance at 1 atm, there is no need to

operate under higher pressures here until zirconium tetrachloride has to be separated, which is

not the case here until distillation column DC 4 is investigated according to the process �ow

chart Fig. (32). However, the other predominant part of the tin tetrachloride is present in the

liquid with a proportion of about 0.65-0.80-mol% (left blue bar of tin tetrachloride according to

Fig. (48)). The other volatile chlorides, except for tin tetrachloride, then remain completely in

the liquid or solid state of the settling tank S4 and do not enter the vapour phase under thermal

equilibrium consideration (see blue bars shown on the left for each substance component in Fig.

(48)). Because of the high vapour pressure values of tin tetrachloride at 298 K of 5.6170E-02 bar

and at 270 K of 1.4446E-02 bar, a higher proportion of tin tetrachloride is present in the vapour

phase. A more accurate separation of tin tetrachloride is not possible under these conditions,
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6 PROCESS DEVELOPMENT OF THE MAIN SEPARATION CONCEPT

even with the addition of several such separation stages, since the vapour pressure value remains

relatively high and under lower temperatures other volatile chlorides can also partially condense

out or sublime. Therefore, the chlorine gas separation of the excess chlorine is only possible with

increased proportions of tin tetrachloride in the gas phase, which, however, does not contain

any other impurities of other material components. The concentrated other components of the

simulated liquid phase in S4 are fed to the SC-5 separation unit.
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Figure 48: Flow-chart simulation for distillative zirconium alloy recycling of zirconium cladding
material from fuel rods used for SNF material: SC-4, S4 results at 623 K and 1 atm

The simulation results for SC-5 shown in Fig. (49) at 725 K under 1 atm show a sharp

separation of chromium dichloride and uranium dioxide from the other volatile chlorides (shown

as blue bars in Fig. (49) of the two components). The volatility of chromium dichloride is very

low compared to the other volatile chlorides and the volatility of uranium dioxide is practically

negligible. Other volatile components are only present in the vapour phase (see red bars in Fig.

(49) for each component). Chromium dichloride and uranium dioxide can then be fed into the

main fuel reprocessing unit, in which these components are chlorinated with tetrachloromethane

in PB-2 at 2000 K and higher pressures (see �owchart in Fig. (32)).

For the subsequent distillation, pressures above 23.36 bar must be set in C3 so that zirconium

tetrachloride can have a liquid phase as a pure substance at all due to the position of the triple

point. In a 24-stage separation column, the simulation results for the �rst steady-state total

re�ux column operating condition at 25 bar are shown in Fig. (50). Except for tin tetrachloride

and iron(iii) chloride, the distillative separation task is analogous to the waste gas treatment

of the DC-3 column for �ne separation of the volatile chloride components without uranium

tetrachloride.
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6 PROCESS DEVELOPMENT OF THE MAIN SEPARATION CONCEPT
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Figure 49: Flow-chart simulation for distillative zirconium alloy recycling of zirconium cladding
material from fuel rods used for SNF material: SC-5 results at 725 K and 1 atm

According to the simulation results of the DC-4 column in Fig. (50), the zirconium tetra-

chloride light-boiling separation curve dominates in the �rst four separation stages in the �rst

steady-state total re�ux column condition (PPC 1). In the �rst stage tin tetrachloride is ob-

tained as a high purity light boiling product and in the last stage high purity ferric chloride is

obtained as a heavy boiling product with impurities in the ppm range. The temperature curve

in the �rst total re�ux state, as already shown in the waste gas treatment for the separation of

zirconium tetrachloride from volatile components, qualitatively assumes such a curve progres-

sion from 538.5 K to 814.5 K (cf. Fig. (45) (upper �gure)), including the curvature of the

curve, in the column range 6-12, in which zirconium tetrachloride predominates as the material

medium-boiling component. The light boiling component is then signi�cantly depleted between

the �fth and thirteenth stages and is considered to be completely separated after the fourteenth

stage with a separation speci�cation of 1E-04 mol%. The iron(iii) chloride separation curve, in

which the formation of Fe2Cl6 has been neglected as a polymerised salt compound, increases

from the fourth stage towards the column evaporator, with the greatest change in mole fraction

observed between the fourth and �fteenth stages. In the macroscopic coarse separation, from

the �fteenth stage onwards, the proportion of the medium boilers zirconium tetrachloride and

niobium pentachloride decreases, so that the proportion of the high boiling component iron(iii)

chloride increases accordingly. At the �nal separation stage, the iron(iii) chloride is then obtained

in the evaporator just within the acceptable separation speci�cation of 1E-04 mol% impurities

for reuse, because iron is a very cheap metal. The separation curve for zirconium tetrachloride

shows the maximum fraction of 98-99 mol% in the thirteenth stage, while the fractions of tin

tetrachloride and ferric chloride together are relatively small, and in this stage these fractions

become strongly minimal in total amounts. The maximum of the niobium pentachloride sepa-

ration mole fraction curve is in the twelfth stage with a low proportion of only about 1 mol%.

Beyond the maxima of the medium boiling separation curves (of zirconium tetrachloride and tin

tetrachloride), the respective molar fraction values of these components decrease, as shown in
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6 PROCESS DEVELOPMENT OF THE MAIN SEPARATION CONCEPT

Fig. (50) (upper �gure).

In PPC 2, the second stationary total-re�ux column operating condition state according to

Fig. (50) (lower �gure), only the mentioned zirconium tetrachloride-niobium pentachloride mix-

ture is then present, within which the zirconium tetrachloride component can only be slightly

depleted by coarse separation in the direction of the evaporator, while the niobium tetrachloride

component is increasingly enriched there. Accordingly, in the condenser for niobium pentachlo-

ride the lowest substance amount fraction of 3.3504E-04 is present, which is just below a sepa-

ration accuracy of 4E-02-mol%, but still satisfactory in the non-nuclear application. However,

there is still too much impurity of zirconium tetrachloride in the evaporator. Therefore, no pure

bottom product is obtained. Since the transition point to the niobium pentachloride component

is still reached in the last separation stage, the turning point of the temperature curve is present

in the temperature pro�le in this stage, whereby otherwise between the temperatures 715 K and

736.1 K, the strictly monotonically increasing curve progression of the temperature pro�le shown

in Fig. (50) .
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Figure 50: Flow-chart simulation for distillative zirconium alloy recycling of zirconium cladding
material from fuel rods used for SNF material: DC-4 results of PPC 1 & PPC 2 at 25 bar

From the results shown in Fig. (50), it can be concluded for the recycling of zirconium

cladding material in DC-4 that iron and tin components can be easily separated as chlorides by

distillation, but zirconium only with minor impurities of niobium pentachloride with a maximum
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6 PROCESS DEVELOPMENT OF THE MAIN SEPARATION CONCEPT

content of 4E-02-mol%. With regard to technical recycling, the separation accuracy may not be

su�cient for technical reuse of zirconium tetrachloride as a raw material in the nuclear sector.

Since the zirconium tetrachloride content of 2-3 mol% is still too high in the last separation stage,

it is recommended to carry out the distillation product removal in the last separation stage after

the second total re�ux column operation according to the principle of the discontinuous distil-

lation column up to the maximum permitted content of niobium pentachloride. The remaining

amount of niobium pentachloride and zirconium tetrachloride cannot then be further separated,

but without bottom product removal under top product removal at the condenser, most of the

zirconium in the form of zirconium tetrachloride can be recovered from the molten salt at the

above separation speci�cation of 4E-02-mol% (of residual niobium pentachloride). However, the

niobium pentachloride itself cannot be recovered by distillation in this column modi�cation at a

reasonable cost. Due to the similarity of the separation problems with similar chloride compo-

nents, feed compositions and a similar number of separation stages of the distillation columns

DC-3 (distillation of volatile chlorides in waste gas treatment) and the DC-4 column considered

here, the question of using the distillation in a single integrated distillation column may arise.
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Figure 51: Flow-chart simulation for distillative zirconium alloy recycling of zirconium cladding
material from fuel rods used for SNF material: Distillation application for the complete recovery
of high-pure zirconium tetrachloride (Impurity content of 1E-04-mol% of niobium pentachloride)
from chlorinated zirconium alloy

Alternatively, distillation with high separation accuracies in the range of 1E-04 mol% in a

much longer column with signi�cantly more stages is theoretically possible, but technically dif-

�cult to implement in order to recover both zirconium pentachloride and niobium pentachloride

in high purity by distillation. Fig. (51) shows the simulation result of such a large total re-

�ux column with 70 stages. High purity zirconium tetrachloride then accumulates in the �rst

stage, and on the way to the evaporator the mixture becomes depleted in zirconium tetrachlo-

ride as the number of stages increases, while the mole fraction value of niobium pentachloride

increases. High purity niobium pentachloride can then be obtained in the bottom product of

the �nal column stage. The temperature pro�le shows the expected S-shaped strictly monotonic

temperature curve with an in�ection point centred near the middle of the column at about the

fortieth stage. However, it is critical to question whether this separation e�ort is justi�ed. This

question depends in particular on the purity of the recycled product in relation to the separation
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7 STRATEGIC ELABORATION ON THE COMPLETE UTILIZATION AND DEPLETION
OF NATIONAL AND WORLDWIDE SNF INVENTORIES

speci�cations, compared to the competing consideration of other alternative and possibly more

cost e�ective separation processes. These statements apply only to zirconium recycling and not

to fuel recycling by distillation.

7 Strategic elaboration on the complete utilization and depletion

of national and worldwide SNF inventories

The idea of the following elaboration is to be able to use the Dual Fluid Reactor for the partial or

complete depletion of national and global SNF waste inventories. As described in the introduction

to Fig. (2), the possibility of recycling SNF material by distillative separation of the actinides

and �ssion products and the subsequent use and consumption of these waste materials in the

Dual Fluid Reactor. The subsequent cyclic process of utilization and distillative processing of

the DFRm feedstock allows only short-lived �ssion products to be obtained at the end, so that

these materials only need to be stored for a maximum of 500 years until the activity decays to

natural ambient level. In this way, the waste inventories are completely used up and no new waste

is produced for �nal disposal. The simulation results and the presentation of the applicability

of distillative reprocessing of HLW and DFRm material are included in the section (C) (of the

Appendix) and are not discussed in detail here. However, these results ensure that the overall

strategy developed in this thesis can contribute to solving the repository problem.

A fundamentally elaborated strategy concept for the partial processing and utilization of

SNF material concerns the possibilities of using distillation according to the following main

options (for recalculation, the tables on SNF material according to Tab. 1 and the activity table

according to Tab. 2 should be observed). The main strategy is to be understood in the following

points:

1. A 50-vol% reduction of a repository for SNF material can already be achieved by applying

distillation without having to use the Dual Fluid Reactor directly. In this case, only the

most active components are separated by distillative treatment and procesing and the

materials can be disposed of in a more space-saving manner, since the entire waste volume

no longer has to be stored in an equally costly way. In addition the spearation volume will

reduced to a factor of 1/2, referring to all the data of [29] activity and more. The waste is

separated according to activity, with the greatest activity coming from a small number of

�ssion products and actinide components.

2. If only the majority of the uranium from the spent nuclear fuel is used, the volume of the

repository can be reduced to at least 90% by volume by using only uranium in the metallic

version of the Dual Fluid Reactor, leaving the other 10% (in volume) part as waste. The

calculations are based on the assumption that the Dual Fluid Reactor produces no further

waste to be disposed of. The much smaller remaining volume of waste can then also be

stored in the repository in a space-saving manner. The advantage of this is that, as shown

in the process �ow chart in Fig. (32) , the DC-2 column, which is the most complex in

terms of process technology, is now completely removed from the SNF processing concept

at this point, but the majority of the waste is successfully processed and reused. This is
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also the case for the complete sistillation-based recovery of the DFRm melt, as can be seen

from the simulation results in section (C.1.3) of the Appendix.

3. The almost complete recycling of the SNF material and the use of the Dual Fluid Reactor,

as well as the avoidance of further fuel waste to be stored in the Dual Fluid Reactor concept

or in other similar liquid fuel reactors (if these reaction concepts are available, integrable

or will be available in the future), will provide a complete solution to the disposal problem,

with no need for �nal storage in the future.

All calculated numbers for decreasing SNF waste are related to the separation accuracies of the

simulation results here, to the total mass and subsequent total balance over time with inventory

utilization and to the forecast made in [13]. In the second case, where only uranium tetrachloride

is removed together with possible additional small amounts of neptunium tetrachloride, only 5

vol% of the repository volume needs to be stored. However, with the �nal increase in the

intensity of the distillation application, the �nal storage volume can be reduced to only 1 vol%,

but this estimate is based on maximum idealized assumptions and the most optimistic view of

the simulation results. In the second and third options, the processing of radioactive waste by

conversion, mainly of SNF material, including full recycling of cladding material, will lead to a

fundamental change in the radioactive waste management strategy, which has not been taken

into account in the estimation of waste volume reduction in this section.

The focus of the analysis now turns to the global temporal strategy for solving the waste

problem of using up all SNF waste inventories in the short temporal period and not producing

any new waste. With a global inventory of 370,000 tonnes of such waste, according to data from

[13] and secondary from [29], it is possible to operate 6 such distillation plants with distillation

separation together with feeding a fuel reactor such as the Dual Fluid Reactorr, each with a

possible industrial reprocessing capacity of 1000 tonnes/year, for about 60 to 65 years, in order

to signi�cantly reduce the waste by the above-mentioned amounts of the second and third options.

In this case, the reprocessing of spent fuel can be carried out continuously. For Germany alone,

with a use of 19,000 tonnes/year, a single plant can operate for twenty years to completely reduce

SNF waste. On a global scale, however, 6 plants will be needed to use up the fuel after 65 years

and to solve the global disposal problem completely.
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Part V

Conclusions and future perspectives

The results of this study impressively have demonstrated, under the best possible idealized

conditions of ideal phase equilibria (according to equation (27) with γi = 1), the potential

applicability of distillation-based separation processes for nuclear fuel reprocessing and further

distillative recycling of zirconium cladding material. Under ideal phase equilibrium conditions,

in the form of the most optimistic view of reprocessability, such an applicable distillation-based

separation concept has been developed, as shown in Fig. (32). Here, the developed separation

process from the simulation results impressively have demonstrated that the disposal problem

can be solved by reprocessing of spent nuclear fuel and recycling of today's recovered nuclear-

relevant waste materials in general. The overall thesis of this study is based on the idea of

realising recycling in a meaningful way for the recovery of all nuclear waste and its reuse in

suitable liquid fuel reactors, including the possibly necessary cyclic recovery of the reactor melt.

In addition, from the simulation result of a total re�ux column, an additional distillation column

design has been conceptualised in this thesis, which is a safer closed separation principle close

to cyclic usable total re�ux principles, including product removal at the end of such process

cycle, but even without signi�cantly in�uencing the total re�ux operation of the column. By

applying this cyclic recycling process internally to each column operation and, more importantly,

externally to each inventory charge processing until the world's entire waste inventory is depleted,

only short-lived �ssion products will remain as waste, requiring only a few years of �nal storage.

As a secondary bene�t of this thesis, it will also provide cheap energy production, which will

bring further prosperity to human civilisation. A suitable liquid fuel reactor for the reuse of such

distillative recovered material has been selected in this thesis to be the so-called metallic Dual

Fluid Reactor (DFRm). This reactor concept is a perfect example of such a cyclic separation

process using the distillative separation plant designed here. This concept has an optimised

utilization of two liquid cycles, a compositionally robust fuel cycle and a lead cooling melt cycle,

where the fuel material can have di�erent variations of feed compositions in terms of spent

nuclear fuel waste, Dual Fluid fuel melt recovery, highly active waste material or even mixtures

of these recycling examples, where the recovered melt can be directly reused by the Dual Fluid

Reactor principle. Further results on the combination of the DFRm process in this thesis as well

as simulation results have shown that not only the repository problem can be solved, but also

the complete avoidance of new repository waste or any kind of waste inventory production due

to the high separation accuracies after distillation shown by various distillation results in this

thesis.

Since some material data were missing for theoretical work within this thesis, the best possible

ideal phase equilibrium separation was assumed. More complex deviations from this behaviour

would only increase the conceptual design in the ideal process units without changing the general

design. Therefore, it is assumed that the developed design is the fundamental component for

further development of such a realistic process design with much experimental and simulation

work in the future. Therefore, in the following sections, the detailed conclusions are presented

separately from the model ideas, model concepts, the simulation results and the conceptual design
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development, including the idealized process �ow chart simulation and possible deviations from

the imaginable real phase equilibrium deviation behaviour . Simulation results from section (5) on

the independently developed total re�ux column model (model TRC-O/M according to chapter

(III)) show a good agreement of the results with the corresponding total re�ux column model

of ChemSep Lite. This is shown by numerous results on exemplary test mixtures with ideal and

real phase equilibrium behaviour . The comparison of the distillation of the feed stream of the

titanium tetrachloride distillation according to [12] has also been simulated for the total re�ux

column principle. The comparison with the experimental results for the titanium tetrachloride

distillation according to [12] shows reasonable separation results without contradictions despite

the di�erent operating principle between the experimental discontinuous operation with high

re�ux ratios within an experimental laboratory column compared to the simulated total re�ux

principle in this work. Furthermore, it shows even comparably good results for re�ux ratios of 2.0

of the implemented pilot plant from the technical report of [12]. The simulation results of di�erent

distillation processes between two di�erent simulation models, a self developed Octave/MATLAB

model in this thesis and a freely available ChemSep Lite model, agree very well even for this more

complex multi-component mixture as shown in Fig. (26), in that only slightly larger deviations

can be observed in a few separation stages of the temperature pro�le and in the pro�les of the

mole �ows. Based on the simulation results, such a cyclic working closed total re�ux column

design specialised for nuclear waste recycling is successfully developed in this thesis as mentioned

above.

Among the simulation results of spent nuclear fuel material of the process design based on

such a cyclic total re�ux principle of this thesis, the following highlighted summarised distillable

fractions have been obtained:

� Destillable light-boiling fractions:

1. Uranium tetrachloride, which was originally present at 95 mol% in spent nuclear fuel

material,

2. Curium trichloride together with samarium trichloride impurities,

3. Americium trichloride with cesium chloride, strontium dichloride and minor fraction

values of samarium trichloride impurities.

� Destillable heavy-boiling fractions:

1. Plutonium trichloride together with cerium trichloride, praseodymium trichloride and

lanthanum trichloride,

2. Neodymium trichloride together with barium dichloride.

Impurity means that the substance component does not occur elsewhere in any other end process

stream of the conceptual design. Otherwise, a mixture of separation fractions is obtained by

distillation. In addition, the results for the processing of zirconium cladding materials have

shown that these material compounds are di�cult to recycle due to the higher pressures required.

However, antimony pentachloride, tin tetrachloride and tellurium dichloride can be separated by

high-purity distillation, both in waste gas treatment and in distillative cladding material recovery.
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Iron(III) chloride, which is only present in zirconium cladding material, can also be separated as

a high purity distillation product in this total re�ux column design separation mode.

In conclusion, this thesis has shown that the main actinide and �ssion products useful for the

Dual Fluid Reactor can be provided by distillation as fuel under cyclic use of the closed cycle total

re�ux principle de�ned in this thesis and DFRm feed material separation by distillation until only

short-lived �ssion products are available. Further results in the appendix show the integrability

of the pyroprocessing separation unit even at mixing ratios of DFRm material to be recycled and

even highly active HLW material, neglecting decay heat and ideal phase equilibrium relations.

Thus, the applicability of the developed separation process coupled to the Dual Fluid Technology

and the application of a pyroprocess separation plant for the puri�cation of SNF and HLW fuel

and the distillatively recovered Dual Fluid melt material under ideal conditions has been clearly

demonstrated and presented. The assumption of deviations up to strong deviations from the real

phase equilibria would probably only increase the number of separation stages required or, in the

case of azeotropic mixtures, the number of columns required for each separation region resulting

from a multi-component, dimensionally de�ned azeotropic boundary distillation region.

Possible follow-up studies resulting from this thesis Possible follow-up studies from

the conceptual design of this thesis to a pilot plant include several steps to measure the phase

equilibria and subsequent simulations with new models based on the theory of the UNIQUAC

and LIQUAC models, which should be required in the future. After the design of a laboratory

column, the �rst separation experiments can be carried out in this �rst closed total re�ux column

design. The following studies are recommended

1. Experimental measurement of vapour-liquid equilibria for the major binary inorganic salt

mixtures with uranium tetrachloride �rst, in a closed chamber evaporator unit or other

measuring device of a single stage distillation unit,

2. Development of new physical GE models for the description of nuclear salt mixtures in the

vapour-liquid system,

3. Comparison of the results on the GE model with new experimental measurement data of

the vapour-liquid systems and correction by suitable model equation parameters,

4. Simulations of distillation columns, which can reproduce the real phase equilibrium be-

haviour relatively accurately via the correspondingly developed GE models for the relevant

molten salt mixtures,

5. Experimental research on the separation of the chloride components of simple and later of

more complex spent fuel-relevant mixtures in laboratory distillation columns,

6. Development of a corrected real separation process based on the experimental separation

results and simulations, as well as the basic separation design presented in this thesis,

7. Construction of single pilot separation plants for the distillative recovery of spent nuclear

fuel.

D. Böhm Distillation as a separation method in nuclear fuel reprocessing Page: 128



Before the experimental phase can begin, calculations with complex GE models or modi�ed

UNIQUAC and LIQUAC models are required, whereby the Margules equation, exemplary shown

in this thesis only corresponds to a simple correlation function and should only be applied at

the beginning to estimate the non-ideal vapor-liquid equilibrium behaviour . In the UNIQUAC

model, the repulsive interaction force of the parameters could be considered by the activation

energy of interactions as well as for di�usion for the estimation of interaction force limits from

a modelled chloride cell considered by the model. Here, also molecular dynamic simulation

could be useful to determine the most important interaction parameters for the most important

binary relevant mixtures for the realistic simulative solution for the distillation problem in the

conceptual design. Here, after decomposing the �uid of such moving dynamic di�usion cells, the

mean forces and the collision frequency C0 could be determined to calculate the mean activation

energy via an Arrhenius approach for example, such as

EA,ij = −RT ln

(
EDij

C0

)
, (101)

uij ≈ EA,ij .

The calculation should be done in such a way that a part of the quantity dissociates and an-

other part remains covalently bound in the melt. This behaviour is to be quanti�ed with the

dissociation constant, which should be also measured, or derived from the ionic fraction ϕij

of the substance component i in chloride solvent j by suitable literature values. Therefore, a

separation is made into an ionic fraction (with complete dissociation into chloride ions & metal

cations) and a molecular-covalent fraction, each having a combinatorial and a residual fraction

(see UNIUQAC/LIQUAC-GE models in the appendix of the section (2.2.3.3)). In each of the two

residual parts, the di�usion activation energy is now taken into account as an energy parameter.

If molecular dynamic simulations are available from literature, the modelling can also be

described alternatively as a modi�ed UNIWUAC or LIQUAC model by considering the non-

dissociated portion of the ion portion as a solvent in which the dissolved ions of the compounds

with total ion portion ϕ are present. Using the example of the substance system UCl4-LiCl-KCl

according to [99, 103], the phase equilibrium could thus be estimated, if suitable information

on the ion fraction or the dissociation constant is available. These phase equilibria can then be

determined experimentally for representative mixtures in a simple laboratory closed distillation

chamber unit.

After measuring the equilibria in a single distillation unit where thermodynamic equilibrium

is reached, suitable GE models for VLE salt melts can be developed for the measured chloride

vapour-liquid equilibrium systems. Discrepancies between experiment and model can be cor-

rected by correlative �t parameter functions. Further experiments and improved modelling will

allow the construction of a laboratory distillation column for experimental optimisation of the

separation of chlorides in molten salt mixtures in a distillation column. Based on this, the real-

istic separation process and �owsheet development for a distillation-based SNF treatment plant

will be successfully realised.
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Prospects for using the proposed distillation-based separation installation As shown

in the (7) section, there are opportunities to completely recycle the world's spent nuclear fuel

inventories within 60-65 years and, as shown in the extended calculations in the Appendix in

section (C), to completely consume other materials within such a distillation-based design to

recover Dual Fluid Reactor melt and other highly active waste materials. This will revolutionise

the use of nuclear energy through the cost-e�ective and sustainable processing of all relevant waste

streams in this combination of Pyroprocessing Separation Unit (PPU) and Dual Fluid Technology

(DFR) or even another suitable liquid fuel reactor capable of burning up the recovered material

from the PPU.

Following the successful technical implementation of spent nuclear fuel processing and stream

recycling in the Dual Fluid Reactor, there are other industrial applications for the use of high

temperature distillation of molten salts for the recovery of valuable metallic and basic raw ma-

terials. For example, the following industrial and chemical applications are technically feasible

with the distillation concept developed here, which could include example the following tasks:

� Raw material recovery from alloys, such as the distillative recovery of titanium from tita-

nium alloys.

� Recovery of neodymium and lanthanides from NdFeB magnets (see also [70]) or generalised

recovery of rare earths and their additional valuable constituents from these alloys using

chlorine as a chlorination agent to volatilise the material, or even special glasses using

carbine tetrachloride for chlorination to volatilise them.

� Recovery of lithium from lithium batteries, in alloys or from glasses and ceramics.

� Recycling of other valuable alloys.

NdFeB magnets in particular are contained in many electronic devices such as mobile phones

and PCs as well as in almost all machines, in the automotive industry and in wind turbines and

are thus indispensable as materials. The extraction of rare earths is relatively environmentally

harmful in this respect. Recycling with distillative separation processes would already save

resources enormously in this example of separating the rare earths from NdFeB magnets and

does practically without additives. With regard to the consideration of resource conservation

of metallic valuable materials, such as rare earths, lithium, titanium, but also refractory metals

up to precious metals, the distillative separation process represents a decisive solution proposal

for signi�cant improvement. Since rare earths are thus elementarily important for the operation

of wind power plants, the recycling of such raw materials will be indispensable in the future.

However, without further energy input, a recycling process is not economically feasible. Only

base-load capable and cost-e�ective energy generation without waste generation, such as the

application of Dual Fluid technology, makes the economic recycling of such materials possible

in the �rst place. This underlines the high importance of the application of the distillative

separation technology of nuclear fuels and the application of the Dual Fluid technology and thus

the enormous importance of the technical implementation of the distillation-based pyroprocessing

separation unit developed in this thesis.
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Part VI

Appendix

In this appendix, in addition to the list of references, extensive information on extended simu-

lation results, calculations, but also on further partial aspects of the theoretical fundamentals

are listed as follows. In the �rst part of the appendix, some extended aspects of the theoreti-

cal fundamentals from chapter (II) are explained, and in the following section, the state of the

literature research for this current state of the work of the thesis is discussed in detail, with

a focus on the pure property data for the use of the ChemSep and Octave/Matlab distillation

models. In the next section, the discussed results on conceptual design, e.g. of HWL and DFRm

fuel treatment problems, are extended by numerous simulations and integration analyses in the

SNF conceptual design from chapter (IV) under other process conditions, as well as the detailed

results on SNF, HWL and DFRm fuel treatment in a further subsection. Subsequently, the

results on test mixtures from chapter (III) are presented and discussed in detail with regard

to the comparison of the Margules approximated VLE with ideal phase equilibria. In addition,

an exemplary investigation of possible heat e�ects as well as heat accumulation through decay

heat within distillation columns of representative SNF-relevant reduced test mixtures containing

active isotope elements is carried out and their estimation results are discussed. The last section

explains the use of the ChemSep Lite models used for this thesis, as well as the requirements

and inputs.

A Supplements to the theoretical background: Di�usion and mod-

elling of vapor-liquid equilibria

Firstly, di�usion is fundamental to the description of mass transfer for chlorination and mass

transfer between liquid and vapour. This is followed by the description of real phase equilibria

for VLE systems and details of critical nucleation in suspension crystallisation.

A.1 Di�usion

Mass transport between the liquid and vapour phases and in chlorination is essentially dependent

on di�usion. Di�usion is the main rate limiting step in almost all separation processes and even

in solid reactions. In the appendix, the estimation of di�usion coe�cients is important for some

GE models and distillation or the expression of mass transfer between vapour and liquid in VLE

systems, also for non-equilibrium distillation models.

A.1.1 Fick's �rst law

For a simple binary system with solvent B and di�usion of A in direction l, the �rst Fick's law

applies in the presence of a concentration gradient in the same direction, which states that the

di�usion �ux is proportional to the concentration gradient but opposite to the di�usion direction

[144, 78]. According to [78, 144] , the following applies to the di�usive �ux under the assumption
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that di�usion occurs only in direction l

JA

∣∣∣∣in l = −DAB ·
dcA
dl

. (102)

The expression in equation (102) for the di�usion �ux can be easily extended via the di�erential

mass balance in an in�nitesimal Cartesian coordinate system for all spatial directions with

JA = −DAB · ∇cA. (103)

Here the proportionality factor DAB is the di�usion coe�cient of A in B, which can be deter-

mined or is given in literature databases for appropriately formulated di�usion problems, e.g. in

the collective works [145, 146, 147] for numerous chlorides available as temperature-dependent

substance data systems in a wide variety of solution media or in di�erent di�usion atmospheres.

Di�usion coe�cients often tabulated in the literature are given for strong or in�nite dilution. In

the gaseous state, the mobility of the molecules for both components is considerably greater than

in the solid or liquid state. The allowable range of binary di�usion coe�cients in the gas phase is

then generally between 10−5−10−4 m2/s. Di�usion coe�cients in liquids are 10−11−10−9 m2/s, pro-

vided that both components are in the liquid state [76, 147]. For general di�usion in non-porous

solids the upper limit of the di�usion coe�cients is about 10−12 m2/s (see: [76, 51]). It should

be noted that for binary systems DAB = DBA always applies, so that if one of the substances

di�uses, the other substance component will also di�use in the opposite direction. However, this

is not necessarily the case for multi-component systems and all interaction combinations of the

systems must be considered. The following applies as a summation (for N ≥ 3)

JA = −
N−1∑
j=1

DAj∇cj , (104)

= −cA,tot
N−1∑
j=1

DAj∇xj . (105)

For this purpose, cA,tot is the total concentration of A in the mixture

A.1.2 Fick's second law

In [144, 88, 76], for binary di�usion in the l-direction via a time-dependent mass balance consid-

eration through a time-constant, stationary cross-sectional area A. Using equation (1) without

convection and a Fourier expansion, the so-called second Fick's law can be formulated, which

provides a partial di�erential equation for the concentration dependence as follows

∂cA
∂t

= DAB

(
∂2cA
∂l2

+
1

A

∂A

∂l

∂cA
∂l

)
. (106)

The equation (106) can be simpli�ed in many ways. One important simpli�cation is that the

cross-sectional area A is independent of the direction l, so that
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∂cA
∂t

= DAB

(
∂2cA
∂l2

)
. (107)

For di�usion in all three Cartesian spatial directions, analogous to the equation (107) for a

substance increment balance, the expression follows (see: [76])

∂cA
∂t

= DAB 4 cA. (108)

In equation (108),4 = ∇2 is the Cartesian Laplace operator. In highly dilute �uids, di�usion has

no �ow relevant in�uence on the �uid. In the case of strong concentration gradients, however,

convection �ows can be excited by di�usion, which means that according to equation (1) the

convection term cannot be neglected. In addition, suitable initial and, if necessary, boundary

conditions must be formulated in relation to the induced �ows, so that a mathematical solution

of the partial di�erential equations also exists. In a di�erential increment and with insertion of

convection according to equation (8) (for all three spatial directions), a suitable partial equation

for the description of the di�usion problem can also be set up in an analogous procedure to

the derivation of equation (108) [76]. After the mass balance in the increment and the Fourier

expansion, the convection velocity vector ~w follows

∂cA
∂t

= −∇ (~wcA) +∇ (DAB∇cA) . (109)

In many cases of more complex di�usion problems with further special features, such as

chemical reactions, solutions of the di�erential equations are only possible numerically. However,

simpli�ed analytical approximate solutions can often be found for numerous di�usion problems.

A.1.3 Simpli�ed di�usion models in vapor-liquid systems

To determine di�usion in VLE systems, it is necessary to determine or accurately estimate the

di�usion coe�cients. The methods are discussed below.

A.1.3.1 Estimation of di�usion coe�cients in gas mixtures In gases, di�usion and

thus the di�usion coe�cients depend signi�cantly on the mean free path length λ between the

collisions of two gas molecule species (see [148] pp.113 for the theory of the mean free path length).

Physically, in the common simpli�ed type, particles collide elastically in a volume according to

the principles of conservation of momentum, if these particles collapse with respect to a mean

collision cross section σcol. [149]. For the mean particle number density of the pure gas NA = nA
VA

λA =
VA

nA · σcolA

. (110)

In the approximation of spherical molecules it follows from the collision cross section in the

monomaterial system that it must be directly proportional to the diameter of the molecule, which

of course also applies to monatomic gases such as the noble gases. Consequently, a simpli�ed

correlative approach can also be set up with the correction term Ccol

σcolA |spherical = Ccolπ · d2
mol. (111)
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Furthermore, the following relation with the impact frequency Γcol according to[148, 149] holds

for the amount of the mean velocity of a moving molecule with Boltzmann constant kB ≈
1.38 · 10−23 J/K and mass of the single molecule mA

wA,mol = λAΓcol
A , (112)

=
√

3kBT/m.

If it is a matter of statistical, random particle movements in all three spatial directions, the

correction factor Ccol =
√

2 follows according to [148] for the correction term. With λA ∝ 1/p,

the proportionality with the gas pressure applies to the mean free path length

λA =
VA√

2πd2
mol · nA

. (113)

In the binary system with components A and B, the arithmetic averaging of the collision cross

sections for both collision partners is often performed with σAB = 1/2 (σA + σB). Simpli�ed,

according to [88], the Chapman-Enskog theory for calculating the di�usion of spherical molecules

applies to highly dilute solutions according to the following approach

DAB =
3

16

(
2πkBT ·

(
1

Mw,A
+ 1

Mw,B

))1/2

π · f(p, T ) · (NA +NB)
(
σcolA |spherical

)2
ΩDI(T )

Ccorr. (114)

In equation (114), ΩDI is the temperature-dependent collision integral, which is essentially rep-

resented by the Van-der-Waals interactions of the intermolecular forces when molecules collide

[88]. In the most complex case, the calculation is carried out by molecular dynamic simula-

tions. However, parameterised equations f are often derived in the literature, among others from

molecular dynamic simulations, as partly described in for the calculation of the collision inte-

grals. Often the evaluation leads via so-called Lennnard-Johnes potentials ε with ΩDI = f
(
kBT
ε

)
with the parameters ε =

√
ε1ε2, as Lennard-Johnes force constants besides the averaged collision

cross-sectional area σcolA |spherical . (for the two di�usion partners involved) [78]. For this purpose,

[78] provides a possible simpli�ed approach for estimating the Lennard-Johnes parameters as a

function of the critical temperature TC,i with the following correlative approach

εi ≈
kBT

1.30 · T
TC,i

. (115)

As an estimate for the averaged collision cross-sectional area, however, gives the following c

σcolA |spherical = 1.18 ·
(
v′′
)1/3

. (116)

Ccorr in the equation (114) is according to [88] a correction factor for the di�erence of the masses

A and B. However, the pressure p is estimated more generally and in deviation from [88, 76] with

the help of a correlative, linear, temperature-dependent calculation approach. Also of importance

is the estimation of the di�usion coe�cients in a multi-component mixture, where the following
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mixing rule applies for the di�usion pair i in j with i 6= j according to

Di ≈

∑
j=1

xi
Dij

−1

. (117)

Further details are given in [76, 88].

A.1.3.2 Estimation of di�usion coe�cients in liquids The di�usion coe�cients in liq-

uids are 104 times smaller than in gases, which plays a considerable role due to the signi�cantly

stronger intermolecular interactions. The di�usion penetration depth is also signi�cantly smaller,

so that a signi�cantly smaller di�usion distance is covered per time with ∆l =
√

4D∆t according

to [76].

In contrast to collision as with gas molecules, there is constant interaction with other molecules

in the liquid, so that only approximate equations are generally applicable [78]. Estimates of

di�usion coe�cients for slow, laminar �ow and highly dilute solutions of substance to be dif-

fused in solvent B is described using the Stokes-Einstein equation. In this, an approach for the

temperature-dependent movement and the internal friction f = 3πηBdA for suspended parti-

cles A to be di�used in solvent B is established according to [150]. This yields the following

calculation approach with pressures below 10 bar for the di�usion coe�cients

DAB =
kBT

3πηBdmol
A

. (118)

In reality, the di�usion coe�cients are strongly dependent on the concentration and on �uid

mechanical e�ects. Furthermore, for the applicability of equation (118) the following further

simpli�cations apply

� Dilute solutions with no interactions between A and the solution molecules B,

� Slow, laminar �ows,

� Spherical molecules,

� The continuum mechanics for the �uid is valid.

For more concentrated solutions, di�erent mixing rules apply, as described in more detail in [76]

and [88]. In addition, for liquids, due to the dominant phenomenon of intermolecular interactions,

it is possible to estimate the di�usion coe�cients from data on viscosity and surface tension. For

mixtures in vapour-liquid systems, the correlation of the evaporation behaviour as a function of

the vapour pressures of the pure substances pLVi , the activity coe�cients γi and the viscosity must

also be considered. These calculation approaches are also explained in detail in [88]. According

to [78], the di�usion coe�cients can be determined for molecules of approximately the same size

according to an approach by Wilke & Chang as a function of the molar volume v′′ := v(T = T ′′)

at the dew point T ′′ of the mixture at a pressure of 1 atm and an additional parameter χ. The
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calculation of the di�usion coe�cients can then be done as follows

DAB

[
cm2

s

]
≈

7.4 · 10−10 T(χ·Mw,B)
1/2

(xAηA+xBηB)(v′′)0.6 , small molecules containing only few atoms

1.05 · 10−9 T
(xAηA+xBηB)(v′′)1/3

. large molecules like polymers

(119)

All correlative calculation approaches and models are described in detail in [76, 88].

A.2 GE-models

In this section, the most important GE models for describing real phase equilibrium conditions,

roughly simpli�ed and modi�ed for the use of molten salt SLE and VLE systems, are thematically

considered and discussed below.

A.2.1 The Wilson model

The Wilson model as a very suitable rough model for simpli�ed non dissociating salt molecules

applies the local composition theory x̄kl (related to molecule k, how many molecules l are com-

positionally present in the local environment) by calculating the activation energy required to

overcome the internal interaction forces using the kinetic theory of gases. This describes the

parameter matrix in which, analogous to the Arrhenius approach to calculating the activation

energy with k = kk,0 exp
(
EA,kl

RT

)
and the activation energyEA → ∆λ := λkl − λll with the

energetic interaction parameter \lambda and the impact parameter kk,0 → x̄kl
x̄ll

. Then it is

Λkl =
x̄kl
x̄ll

exp

(
−λkl − λll

RT

)
. (120)

The ratio of the local compositions corresponds to the ratio of the molar volumes of the pure

substances as follows
x̄kl
x̄ll

=
v0k

v0l
. (121)

With the help of the parameters, the Gibbs free excess energy GE can be determined analogously

to the calculation of the equation (39) for the ideal mixture fraction, but corrected via the

interaction parameters Λkl by xi,real =
∑Ncomp

l=1 Λklxl. Thus, for G
E
it is

−G
E

RT
=

Ncomp∑
k=1

xk ln

Ncomp∑
l=1

Λklxl

 . (122)

The description of the activity coe�cients is then by applying equation (41) as follows

ln γi = 1− ln

Ncomp∑
l=1

xlΛil

− Ncomp∑
k=1

xkΛki∑Ncomp

l=1 xlΛkl
. (123)

A.2.2 The NRTL model

The NRTL model also starts from the idea of local composition, but summarises the energy

di�erence terms ∆gkl in comparison from the ideal to the real mixing fraction. The model can
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generally be used for undissociated salt molecules or fully dissociated assumed salt molecules into

ions. As a dimensionless interaction parameter, the expression g̃E

RT = ∆gkl
RT can be de�ned with

τkl := ∆gkl
RT and the non-random additional parameter αkl, so that the following total parameter

approach applies

lnGkl = −αklτkl. (124)

The equations for the GE calculation approach are then as follows

GE

RT
=

Ncomp∑
k=1

xk
Sk
rk
, (125)

Sk =

Ncomp∑
l=1

xlGkl,

rk =

Ncomp∑
l=1

xlτklGkl.

The expressions for the activity coe�cients then become

ln γi =
Si
ri

+

Ncomp∑
l=1

xlGil
rl

(
τil −

Sl
rl

)
. (126)

A.2.3 The UNIQUAC and the LIQUAC model

In the UNIQUAC model, the free Gibbs energy is composed of a combinatorial part GE

RT

∣∣∣
C
, which

includes the spatial expansion of the molten salt molecules without dissociation or within the

complete system of conventional molecules and their dissociated ionic species. The remaining

part is GE

RT

∣∣∣
R
, in which the intermolecular forces are generally taken into account. In general, the

superposition principle should apply to all physical dissociation or even electrochemical e�ects

involved in the model, so that

GE

RT
=
GE

RT

∣∣∣∣
C

+
GE

RT

∣∣∣∣
R

+

Nother∑
a=1

GE

RT

∣∣∣∣
other,a

, (127)

ln γi = ln γi|C + ln γi|R +

Nother∑
a=1

ln γi|other,a . (128)

The greatest strength of the UNIQUAC model extended in this way is that it can be extended

to include other physical e�ects. In the ordinary UNIQUAC model, however, only the purely

combinatorial and residual part is available with GE

RT = GE

RT

∣∣∣
C

+ GE

RT

∣∣∣
R
, and respectively ln γi =

ln γi|C + ln γi|R .

The combinatorial fraction GE

RT

∣∣∣
C
is calculated exclusively from the substance-related relative

Van Der Waals volumes rV,i and Van Der Waals surface areas qi of the characteristic molecular

diameters rmoli for each substance component i. For the combinatorial fraction, the evaluation is

performed as a function of the average coordination number z, the characteristic volume fraction

Vi =
rV,i∑Ncomp

i=1 rV,l

and the characteristic area fraction Fi = qi∑Ncomp
i=1 ql

of the stable components in

the mixture, the following calculation approach is used in the UNIQUAC model. Assuming no
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dissociation as a simpli�cation, it is

GE

RT

∣∣∣∣
C

=

Ncomp∑
k=1

xk ln (Vi) +
1

2
zqixi ln

(
Fi
Vi

)
, (129)

ln γi|C = (1− Vi + ln (Vi))−
1

2
zqi

(
1− Vi

Fi
+ ln

(
Vi
Fi

))
. (130)

For the determination of ln γi|C the equation (39) is used, which can be applied analogously

to all GE parts. For liquids in the LLE and VLE systems of the general substance systems of

non-dissociating molecules there is usually a coordination number of z = 10.

The calculation of the residual fraction GE

RT

∣∣∣
R
is done analogously to the model equations

(120), (121) according to Wilson, but adapted to the UNIQUAC model of the van der Waals

volume ri with the parameter matrix U := Ψx of the intermolecular interactions uij by the

following approach with τkl = exp
(
−ukl−ull

RT

)
. So it is

Ψklxl := rV,l · τkl. (131)

Application of equation (122) analogous to the Wilson Model then provides the following calcu-

lation approach for the residual component

GE

RT

∣∣∣∣
R

= −
Ncomp∑
k=1

xkqk ln

Ncomp∑
l=1

rV,lτkl

 , (132)

ln γi|R = qi

1− ln

(∑Ncomp

l=1 qlxlτil∑Ncomp

l=1 qlxl

)
−
Ncomp∑
l=1

(
qlxlτil∑Ncomp

k=1 qkxkτkl

) . (133)

For the extension to the model of a complete molten salt system with model convective (com-

pletely undissociated) and model completely dissociating ionised fractions, the evaluation could

be carried out separately via the combination of the ion degree fractions φ, in which the combi-

natorial and residual fractions are applied separately to both partial fully ionic and fully covalent

fractions and �nally superposed within the ion degree fraction φ.

Another idea is to modify the LIQUAC model to assume that the molten salt itself is the

solvent. The LIQUAC model is an extended model of the UNIQUAC model for the description

of solid-liquid and vapour-liquid equilibria of dissolved salts in solutions, such as (e.g. aqueous)

salt solutions. The extended model is described in detail in[103] and [92] and can be used for

a wide range of salt solutions. In its present form, however, the model is not applicable to the

description of molten salts, but could be suitably modi�ed as mentioned.

A.3 Details on critical nucleation in suspension crystallization

In the case of homogeneous suspension crystallisation, where wall crystallisation is neglected,

stable and mechanically separable solid particles of a certain size must be produced in the

�rst crystallisation aspect. For example, the particles must be large enough to be mechanically

separated, but more importantly, they must exceed a critical, minimum required nucleation size in
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the crystallisation to have thermodynamically and then secondary stable crystallisation growth.

For stable crystallisation of near ideal spherical solid particles, the critical nucleation radius for

a material component to be crystallised must be exceeded as a necessary condition. Essentially,

there are three crystallisation regions in primary nucleation: an unstable, a metastable and a

stable region for the formation of solid particles, with the metastable region also referred to as

the Ostwald-Miers region [151]. A possibility of crystallisation in the metastable region can be

achieved by adding crystals of a certain size of the same or di�erent material composition, as

for example in the Czochralski process (see among others [84]). The Czochralski process is a

crystallisation process for the production of single component or single crystal metallic materials

in which nucleation is stimulated just below the melting temperature by the addition of seed

crystals as auxiliary crystals. Often a rotating rod with a seed crystal at the tip is used in a

melt, at the core of which the melt subsequently crystallises on cooling. The resulting material

is obtained by various mechanical forming methods. The detailed process and methods are

described in [151].

In the early stages of crystallisation, the width of the metastable region depends on various

parameters such as stirring intensity, cooling temperature or cooling rate, but also on material

properties such as solubility or viscosity. However, it is important to reach the stable nucleation

region without auxiliary crystals. By calculating the SLE equilibria according to equation 20 and

the corresponding composition of the liquid and solid phases at temperature T , it is generally

shown for the mixture that a critical nucleation radius is required for the formation of stable

nuclei and subsequent crystal growth. According to [83], nuclei form after the addition of ele-

mental crystallisation components from the melt until a stable nucleus is formed to which further

crystallisation products can attach to the solid matrix. The balancing and observation of the

total energy di�erence ∆G during the process shows that, assuming spherical nuclei, a critical

nucleation radius must be exceeded in order to obtain these stable nuclei for the subsequent crys-

tallisation stages. According to [83], the formation of stable nuclei takes place after exceeding the

local maximum of ∆G as a function of the crystallisation radius. For the total energy di�erence,

the released crystallisation energy volume (di�erence) ∆GV is related to the melt volume V with

∆GV = V ρmix

Mw,mix
·∆µ and the surface energy to be expended ∆GA with∆GA = A · σmix. So the

total energy di�erence∆G is (with total energy di�erence ∆G and nucleation surface A)

∆G = ∆GV + ∆GA. (134)

For spherical crystallisation nuclei from the liquid phase, the equation (134) is transformed into

the following analytically calculable form

∆G(r, T ) = 4/3πr3 ·∆µ(T )− 4πr · σ(T ). (135)

By evaluating ∂∆G
∂r an expression for calculating the thermodynamic critical nucleation radius

can be obtained. The equation for the formation of the critical nucleus is then

rcrit =
2σmixMmix

ρmix∆µ
. (136)

For simulation of crystallisation, the critical nucleation radius for stable nucleation must be
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exceeded as a necessary condition. For the di�erence of the chemical potential to the phase

change, (13) and (14) can be used from the simulation results of the mole fraction with ci = xi ·c0,i

(at base concentration c0,i) to determine the current critical nucleation radius rcrit. Evaluation

of ∆G(rcrit, Tcooling) shows that the nucleation work required for the crystallisation process is

always 1/3 of the surface formation energy. Under the simpli�cation that the melt is only a

single component system and that the other non-crystallisable fractions in the melt are small

and less active, the calculation approach ∆µi = ∆hSLi ·(TM,i−Tcool) applies for the estimation of

the critical nucleation radius as an approximation for equation (136) by calculating the subcooling

temperature Tcooling.

B Supplement: Section on the availability of required substance

property data for modelling and simulations

In the following section, the availability of property data and the estimation of real phase equi-

libria based on literature data are listed and discussed as follows. Due to the lack of pure

component property data and the poor availability of validated VLE data of representative sub-

stance systems, calculations with ideal phase equilibria were predominantly carried out in this

thesis.

A realistic distillation simulation depends almost exclusively on the availability of validated

property data. In general, the realistic representation of vapour-liquid equilibria (VLE) is crucial

for the simulation of distillation processes, since already in simpli�ed equilibrium relationships

using the simpler gamma-phi concept for low pressures according to equation (27) the activity

coe�cients describe the physical behaviour of liquid molecules with respect to each other and

their intermolecular interactions in the mixture. However, for the nuclear recycling relevant to

the study of mixtures of actinides and �ssion product chlorides, practically no VLE data of

representative binary mixtures exist, but only at low temperatures or SLE conditions in simple

binary liquid systems with uranium tetrachloride and another metal chloride component.

B.1 Availability of substance property data

The substance data property data required for general simulation of distillation columns can be

divided into the following �ve substance data classes:

1. Conventional data (1A): This includes pure substance property data, melting and boiling

points, as well as temperature-independent data.

2. Data on the essential phase transformations of the pure substance, which are, however,

independent of temperature (1B): At this point those pure substance property data are

meant which characterise the most important phase transformation points in a p-T-diagram

(pressure-temperature phase diagram to the pure substance); which thus essentially concern

critical points or triple points of the pure substances involved. Furthermore, this also

includes possible decomposition points of the pure substance.

3. Temperature-dependent substance data of the pure substances subdivided according to:
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(a) Ordinary phase change and thermochemical-temperature-dependent substance prop-

erty data (2A): Includes all pure substance property data of vapour pressures or en-

thalpies of vaporisation, but also thermochemical data including heat capacities and

free enthalpy or Gibbs energy of formation data.

(b) Temperature-dependent substance property data of pure components relating to mass

and heat transport (2B), such as essentially density, viscosity, thermal conductivity,

surface tension or di�usion coe�cients in certain media or solvents (including solution

in melts).

4. Molecular properties of the pure substance components (3A), such as radius of gyration,

van der Waals area & volume, binding properties, binding energy, binding angle and other

molecular geometry properties, but also dissociation behaviour (with dissociation constant

including) and ion sizes when the molecules tend to dissociate. The basic molecular ge-

ometric data on molecules can be used in many ChemSep models and in GE models as

well, for example, in the estimation of model parameters in the combinatorial part of the

UNIUQAC model.

5. Mixture property data and data on the activity of the pure substance components in

the mixture as well as the corresponding intermolecular interaction parameters (3B) are

required to describe realistic vapour-liquid equilibria or solid-liquid equilibria, so these

interaction parameters are important parameters in the use of more complex GE models

such as the UNIQUAC or LIQUAC model. Some rough available GE data of binary

molten salt systems with uranium tetrachloride are given in section (3) of the main part

of this thesis. However, realistic vapour-liquid equilibrium data of relevant mixtures for

potentially realistic useability in this thesis can only be obtained experimentally, e.g. from

single-stage closed chamber evaporators specialised for molten salts (see: [60, 109, 61]),

from which complex models and the model parameters for simulations can be obtained.

Mixture data often depend on temperature and composition, and possibly on pressure.

The molecular interactions in the mixture could also include the dissociation behaviour in

the mixture as a function of composition, temperature and pressure, including dissociation

constants and a reaction network that may occur in the case of particularly chemically

strong interactions in the mixture.

For each substance property data class, data from di�erent databases available in the literature

have been combined in terms of varying quality and availability. The availability and quality

of these data are listed in the table (14). Such a tabulation has already been done in [29], but

has been extended and updated in this work of the thesis. In the Dortmunder Sto�datenbank

as well as in the DECHEMA DETHERM database, many data sets are available on generally

conventional, temperature-dependent substance data and model parameters for the theoretical

description of mixtures. For solution equilibria, e.g. for many salts in aqueous solutions and

organic solvents, much information on activity data can be found, as shown by the data from the

LIQUAC development thesis from [92]. However, this changes for molten salt systems, where such

activity data are rarely available, and are practically non-existent for nuclear relevant mixtures,

such as those with uranium tetrachloride in vapour-liquid systems. Only for low temperatures
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in the range of the melting temperature of the mixture with uranium tetrachloride are some

GE data available, see [10, 120, 9, 121, 11] as well as indirectly given for the estimation of the

mixing enthalpy in [152]. Only for conventional and temperature-dependent data, such as heat

capacities, vapour pressure data and thermochemical substance data, some information can be

found for the pure actinide and �ssion product chloride components, which are also less available

in good quality, especially for the transplutonium actinide component chlorides. For this purpose,

other databases are more suitable, such as the NEA database, which deals speci�cally with

the thermochemical substance property data of speci�c actinide chlorides and other possible

components, given in detail in the form of various series of books and publications. In the

series of publications with the characteristic title "Chemical Thermodynamics of M" with e.g.

M=U,Np,Am,Tc,Pu,.... the series deals with the thermochemical properties of these elements and

their compounds, especially chlorides and many other compounds, see [153, 143, 154, 155, 156,

27, 157, 158, 159, 160]. The main advantage of this series is that the data is constantly updated

and freely available in the public domain of the NEA database. In particular [161] provides

well validated and high quality substance data. The disadvantage is that these publications

mainly list conventional and thermochemical data of pure substances. In addition, the NIST

databases [162] and the JANAF tables also provide mainly thermochemical properties of pure

substances, but also vapour pressure data and sometimes other data on transport properties.

Further compilations of vapour pressure and thermochemical data can be found in [24, 18, 14, 66].

However, critical data are almost completely missing, as well as suitable mixture data on VLE

systems. For a wider range of property data, however, the book series "Gmelin's Handbook

of Inorganic Chemistry" is suitable, in which each book also covers the property data of one

element and its compounds, including critical data and transport properties [163]. For example,

the critical temperature of 1598 K for the compound UCl4 is given in [20, 163] as the only source,

while extrapolation of the vapour pressure curves gives a critical pressure of 70.714 bar. However,

these data urgently need to be validated and, if necessary, corrected in future experimental

work, since uranium tetrachloride in particular is one of the most important elements for the

investigation of nuclear distillation �elds in the context of spent fuel reprocessing. Alternatively,

it is also possible to estimate these data approximately by means of group contribution methods,

e.g. according to [164, 165], as partially described in [88, 87]. However, the estimation of

such substance data will not be pursued further here, as these are only very rough estimates.

Information from the literature should always be preferred to estimates. Further sources for

critical data, as well as data on molecular properties, temperature-dependent substance property

data and transport properties of numerous �ssion product chlorides can be found in [166, 145].
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Table 14: Availability of substance property data for actinide and �ssion product chlorides (DDB:
Dortmunder Sto�datenbank (updated from [29])

Substance property class

Substance property database 1A 1B 2A & AB 3A 3B

DDB(Dortmunder Sto�fdatenbank)
[167]

+/� � +/� � � �

DETHERM & DECHEMA[168] +/� � � +/� +/� �

DIPPR(Design Institute for
Physical Properties)[169]

+ � � + � � � �

NIST & JANAF[162] + � + +/ � �

OECD-NEA(Nuclear Energy
Agency) database[170, 171]

+ � ++ � � +/�

NTRL & NASA database[172, 173] ++ � +/� � � �

Collections (e.g. Gmelin[163]) ++ + ++ + � �

Books and published tabled values + +/� + ++ �

articles und publications ++ � ++ + +

other databases +/� � +/� � � �

++ Excellent quality, + good quality, +/� available data, � bad quality/lack of
data, � � not available data

The transport properties of pure substances for molten actinide chlorides are listed in nu-

merous publications, such as in [174, 175, 176]. For �ssion products, most data on transport

properties are given e.g. in [177, 146] or in [147, 166].

Based on the entire property data research and the evaluation of the availability of substance

data according to Tab. (15), it becomes clear that particularly critical data and information

about the activity of the substance component in a representative mixture are almost completely

missing (see section (3)). Therefore, the simulations in this thesis are mainly performed under

ideal phase equilibrium behaviour of equation (28) according to the Raoult and Dalton law, as

already explained in the main part of the thesis.

B.2 Evaluation of the quality of substance property data

The quality of substance property data is assessed qualitatively and secondly quantitatively by

linear error propagation on the basis of the deviations between data sets from di�erent publi-

cations & sources, as well as information on their possibly given relative deviations within the

publications. Using the vapour pressure data of uranium and thorium tetrachloride as an ex-

ample, the deviation of substance data has already been discussed in more detail in [23, 178].

From these given data and deviations a linear error propagation analysis is performed for the

evaluation of ideal phase equilibria according to the equation (27) with γi = 1 (summarised and

estimatable broken down for the individual substance components as pure substance and in the

mixture). The evaluation of the most important substance property data is listed in Tab. (15)

together with the evaluation of quality of these shown data.
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B.2.1 Qualitative analysis of substance property data quality

The qualitative assessment of the substance data corresponds to a rough classi�cation in quality

and availability into �ve assessment classes. The summary for the evaluation is given in Tab. (15)

with the important actinide chlorides in the �rst table and the most important �ssion products

in the second table, however, due to the avoidance of complexity without indication of molecular

properties and mixture data. The assessment "+/-" is the standard case in which substance

data are available at all, but cannot be assessed in more detail. This also includes the various

data with limitations of the data approaches for small temperature ranges or with contradictory

data. The notation "-" indicates that only one source with little or unreliable data is available

in the literature. For the notation "- -" the substance data are completely missing. If several

literature data are available, whose data qualitatively correspond, these data are to be valued at

least with "+". If, in addition, the quantitative data from the literature sources agree well with

each other, with small relative deviations of less than 10% for actinide chlorides and less than

5% for �ssion product chlorides, the availability of the substance under consideration is noted as

"++" 'available in very good quality'. For temperature-dependent substance data, this means

that these deviations must always be below this limit value in order to be assessed as "++".

Depending on the substance property data classes, the qualitative assessment of these data is

available for each substance component according to Tab. (15) for actinide chlorides in the �rst

table and for �ssion product chlorides in the second table. For actinide chlorides, the following

can be summarised:

Conventional data for actinide chlorides: Conventional property data for actinide chlorides

are mainly given in the literature on temperature dependent data and in [179], including

data from the secondary literature. Su�cient information, such as boiling points, is still

available for many chlorides. The data are particularly good and veri�ed with very small

relative deviations from the literature data for thorium tetrachloride, protactinium pen-

tachloride and simple uranium chlorides, except for uranium pentachloride. For uranium

pentachloride, plutonium trichloride, neptunium tri- and tetrachloride, some values, such

as boiling points, show larger uncertainties (between literature data). On the other hand,

the data situation for americium trichloride and curium trichloride is rather poor with

"+/-" and for actinium trichloride, berkelium trichloride and californium trichloride even

with "-".

Critical data for actinide chlorides: Critical data and triple point data values are almost

completely missing for almost all actinide chlorides. Only for uranium tetrachloride, ac-

cording to [20], is information given on the critical temperature of 1598 K and an indication

of a valid extrapolation of the vapour pressure curve up to this critical point. According

to [20], the triple point (the point where the solid, liquid and gas phases meet in the p-T

diagram) for this component is 863.15 K and 0.026 bar. Furthermore, according to the

group contribution method of [164], the critical data of the other simple uranium chlorides

can also be estimated, so that in Tab. (15) these can be listed as available but of poor

quality with "-". For all other actinide chlorides no critical data or triple point informa-

tion is available. Therefore, there are also no group contribution data available for these
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actinide chlorides for estimation by a group contribution method.

Simple temperature dependent data: Regarding the common temperature dependent prop-

erty data, the most important of these are the vapour pressures of the pure components

and the heat capacities in the following, numerous literature references are available, e.g.

in [24, 14, 18, 161, 153, 48, 166]. Thermochemical property data thus also belong to the

simple temperature-dependent property data. However, the measured vapour pressures are

only available up to the boiling point. The small relative deviations between literature data

are often given in the log pLVi curve for the pure substance and increase with increasing

temperature. This already applies to the vapour pressures of uranium tetrachloride and

thorium tetrachloride in the internal comparison of di�erent data and data of the vapour

pressure in the error range according to [23, 178], despite the excellent quality of the data

with "++" for uranium tetrachloride. In general, the data situation for uranium tetra-

chloride can be rated as very good with "++", due to the good agreement of the di�erent

data and the reasonably satisfactory extrapolation of the vapour pressure curves towards

the critical point according to [20]. This is followed by thorium tetrachloride, protactinium

pentachloride, uranium trichloride and uranium hexachloride with a "+" rating for actinide

chloride components. Plutonium trichloride is also in this rating group at temperatures

up to 1250 K, but unfortunately there is less reliable data above this temperature at high

temperatures. Therefore the availability of this component is referred to the "+/- group".

Below 1 atm the boiling point deviates and lies in the range 2000 K - 2044 K, depending

on the evaporation curve at the boiling point with log pLVi = 0. Therefore the data for

plutonium trichloride are only given as available with "+/-". The same applies to the

neptunium chlorides up to the corresponding boiling points and to uranium pentachloride

up to the thermal stability limit. For americium trichloride, according to [28], there is only

one literature reference for the determination of vapour pressures up to the boiling point,

where the correctness of the vapour pressures must be questioned due to large internal

measurement deviations in the literature reference. The position of the boiling point of

americium trichloride at 1526 K is also questionable, and there is no way of validating

the data. More data are available for the heat capacities. Since the knowledge of the

vapour pressures is of such central importance for the simulation of the distillation under

ideal phase equilibria in this thesis, the qualitative evaluation of the simple temperature-

dependent property data follows mainly via the qualitative availability and quality of the

literature data to be compared. For the components actinium trichloride, thorium trichlo-

ride and curium trichloride, the extrapolation of some vapour pressure data is available,

which allows a very rough estimation of the vapour pressures. For berkelium trichloride

and californium trichloride, there is also no information on simple temperature-dependent

data for this property class.

Transport properties of actinide chlorides: The main transport properties classically in-

clude the determination of liquid density, viscosity, surface tension and di�usion coe�-

cients for self-di�usion or di�usion in a solvent or a mixture of other chlorides. Most of

the transport property data are given in [177, 146, 147, 166, 180, 175, 176], among others,

but also outdated and partly contradictory data on densities from Russian literature (e.g.
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[175, 176]. If only the current and unambiguous literature data are used, the availability

and quality of the describable data for uranium trichloride is excellent with "++". The

data for thorium tetrachloride, uranium tetrachloride, neptunium trichloride, plutonium

trichloride and americium trichloride can also be rated as good available with "+". Only

for neptunium tetrachloride is there no reliable information on accuracy due to less available

data.

Molecular properties: Molecular properties are mainly the geometric size of the molecule,

with additional information on the geometry in the gas phase, but also on the bond length

and the energetic state in the solid and liquid state given in the literature, e.g. in [145, 67].

For the actinide chlorides, protactinium pentachloride is the most suitable exemplar in

terms of the ability to describe the molecular behaviour and geometric estimates according

to [67]. Also available in good quality are data on the geometric extent and shape of the

molecules, as well as data on bond lengths and angles for thorium tetrachloride, uranium

tetrachloride, neptunium tetrachloride and plutonium trichloride. Little information is

available for americium trichloride and actinium trichloride and for the other neptunium

and uranium chlorides according to [67].

Mixing, activity coe�cient data: The data on activity coe�cients often refer only to LiCl-

KCl melts or representative �ssion product chloride systems with uranium tetrachloride at

lower temperatures, as indicated for example in[10] among others, of solid-liquid equilibrium

systems or temperature near the melting point of the mixture. Also hardly available in the

literature is information on critical data related to the actinide chloride pure components.

Only for uranium tri- and uranium tetrachloride are critical data and mixing data available

in relation to liquid systems, while for all other actinide chlorides no data are available or

only individually at in�nite dilution. Further speci�cs can be found in Tab. (15) . The

estimation of representative vapour-liquid phase equilibrium data in this thesis, on the

other hand, is only carried out using the Margules approach. More precise models will

have to be developed in possible future work.

When considering the quality of the available substance property data in the second table of (15),

it can be concluded that there is often signi�cantly more information available for �ssion products

than for actinide chlorides. Simple temperature-dependent substance property data available in

very good quality are cesium chloride and cadmium dichloride. Very good quality of the data

are given for strontium dichloride, cesium chloride and barium dichloride with a usually speci�ed

relative deviation value of 0.1% between the di�erent literature data values. Conventional and

critical data, however, are given less precisely in relation to the extrapolatable temperature-

dependent substance property data, especially of vapor pressure data and liquid molar volume.

Good data on available critical points are for cesium chloride and cadmium dichloride, but also for

zirconium, tin, tellurium and antimony chloride. For selenium tetrachloride and silver chloride,

some con�icting data are available, showing larger deviations compared to [166] and estimated

values. For all other chlorides, there is also little critical data available. Molecular properties

and data on mixture properties or activity coe�cients are not presented in this second table of

(15) for reasons of complexity. All other speci�cs in availability and quality of substance data
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can be seen in (15) and an older version analysing the quality of substance data is available in

[29].

Table 15: Availability and quality of substance property data for actinide chloride

Availability &
quality

Conventional
data

Critical
data

Simple temp. 
dependent data

Transport
properties

Molecular
properties

Mixing, activity 
coefficient data

++

ThCl
4
, PaCl

5
, 

UCl
3
, UCl

4
,

UCl
6

, PuCl
3

UCl
4

UCl
3

PaCl

+ 

UCl
5
, NpCl

3
, 

NpCl
4

ThCl
4
, PaCl

5
, 

UCl
3

, UCl5, 

UCl
6
, 

ThCl
4
, UCl

4
, 

NpCl
3
, PuCl

3
, 

AmCl
3

ThCl , 
UCl , 
NpCl , 
PuCl

+/–

AmCl
3
, CmCl

3

UCl
3

UCl
4

NpCl
3
, NpCl

4
,

AmCl
3

NpCl
4

UCl
3
, UCl

5
,

UCl
6
, NpCl

3
,

AmCl
3
, 

AcCl
3

UCl
4
, UCl

3

–

AcCl
3
, BkCl

3
, 

CfCl
3

AcCl
3
, ThCl

3
PaCl

5
, CmCl

3
, 

UCl
6

ThCl
3

ThCl
4
, PaCl

5
, 

UCl
3
, NpCl

3
, 

NpCl
4
, PuCl

3
, 

AmCl
3
, CmCl

– –

All 
others

BkCl
3

CmCl
3

,

CfCl
3

AcCl
3
, UCl

5
, 

BkCl
3
, CfCl

3
, 

UCl
5
, ThCl

3

CmCl
3
, 

BkCl
3
, CfCl

3

ThCl
3
, UCl

5
, UCl

6
,

BkCl
3
, CfCl

3
, 

AcCl
3

++ Excelent quality, + good guality, +/– available, – bad quality/lack of data, – – not available data

Availability of actinide chlorides

Availability &
quality

Conventional
data

Critical
data

Simple temp. dependent 
data

Transport
properties

++ CsCl, CdCl
2

SnCl
n
, CsCl, BaCl

2
, 

+ 

ZrCl
n
, CsCl, 

LaCl
3
, CeCl

3
, 

PrCl
3
, NdCl

3
, 

RbCl, CdCl
2

ZrCl
n
, CsCl, SnCl

n
, 

TeCl
n
, CdCl

2
, 

SbCl
m
, MoCl

5
, 

ZrCl
n
, SnCl

n
, BaCl

2
, 

LaCl
3
, CeCl

3
, PrCl

3
, 

NdCl
3
, RbCl, SbCl

m

ZrCl
n
, RbCl. CdCl

2

+/–

SrCl
2
, NbCl5, 

SnCl
n
, TeCl

n
, 

SeCl
n
, BaCl

2
, 

SmCl
3
, EuCl

3
, 

YCl
3
, PdCl

2
, 

SbCl
m
, GdCl

3
, 

MoCl5, AgCl

SeCl
n
, AgCl

NbCl
5
, SmCl

3
, EuCl

3
, 

YCl
3
, AgCl, GdCl

3

NbCl
5
, TeCl

n
, LaCl

3
, 

CeCl
3
, PrCl

3
, NdCl

3
, AgCl, 

SbCl
m

–
BaCl

2
, PdCl

2
TeCl

n
, PdCl

2
, SeCl

n
, 

MoCl
5

SmCl
3
, EuCl

3
, GdCl

3
, 

SeCl
n
, MoCl

5

– – All others YCl
3
, PdCl

2

++ Excelent quality, + good guality, +/– available, – bad quality/lack of data, – – not available data, n=2,4, 
m=3,5

Availability of fission product chlorides

 PuCl
3

5

4

4

4

3

3

,

UCl
5,

UCl
6

,

In summary, the qualitative evaluation of the availability of substance property data shows
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that critical data are quite missing for actinide chlorides compared to �ssion products. In ad-

dition, practically all data and mixture properties required for the description of the activity

coe�cients are missing, so that simulations for distillation via vapour-liquid phase equilibria

cannot be carried out as realistically as possible. The situation is much better for simple temper-

ature dependent property data such as vapour pressures, heat capacities and transport properties.

Thus, the simulation with ideal phase equilibria with the core components uranium tetrachlo-

ride, plutonium trichloride and cesium chloride is always possible and applicable, whereby some

transplutonium chlorides can also be considered in the simulations, e.g. neptunium tetrachlo-

ride, americium trichloride and, with great simpli�cations, even curium trichloride. For the given

list of available substance property data in Tab. (15), even modelling in non-equilibrium stage

models and in rate-based simulation approaches for the simulation of distillation is possible with

many data of transport properties such as densities, viscosities, surface tension, thermal heat of

conductivity of the pure components in the liquid phase. Using simple mixing rule approaches

as explained in [68] the estimation of these physical transport property data of the mixture can

be estimated. However, it must be noted that for the actinide chloride components berkelium

trichloride and californium trichloride, all the necessary substance property data for the simula-

tion are missing and must therefore be completely neglected in the simulations of this thesis.

Another problem is that the property data of the molten salt mixture must also be determined

by extrapolation of the temperature dependent data above the boiling point. This is particularly

necessary for the data of the light boiling vapour pressure correlation component of the mixture,

as in the boiling range of the mixture extrapolation of the data is required up to the heavy boiling

component. Extrapolation also increases the relative error between the di�erent literature data.

The calculation of the increase in relative error without and with the critical point position is

examined and discussed in more detail in a subsequent quantitative error analysis in the next

section.

B.2.2 Quantitative error estimation for the simulation of a total-re�ux distillation

When evaluating phase equilibria according to the equation (27), there are often larger devia-

tions as a function of temperature due to deviating property data from the literature. Deviations

from the ideal phase equilibria according to equation (28) result from deviations in the relative

volatilities and hence the vapour pressure data. In the following, the resulting systematic devia-

tions are estimated and graphically illustrated using binary mixture examples of UCl4-CsCl und

CsCl-PuCl3 for the evaluation of y1 = f idVLE(x1) via linear error propagation methodology.

For the ideal mixture assumption, extrapolation of the pure component vapour pressure data

of uranium tetrachloride and cesium chloride above their pure component boiling points leads to

increased signi�cant deviations compared to various literature data. For uranium tetrachloride

as a light-boiler component, the vapour pressure at the boiling point and the critical pressure

at the critical temperature of uranium tetrachloride can be easily obtained by evaluating the

Antoine equation. The same can be done for the mean critical point and boiling point data for

cesium chloride.

The comparison of given literature data of the vapour pressures of these pure substances at an

operating pressure of 1 atm are given in Fig. (52) for uranium tetrachloride and plutonium tetra-
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chloride as examples (x-axis with 1/T and y-axis with log pLVi ). As can be seen for liquid uranium

tetrachloride (left �gure in Fig. (52)), the deviations of the correlative temperature-dependent

vapour pressure data decrease towards higher temperatures. However, these deviations are still

relatively small compared to the other components. Otherwise, for plutonium trichloride, the

vapour pressure value is given exactly only up to 1250 K. Above 1250 K, two di�erent trends of

the vapour pressure curves occur, for which the literature data di�er between the data of [24, 27]

and [25, 28]). Since it is not clear which of the two trend curves for plutonium trichloride de-

scribes the vapour pressure curve better, because critical data for plutonium trichloride are not

available either, this di�erence is assumed to be a large deviation value for the error propagation

calculation.
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Figure 52: Some representative liquid vapour pressure data examples of uranium tetrachloride
and plutonium trichloride

references: Katz1951:[17], Binnewies1998:[18], Cordfunke1984:[19], Gmelin-I:[20],
Morss2008:[21], Jülich1979:[22], Singh1978:[23], Knacke1972:[24], Phipps1950:[25],
Ötting1967:[26], Lemire2001:[27], Weigel1985:[28].

When extrapolating the vapour pressure data, it is to be expected for uranium tetrachloride,

despite excellent vapour pressure data, that the error in the extrapolation increases signi�cantly

up to 1526 K and becomes much larger up to 2000 K than correspondingly for cesium chloride.

This also means that for small composition values of the light-boiling substance component, due

to the condition p =
∑

i xip
LV
i (T ) , the boiling temperature of this mixture is also higher with

the composition to higher plutonium trichloride proportions.

For the estimation of the systematic deviations in the evaluation of ideal phase equilibria,

the following equilibrium condition (x2 = 1− x1,y2 = 1− y1 of the light-boiling component "1"

and heavy-boiling component "2") �rst applies for the general determination of the composition

of the vapour phase:

p = x1p
LV
1 (T ) + x2p

LV
2 (T ), (137)

y1 =
x1p

LV
1 (T )

x1pLV1 (T ) + x2pLV2 (T )
. (138)
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From the equation (138) the absolute deviation∆y1 from the mean valuesp̄LV1 , p̄LV2 and absolute

measurement deviations ∆pLV1 and ∆pLV2 can be determined by linearized error propagation of

the form:

∆y1 =

∣∣∣∣ ∂y1

∂pLV1

∣∣∣∣
p̄LV1 ,p̄LV2

∆pLV1 +

∣∣∣∣ ∂y1

∂pLV2

∣∣∣∣
p̄LV1 ,p̄LV2

∆pLV2 , (139)

=

(
x1x2(

x1pLV1 + x2pLV2

)2
)
·
(
pLV2 ∆pLV1 + pLV1 ∆pLV2

)
. (140)

Table 16: Some liquid vapour pressure data examples log pLVi = C1
T + C2 + C3 log T + C4T +

C5T
2 + Ccorr of UCl4, CsCl and PuCl3

(a) UCl4

Reference C1 C2 C3 C4 C5 Ccorr Extrapolated T-range

[17] -7205 9.65 0 0 0 -2.8751 863 1063

[18] -9720 29.332 -6.68 0 0 0 863 1068

[19] -10443 10.46 0 0 0 0 863 1057

[21][20, 163] -9950 28.96 -5.53 0 0 -2.8751 863 1062

[22] -7627 7.22 0 0 0 0 863 1008

[23] -7649±82 7.245±0.101 0 0 0 0 868 971

(b) CsCl

Reference C1 C2 C3 C4 C5 Ccorr Extrapolated T-range

[166] -2490.3 438.8475 -150.08 5.3499E-02 -7.3394E-06 -2.8751 1017.15 1573.15

[18] -10800 17.33 -3.12 0 0 0 918 unsure

[163, 20] -8460 8.29 0 0 0 -2.8751 1097.85 1577.15

[145, 67] -8335.7 5.3205 0 0 0 0 919.15 1570.2

(c) PuCl3

Reference C1 C2 C3 C4 C5 Ccorr Extrapolated T-range

[24] -15500.70201 28.95011 -6.46878 0 0 0 1041 2044

[27] -12586 9.426 -0.94955 0 0 0 1041 2040

[25] -12587 9.428 0 0 0 -2.8751 1007 1250

[28] -12590 9.51 0 0 0 -2.8751 1007 1250

The systematic deviations can then be determined directly via the evaluation of ∆y1
ȳ1

with

the averages of the equations (137) and (138), which follows to the error propagation equation

∆y1

ȳ1
=

x2

x1pLV1 + x2pLV2

·
(
pLV2

pLV1

∆pLV1 + ∆pLV2

)
. (141)
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In the following, the systematic deviations in the simulation of a total re�ux column are

evaluated on the basis of the binary substance systems UCl4-CsCl and CsCl-PuCl3. An example

mixture of UCl4-CsCl with the feed composition [0.96, 0.04]T and a second example of PuCl3
with the composition [0.55, 0.45]T are used. The simulation of a seven and a twelve stage total

re�ux distillation column is performed with the evaluation of the uncertainties based on the

literature deviation base of the vapour pressure evaluated as a function of temperature for the

evaluation of ideal phase equilibria.

Fig. (53) shows the error propagation results as uncertainties of the original relative de-

viations of the literature vapour pressure data for the total re�ux distillation column of the

mixture UCl4-CsC with two di�erent focal points in the observation of the mole fraction in a

coarse separation (left �gure of Fig. (53)) and a �ne separation (right �gure of Fig. (53)) with

logarithmic y-axis for small mole fractions up to 1E-07. For the coarse separation (left part of

the Fig. (53)) it is clear that the resulting uncertainties are relatively high, especially in the �rst

three separation stages, which is due to the larger deviations of the vapour pressure data of the

uranium tetrachloride component at higher volume fractions.
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Figure 53: Simulation and error propagation of the distillation of the UCl4-CsCl mixture within
a total re�ux column:
Shown on the left is the focused representation of the coarse separation, on the right that of the
�ne separation by logarithmic representation.

In this case, the uncertainties for the compositional results can increase to 14 mol%. However,

for high cesium chloride contents the relative deviation is reduced to only 1E-03 mol%, which

is a much smaller value than 14 mol%. Between the separation steps follow the mean values of

the uncertainties resulting from the condition p =
∑

i xip
LV
i (T ) and subsequent normalisation.

Thus, the best possible representation limit for the simulation of the seven-stage total re�ux

column is also 1E-03-mol% for this separation example.
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Figure 54: Simulation and error propagation of the distillation of the CsCl-PuCl3 mixture within
a total re�ux column:
Shown on the left is the focused representation of the coarse separation, on the right that of the
�ne separation by logarithmic representation.

In the second simulation example according to Fig.(54), similar deviations as in the previous

separation example of up to 14-mol% are also observed for high cesium chloride component as

light boiler (see �rst separation stages according to the results from Fig. (54)). However, larger

relative deviations are now present for the plutonium trichloride component as a heavy boiler,

which can reach values up to a maximum of 8-mol% (rounded up). Furthermore, the condition

p =
∑

i xip
LV
i (T ) at most only roughly 8-mol%. The reason for the poor approximability lies in

the assumption of the error of the two trend curves of the vapour pressures towards 2000 K for

the plutonium trichloride vapour pressure curve according to Fig. (52). This uncertainty range

can be signi�cantly reduced if more accurate and reliable data for vapour pressures of plutonium

trichloride at temperatures up to 2000 K exist and at the boiling point is well-known under

very small deviations. Similar orders of magnitude of relative deviations are to be expected for

multi-component mixtures, as in the example of distillation of SNF preparation according to

section (6.2.2).

C Supplement: Detailed simulation results for various feed ma-

terial separation examples

In the main part of this thesis, the processing of SNF material, including the recycling of zir-

conium cladding material and waste gas treatment under idealized conditions of ideal phase

equilibria (according to equation (28)), has been investigated in detail in chapter (IV) in order

to obtain an overview of the separation problem and the associated technical process e�ort. The

question of how the pyroprocessing separation unit (PPU) can be used in an integrated manner

to close fuel cycles in a targeted manner and also to be able to make practically complete use

of fuel inventories from SNF material is investigated and discussed in this section in a simula-

tive manner. The same conceptual design from section (IV) Fig. (32) is used for the process

simulations for these di�erent feed materials.
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C.1 Simulations for the reprocessing of DFR, HWL and SNF material

For the Dual Fluid Reactor, there are two main options for the feed material to be processed.

It is important to know the basic mixture and the subsequent �ssion product composition, as

well as the ratio of �ssion product fraction to basic molten fuel salt in the total feed material to

be processed. In the case of the metallic DFRm variant, the base mixture is a eutectic U-Cr-Pu

and the �ssion products are a spectrum for fast �ssions of the main base mixture components.

The technically less relevant salt variant is not considered further in this thesis. In addition to

the DFRm feed material and the SNF material, the HLW material for the distillative treatment

in the separation process is also examined in the following section according to chapter (IV) Fig.

(32). Concepts of HLW partitioning ideas, formation and further information, as well as applica-

tive reuse in thorium-based molten salts for transmutation can be found in[181]. Subsequently,

mixtures of di�erent feed streams of DFRm, SNF and HLW will also be investigated in more

detail for distillation in the developed separation process, in order to demonstrate the robust

application of such a designed distillation process. But

C.1.1 Feed composition and distillation examples

After chlorination of the SNF and HLWmaterial in an equimolar mixing ratio of 1:1 fuel to carbon

tetrachloride, inertization is performed with argon. For the DFRm material, chlorination of the

metals is performed with excess elemental chlorine. This is the only exception to the �owchart

modi�cation to use pure chlorine instead, assuming a 100 mol% reaction yield to chlorides by

neglecting the exact technical chlorination procedure. All chlorinated feed compositions are listed

in Tab. (17). Using these feed compositions, simulations are carried out on the basic separation

section �owchart as shown in Fig. (55). In the following it will be shown that this conceptualised

distillation concept is applicable to all feed stream variants to be processed.

As can be seen from the tabular and graphical comparison of the composition according to

Tab. (17), the feed streams di�er fundamentally in the type of composition. While no excess

chlorine is used for SNF and HLW recycling, the DFRm variant uses elemental chlorine with a

large excess proportion without argon. The transplutonium elements have been neglected for the

DFRm variant, as the corresponding proportions are relatively small. Since a eutectic U-Cr-Pu

feed mixture is originally used as a basis for the DFRm and only small amounts of �ssile material

are produced overall, the material components uranium tetrachloride, chromium dichloride and

plutonium trichloride are predominantly represented in the DFRm input.

D. Böhm Distillation as a separation method in nuclear fuel reprocessing Page: 153



C SUPPLEMENT: DETAILED SIMULATION RESULTS FOR VARIOUS FEED
MATERIAL SEPARATION EXAMPLES

Table 17: Overview of the main distillation feed cases in mol%

Component (proportion) SNF HLW DFRm

Cl2 � � 9.7134e+01

Ar 3.3333e+01 3.3333e+01 �

CO2 3.3333e+01 3.3333e+01 �

UCl4 3.1413e+01 2.1624e-01 2.0731e+00

Cr, CrCl2 � � 5.6797e-01

PuCl3 4.2285e-01 6.4323e-02 1.9879e-01

NpCl3, NpCl4 (0:1) 2.0097e-02 9.4384e-01 �

AmCl3 4.7145e-02 1.1895e+00 �

CmCl3 2.1413e-03 2.2820e-02 �

CsCl 1.0617e-01 4.0404e+00 2.0570e-03

SrCl2 9.7788e-02 1.1281e+00 6.9411e-04

Tc 1.0465e-01 1.5289e+00 1.8147e-03

Ru 5.9953e-02 4.3636e+00 3.4566e-03

Rh 6.9970e-03 � 1.3798e-03

Mo 1.0466e-01 � 1.8151e-03

BaCl2 1.0775e-01 � 1.7760e-03

LaCl3 1.0777e-01 3.2054e+00 1.7803e-03

CeCl3 1.9343e-01 3.2054e+00 2.9241e-03

PrCl3 9.3419e-02 3.2054e+00 1.2567e-03

NdCl3 1.3153e-01 3.2054e+00 1.9501e-03

SmCl2 � � 4.0131e-04

SmCl3 9.6962e-03 3.2054e+00 3.2541e-04

EuCl3 7.7001e-03 3.2054e+00 �

ZrCl4 1.1096e-01 1.2067e-01 1.5068e-03

NbCl5 1.1209e-01 1.2067e-01 1.5225e-03

SnCl2, SnCl4 (1:1) � 1.2067e-01 �

SbCl3, SbCl5 (1:1) 4.4524e-04 1.2067e-01 �

TeCl2, TeCl4 (1:0) 7.2974e-02 1.2067e-01 1.5756e-03
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Figure 55: Overview of the main distillation feed cases in mol%

Regarding the di�erence in waste treatment between SNF and HLW, the feed composition

di�ers essentially in the proportion of �ssion products present and less volatile high-level waste

chlorides, the total proportion of which is signi�cantly higher in the HLW example than in the

SNF example. In the SNF material, uranium tetrachloride clearly predominates as a material

component, which, according to the data from[139], is correspondingly only present to a minor

extent in the HLW material. As the chlorination and inertization of SNF and HLW material

is performed equally with carbon tetrachloride, the respective proportions of carbon dioxide

and argon in the composition of the feed are very similar for both variants. Further values and

di�erences between the variants can be found in Tab. (17). The following information is provided

on the feed calculation for HLW and DFRm feed material, which di�ers from the feed calculation

for SNF material.

Chlorination of DFRm material Chlorination of the metallic DFRm material via ele-

mental chlorine should be operated with excess chlorine under similar chlorination conditions as

for the chlorination of zirconium alloy cladding material according to [142]. 1/3 of the volume

of the chlorination reactor should be occupied by the DFRm feed material and the remaining

chlorine amount after chlorination. The molar �ow is therefore made up of the excess chlorine

ṅexcessCl2
, the required stochiometric minimum chlorine amount ṅCl2,min and the composition of the

DFRm feed material ṅDFRm of fully chlorinated basic fuel and the chlorinated �ssion products

ṅF,tot = ṅDFRm + ṅCl2,min
+ ṅexcessCl2 . (142)

According to [39, 38], a U-Cr-Pu eutectic is used as the base mixture for the DFRm variant at

a relatively low eutectic temperature of about 1000°C. The eutectic composition (excluding other

components and �ssion products) is not known. Alternatively, a mixture of 73 mol% uranium,

20 mol% chromium and 7 mol% plutonium is chosen for the following simulation. Here, the

�ssion product composition for fast reactions can be determined according to the DFRm feed

example in [35] (in Fast Fission Yield) for 19 mol% with respect to U-238, 59 mol% for Pu-239
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and 16 mol% for Pu-241. The remaining 6 mol% is interpolated from the Pu-241 and Pu-

239 data for the �ssion of Pu-240. For the �ssion product fraction of the mixture, a �ssion

product quantity of 1.1 t/a is assumed for the calculations from the total 120 t/a DFRm feed

raw material, so that the total �ssion product fraction is 0.9167 mass %, just below 1 mass %.

Then, assuming product conversions of 99 mol%, chlorination proceeds according to the following

reduced chemical reactions. The chemical chlorination network of the basic fuel is

U(s) + 2Cl2(g)→ UCl4(g),

Cr(s) + 1Cl2(g)→ CrCl2(l/g), (143)

Pu(s) + 3/2Cl2(g)→ PuCl3(l/g).

From the reaction scheme according to the reaction equations (143), the equimolar amount

of chlorination required can be determined directly from the stoichiometric coe�cients, and it

applies in good approximation to the determination of the minimum amount of chlorine required

(equimolar chlorine amount). It is therefore

ṅCl2,eq = (2xU + 1xCr + 3/2xPu) · ṅDFR, ṅDFRm ≈
ṁDFRm∑Ncomp

i=1 xiMw,i

. (144)

The excess chlorine quantity is derived from the speci�cation that 1/3 of the volume in the

chlorination reactor is to be used by the DFRm feed only, so that

ṅexcessCl = 2
V̇0ρCl2
Mw,Cl2

, (145)

V̇0 =

(
wU

ρU
+
wCr

ρCr
+
wPu

ρPu

)
ṁDFRm. (146)

The ratio between the molar �ow of the excess and the required minimum amount of chlorine is

relatively high with a calculated value of 18.201, which means that the resulting molar fraction

has been used in the calculations of the total molar fractions of the feeds, the compositions of

table Tab. (17).

C.1.2 Comparison of SNF and HLW recovery using the conceptual distillation de-

sign process

The developed distillative separation process for SNF treatment, as shown in Fig. (32), is

used for the subsequent recovery of HLW material for reuse in suitable liquid fuel reactors,

such as the Dual Fluid Reactor. The process temperatures are changed for separation, but the

process pressures in the separation units remain largely the same. Only the zirconium material

preparation process is of course not required here. The feed data of HLW material is available

in Tab. (17).

The preprocessing and volatile chloride separation The following simulation results

for the distillation-based processing of HLW material show, in that the separation can easily be
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performed under the same process pressures as shown for the SNF recovery from Fig.(6.1). Due

to the fact that the proportion of uranium tetrachloride in the PC-1 feed is much lower in the

HLW recovery problem, but the proportion of less volatile chlorides from a volatility of cesium

chloride is signi�cantly higher, the separation e�ciency with respect to uranium tetrachloride

after the (�rst) SC-2 column increases signi�cantly from 1E-01 mol% to well below 1E-03 mol%

of involved components for impuri�cations. Uranium tetrachloride does not need to be distilled

at high fractions, so separation is easier here than in the SNF process. All other components

with decreasing volatility than uranium tetrachloride are separated from the SNF and HLW with

a separation accuracy of 1E-04-mol%. The mole fraction of tin tetrachloride cannot be neglected

for the HLW recovery problem.
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(a) SC-1 at 1135 K, 1 atm
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Figure 56: Flow-chart simulation of HLW distillation: Results for the separation of volatile
chlorides

Since chlorination with chlorine results in chlorination to the less volatile tin dichloride is than

preferred regarding chlorination equilibrium and the tin dichloride component is more di�cult

to separate as volatile chloride component than tit tetrachloride from melt at 725 K (at 1 atm).
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The separation accuracy in the simulation results shown in Fig. (32) in SC-2 is slightly above

1E-03 mol% instead of the desired 1E-04 mol%. It also remains in the �rst phase separator in

the liquid phase of PC 1. Due to exceeding the separation speci�cations for SNF treatment for

uranium tetrachloride and tin dichloride in HLW recycling, a second separation step in SC-2

is required. The separation of all volatile chlorides from the remaining liquid phase material

by the separation combination of evaporation and condensation according to PC-1 and SC-2 is

otherwise equally good for SNF and HLW recycling.

In the �nal separation of the volatile chlorides from the vapour stream leaving the second

SC-2 condensation column, all chlorides except antimony pentachloride (boiling point 79 °C as a

highly volatile component) can be condensed in the SC-3 condensation as a residual fraction in

the vapour phase with a separation accuracy in the range of 1E-04-1E-03 mol%. This is shown by

the results in Fig. (56) (bottom) referring to HLW material. The reason for the higher residual

fraction is, among other things, the signi�cantly higher fraction value of the chloride component

in the HLW material than in the SNF.

The simulation results of the �nal distilled volatiles of the HLW material in DC-3, simulated

according to the total re�ux distillation column principle mentioned in the main parts (III) and

(IV) of the thesis, are shown in Fig. (45). In the �rst separation of the HLW distillation, higher

temperatures of up to 1200 K have to be set in the evaporator instead of 850 K in the SNF

processing.
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Figure 57: Flow-chart simulation of light volatile HLW distillation: DC-3 results of PPC 1 and
PPC 2 at 25 bar
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In a twenty stage distillation column at 25 bar, antimony pentachloride can be recovered

as the light boiler component and tin dichloride as the heavy boiler component with impurities

below 1E-04 mol% in the �rst stage of the total re�ux distillation column. In the SNF recovery,

tellurium dichloride is then recovered as the high purity material component in PPC 1 instead of

tin dichloride in the �rst separation. In the HLW recovery example, tellurium dichloride is then

recovered in PPC 2 as a less contaminated heavy boiler distillation product with small fractions of

niobium pentachloride. This is the case for HLW recovery due to the now narrower temperature

pro�le, as can also be seen from the narrower range of its pure boiling point components, in

the PPC 2, which results in less separation e�ort of tellurium dichloride. Secondly, tellurium

dichloride is not obtained as a high-purity chloride distillation product in these simulation results

of the HLW recovery example, due to the reduced number of separation stages and the better

separation results in the PPC 1.
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Figure 58: Flow-chart simulation of HLW distillation: Results for the separation of non-solvable
solid material

However, compared to SNF processing in PPC 2, there is a much stronger temperature

gradient in the column height between stages 9-14 in the HLW recovery example. As a result, the

zirconium tetrachloride content, which is now a light-boiling component of the PPC 2, decreases
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much more rapidly. However, the separation accuracy for zirconium tetrachloride is not good

either, comparable to the SNF processing example. Zirconium tetrachloride can be obtained from

the simulation results shown in Fig. (57) with niobium pentachloride impurities between 0.5-2.0

mol%. As in SNF recycling, signi�cantly more separation stages would be required to separate

niobium pentachloride with an impurity content of 1E-04 mol-% from zirconium tetrachloride.

Except for the missing rhodium and molybdenum components in the feed, the separation

of the solids is practically analogous with the same separation stages as separation repetitions

as in the SNF preparation according to Fig. (39) and (40). The simulation results for the

concentration and crystallisation of the precious metal components for the HLW separation

example are summarised in Fig. (58). Based on the shown solid phase and also the depletion

of the liquid phase results of the metallic components, it can be seen, especially for the HLW

example, that technetium is somewhat more di�cult to separate than ruthenium. Therefore,

with increasing number of repetitions of solid separations, technetium accumulates more in the

solid phase as it is the last component involved in the solid phase after repeated separations.

After high purity separation of the solids after eight separation stages with residual impurities

involved of 1E-04 mol% in S1 of the HLW recovery example.

The main distillation Due to the fact that signi�cantly more �ssion products and other

chlorides with very active elements are present in the distillation of the HLW variant than in

the SNF preparation, signi�cantly larger proportions of less volatile chlorides are removed with

the vapour stream in the DF-1 fractionation column at 1064-1645 K and 1 atm. Therefore,

a di�erent type of DC-1 column is required for the puri�cation of the uranium tetrachloride-

neptunium tetrachloride fraction.
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Figure 59: Flow-chart simulation of HLW distillation: Results of DF-1 at 1100-1640 K, 1 atm.

According to the simulation results of the distillation of DF-1 for HLW recycling shown in

Fig. (59) , signi�cantly higher proportions of less volatile �ssion product chlorides occur in the

vapour phase. The less volatile components include samarium trichloride, europium trichloride,

americium trichloride and cesium chloride with a molar fraction in the vapour phase of less than
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1 mol% for each component. Other less volatile chlorides up to 1E-03 mol% are also present

as heavy distillation product components, such as curium trichloride, neodymium trichloride,

praseodymium trichloride, cerium trichloride and lanthanum trichloride. Strontium dichloride

and plutonium trichloride are only present in the liquid phase at these separation limits of 1E-04

mol% for each component. One reason for the higher contamination of the vapour phase with

less volatile chloride components compared to SNF recovery is the higher boiling temperature

required and the narrower boiling behaviour of each component with more similar remaining less

volatile components as in SNF recovery (temperature pro�le is not shown in this thesis).

In the DC-1 column, the simulation results of the whole re�ux column (in PPCs) show a clear

shift of the distillation separation areas to be expected due to the highly volatile and less volatile

composed separable fractions. Based on the simulation results shown in Fig. (60), it can be seen

that in the �rst PPC (PPC 1) in the evaporator, the residual portion of neodymium trichloride

and the remaining volatile components are obtained as light-boilers before the uranium tetra-

chloride fraction follows. In contrast to the SNF separation example, the uranium tetrachloride

fraction is less dominant as a contributing fraction here and is further not the �rst main separa-

tion fraction in SC 1. In PPC 2, the distillative enrichment of cesium chloride takes place in the

evaporator and the heavy-boiling fraction is still present. In the last separation operation, the

uranium tetrachloride fraction is separated from the samarium trichloride. The results in the

example of distillation-based HLW processing thus show the high purity separability of all the

fractions indicated, with otherwise high purity separation accuracies. In summary, for the SC

1 column, the light-boiling fraction of residual antimony, niobium, tin, selenium and tellurium

chlorides is obtained as the light-boiling fraction, and �nally the uranium tetrachloride fraction

is obtained as a mixture with neptunium tetrachloride. The neodymium fraction, followed by the

cesium chloride fraction and then the samarium trichloride fraction are obtained by distillation

as the heavy-boiling product fractions.

After separation of the light-boiler volatile and uranium tetrachloride fractions in the DF-1

column, similar proportions of the remaining �ssion product chlorides and less volatile chlorides

remain in the HLW material. As the simulation results for the DC-2 column, also simulated as

a total re�ux column with PPCs for the HLW material, from Fig. (61) show, the results for the

separable fractions are similar to the SNF processing example (cf. Fig. (42)). Only the range of

some mole fractions is slightly di�erent. Here, only the fractions with americium trichloride and

europium trichloride are slightly di�erent in composition between the simulation results of the

HLW and SNF processing examples (cf. Fig. (61) and Fig. (42)). The temperature fraction curve

is also slightly di�erent in the HLW distillation according to Fig. (61) of separation stages 2-10,

as in the SNF preparation for comparison. All other di�erences can be seen in the simulation

results presented in this section with the SNF results in Section (6.2.2) of chapter (IV).
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Figure 60: Flow-chart simulation of HLW distillation: DC-1 results of PPC 1, PPC2 & PPC
3***/**** at 593-1870 K, 1 atm **:
1*) Fraction of residual low volatiles (Sb-Nb-Sn-Se-Te-chloride system): Chlorides of antimony,
niobium, tin, selenium and tellurium chlorides
2) Uranium tetrachloride fraction of mainly UCl4 and NpCl4 as mixture
3) SmCl3-fraction: SmCl3, AmCl3
4*) CsCl-fraction: CsCl, EuCl3
5*) NdCl3-fraction: BaCl2, NdCl3
*designated according to the largest proportion of the fraction present
**Separation accuracy: 1E-06
*** The choice of colors is intended to illustrate purely qualitatively the location of the respective
substance component in relation to the temperature residence range of the component within the
column: From dark blue with respect to cold temperatures in relation to the curium trichloride
light-boiling fraction to red toward hot temperatures of the plutonium trichloride heavy-boiling
fraction. Medium-boiling fractions are illustrated in mixed colors in relation to the temperatures
**** Detailed results each chloride component are available in the comparison of SNF and HLW
recovery in section (C.2) .
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Figure 61: Flow-chart simulation of HLW distillation: DC-2 results of PPC 1 and PPC 2***/****
at 1409-2000 K, 1 atm **:
1*) SmCl3-fraction/CmCl3-fraction: CmCl3, and SmCl3
2*) AmCl3-fraction: AmCl3, SrCl2, CsCl
3) EuCl3-fraction: mainly EuCl3, with impurities of CsCl and SrCl2
4*) NdCl3-fraction: BaCl2, NdCl3
5) PuCl3-fraction: PrCl3, CeCl3, PuCl3, LaCl3
*designated according to the largest proportion of the fraction present
**Separation accuracy: 1E-06
*** The choice of colors is intended to illustrate purely qualitatively the location of the respective
substance component in relation to the temperature residence range of the component within the
column: From dark blue with respect to cold temperatures in relation to the curium trichloride
light-boiling fraction to red toward hot temperatures of the plutonium trichloride heavy-boiling
fraction. Medium-boiling fractions are illustrated in mixed colors in relation to the temperatures
**** Detailed results each chloride component are available in the comparison of SNF and HLW
recovery in section (C.2) .
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C.1.3 Fuel recovery of DFRm feed material in a distillation-based conceptualized

separation process

For closing the Dual Fluid Cycle after some reaction sequences in the Dual Fluid Reactor concept

shown in Fig. (2), the accumulated �ssion products have to be separated by distillation as soon

as a critical �ssion rate of a few percent is reached. Basic information on the material and

composition of the Dual Fluid Reactor and the burn-up of actinides from spent fuel in the Dual

Fluid Reactor is given in [39]. This corresponds to a very long operating life of decades before

separation of the �ssion products becomes necessary. In the following, it is shown that separation

can be operated with the same separation process developed after chlorination (see Fig. (32))

and even allows mixtures of SNF and DFRm material. In this case, of course, there is no need

for the cladding material recovery step. First of all, pure DFRm fuel recycling is considered. The

chlorination is performed with elemental chlorine as already described in section (C.1.1) with a

high chlorine excess of 18.201 (chlorine to fuel material ratio) and analogous to the zirconium

chlorination process according to [142, 16].

Compared to SNF and HLW material recycling, the DFRm recovery process di�ers in that no

inert gases are used, but atmospheric oxygen and air are still completely excluded. Furthermore,

the mixture to be distilled consists of only 0.917 mass % of �ssion products related to the fuel

amount and the remaining fractions from the U-Cr-Pu eutectic DFRm feed composition under

the simpli�cation that the mole fraction remains unchanged after chlorination (see also section

(C.1.1) for choice). In the DFRm material, the uranium tetrachloride, chromium dichloride and

plutonium trichloride components dominate over all other �ssile chloride components. Therefore,

the main separation problem in material separation is to separate the DFRm feed mixture by

distillation in DF-1 according to Fig. (32) in such a way that the �ssion products either pass

into a UCl4-CrCl2 vapour phase separation fraction (see PC-1 in the �owchart according to Fig.

(37)) or remain in the separate CrCl2-PuCl3 liquid phase. Based on the consideration of the

mole fractions according to Tab. (17) and the boiling points of many components according

to Fig. (37), the simulation results below show that practically all �ssion products enter the

heavy-boiling column DC-2 (see �ow chart in Fig. (32)). Chromium dichloride, as a relatively

thermally unstable molecule, is present in both phases, while pure chromium remains in the

liquid phase. For simplicity, chromium dichloride is assumed to be thermally stable, but it

may be preferable if this is not the case to be able to better separate this component in a

much larger concentration-crystallisation unit than elemental metallic chromium. However, for

these simulations, chromium dichloride is assumed to be the only thermally stable chromium

component in the separation process.

Prior to the main distillation, the solids, volatile chlorides and process gases must again be

separated from the main stream in the pre-treatment unit before the main distillation in DF-1

and the separation in columns DC-1 and DC-2 can be applied. No o�-gas cleaning is required

in the pure distillation-based DFRm feed processing, as can be seen from the feed composition

of the less important separable components so far in Tab. (17), with the exception of argon.

The preprocessing and volatile chloride separation The simulated separation process

to the PPU for the speci�c example of DFRm feed processing is also analogous to the concep-
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tualised PPU for SNF material recovery in Fig. (32), including all process temperatures and

pressures. First, the volatile components are separated in the �ash evaporation PC-1, which

are much lower for the DFRm recycling material than for the SNF or HLW material. For this

purpose, a chlorine atmosphere is used instead of noble gases such as argon. While the volatiles

are completely transferred to the vapour phase, some other chlorides are also present in the

vapour phase (at 1135 K below 1 atm) in higher mole fractions than in the SNF processing

example. The simulation results of PC 1 show in Fig. (62) the most signi�cant fractions in the

vapour phase are uranium tetrachloride and chromium dichloride, which pass into the vapour

phase. Other components of about 1E-03 mol% are cesium chloride and plutonium trichloride,

including minimal residues of 2E-04 mol% of other components. The details of the data can be

seen from the simulation results in Fig. (62).
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Figure 62: Flow-chart simulation of DFRm feed distillation: Results for the separation of volatile
chlorides

The further separation steps follow analogously to the SNF and HLW substance separation, in

the condensation of these less volatile chlorides from the vapour phase and the concentration and

crystallisation of the non-volatile solids. The simulation results of the application of the single-

stage condensation step in SC-2 shows from Fig. (62) for SC-2 that all chloride components

except a remaining uranium tetrachloride fraction of 1E-03-mol% in the vapour stream can be
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separated at 725 K. The components Samarium trichloride, cesium chloride, chromium dichloride

and plutonium trichloride are completely condensed out. In the processing of the used DFRm

feed material, a second separation stage will have to be operated at 625 K in order to separate also

the remaining fractions of uranium tetrachloride with 1E-03-2E-03-mol% from the vapour phase

in SC-2 which is feasible by further simulation resulting a value of near 2E-04 mol% of residual

uranium tetrachloride in the vapour phase, which is slightly higher than in the SNF reprocessing,

but quite acceptable for separation accuracy so far. With the condensation-crystallisation of the

volatile chlorides at 250-270 K in the following condensation stage SC-3, only elemental chlorine

will remain in the vapour phase. As the simulation results show only chlorine remains in the

vapor phase, while all chloride components condensate out of the vapor phase into the liquid

phase. Further o�-gas treatment in column DF-2 (according to �ow-chart Fig. (32)) is no longer

necessary and the chlorine within the impuri�cation level of less than 1E-04 mol% can be used

again for chlorination.
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Figure 63: Flow-chart simulation of DFRm distillation: DC-3 at 25 bar

Due to the low proportions of volatile chlorides, intermediate storage is advisible in order

to have a su�ciently large distillation volume available for the distillative puri�cation of these

volatile chlorides in a total re�ux column of PPCs in DC-3, in order to realise the mass transport

between vapour and liquid phase with a signi�cant distillable total amount within the column.

In DFRm processing, vessel tank B1 instead serves as an intermediate storage compared to SNF

or HLW recycling where it is not required. Again, the simulation results in Fig. (63) show that in

a 21-stage separation column at pressures of 25 bar and in the temperature range shown between

718 K and 850 K, a mixture of zirconium tetrachloride and niobium pentachloride can accumulate

in the condenser, with the exception of tellurium dichloride, in which niobium pentachloride is

present at 2 mol% as a medium-boiling impurity component. At the bottom of the column,

tellurium dichloride with niobium pentachloride impurities of less than 2.5E-04-mol% can be

obtained in the twenty-�rst separation stage as a residue in the evaporator by distillation at

temperatures around 850 K. Niobium pentachloride cannot be separated pure in the PPC 1

separation stage. Twenty-�ve stages would be required to separate tellurium dichloride with

high purity. Otherwise, the separation of the volatile chlorides is analogous to SNF and HLW

recovery, but with less amount and components of the volatile chlorides.
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The simulation results for the concentration, crystallisation of the solids in SC 1 and evapo-

ration of the remaining concentrated chlorides in E1 are shown in Fig. (64). Analogous to the

SNF processing, according to the simulation results in Fig. (64), the solids are depleted in the

liquid phase in SC-1 in a series-connected multiple crystallisation procedure with concentration-

crystallisation and sieving at each separation step, as they then accumulate in concentrated form

in S1 under the same process conditions as previously described for the SNF processing according

to chapter (IV). For molybdenum, the separation with an impurity level of 1E-04-mol% takes

place already from the fourth separation stage. This is followed by the separation of ruthenium

in the �fth stage with a separation accuracy of 1E-04 mol%, technetium in the sixth stage and

rhodium in the seventh to eighth stages with the same separation accuracies.
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Figure 64: Flow-chart simulation of DFRm feed distillation: Results for the separation of non-
solvable solid material

Between the �fth and eighth stages, virtually only rhodium is removed from the liquid phase.

As the metal components are reduced from the liquid phase, the proportion of barium dichloride

in the solid phase increases continuously. From the ninth stage onwards, the separation of the

metals can be considered complete in terms of separation accuracies below an impurity level of 1E-

04 mol%, while the proportions in the solid phase can still show signi�cantly higher proportions
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of metallic components in the mode fraction results. This is because the total amount of solids is

much smaller than that dissolved in the liquid phase. Nevertheless, in both the DFRm and SNF

reprocessing cases, rhodium signi�cantly determines the number of separation stages required

to achieve the separation accuracies with a maximum impurity level of 1E-04 mol% of the �nal

residual possibly dissolved solids (in terms of the modelling concept) in the liquid phase.

For the evaporation of the chlorides from the concentrated solid fraction, as described in the

crystallisation for SNF recovery concept in section (32), it follows that negligible amounts of

rhodium and technetium, with a maximum mole fraction of 3E-03 mol% each, also pass into

the vapour phase. On the other hand, smaller impurity fractions of lanthanum trichloride and

samarium dichloride remain in the liquid phase, as can be seen from the simulation results of

E1 in Fig. (64). However, these fractions are only present in the ppm range and are negligible

in the liquid phase. From a modelling point of view, it should be noted that in the case of

crystallisation, these chlorides also remain in the liquid phase and not in the solid, so it can be

assumed that these small impurity fractions are also evaporated as chlorides on the solid surface

and not composed in higher proportions in the solid matrix.

All other separation details for all separation results according to Fig. (62) and Fig. (64)

follow in the preprocessing analogous to the SNF recycling according to chapter (IV), as shown by

the comparison of the separation curves and the separation product compositions per separation

unit based on the simulation results shown for the preprocessing.

The main distillation The predominant 99.083-mol% relates to the original eutectic mix-

ture of uranium, chromium and plutonium as a mixture of UCl4-CrCl2/Cr-PuCl3 with about

73-mol% uranium tetrachloride, 20-mol% chromium dichloride and 7-mol% plutonium trichlo-

ride.
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Figure 65: Flow-chart simulation of DFRm distillation: Results of DF-1 at 1100-1650 K and 1
atm

Fig. (65) shows the simulation results for the continuous fractionation column DF-1 according

to the developed separation process of the �owchart in Fig. (32). The separation of uranium
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tetrachloride as vapour phase together with chromium dichloride impurities and traces of cesium

chloride with a fraction of 2-3E-04-mol% just above the separation speci�cation limit of 1E-04-

mol% in the condenser of this fractionation column can be clearly seen. All other chlorides, from

barium dichloride to lanthanum trichloride, remain in the liquid phase in the DF-1 evaporator.

The chlorides are then separated from the vapour phase of DF-1 in the DC-1, neglecting

the minimum cesium chloride impurity content. The simulation results of the following DC-1

as a �ve-stage total re�ux column with PPCs show that the high-purity enrichment of uranium

tetrachloride in the �rst separation stage as a light boiler and of chromium dichloride as a

heavy boiler component in the �fth separation stage can be achieved far below the separation

speci�cations of 1E-04 mol% of involved impurities. Due to the high relative volatility of uranium

tetrachloride compared to chromium dichloride, only a �ve stage column is required to achieve

the 1E-04 mol% separation speci�cation. The temperature pro�le shows a large temperature

change only from the third to the �fth stage, which is most pronounced between the third and

fourth stages. In particular, the light-boiling component uranium tetrachloride dominates in

the �rst to third stages and is replaced by chromium dichloride as the heavy boiling component

between the third and fourth stages.
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Figure 66: Flow-chart simulation of DFRm distillation: DC-1 results at 1068-1575 K, 1 atm

In order to reduce the large temperature change between stages three and four for technical

reasons, two distillation columns are used, where the distillation in the �rst column is only carried

out up to the temperature of the third stage. The strategy and simulation for this is explained

in section (C.2.2) as an example.

Apart from plutonium trichloride, more than 80 mol% of the original DFRm feed with 1.1

t/a �ssile material and 120 t/a original U-Cr-Pu mixture has already been separated in DF-1

and DC-1. The remaining portion of up to 20 mol% heavy salt material is processed in the DC-2

column. The simulation results for the DC-2 column are shown in Fig. (67) in only one required

PPC of the specially designed total re�ux column principle from chapters (III) and (IV). There,

as can be seen from the simulation results in Fig. (67), chromium dichloride and cesium chloride

can be enriched as a light-boiling fraction combined in the DC 2 total-re�ux column with a

separation accuracy of 1E-04 mol%.
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Figure 67: Flow-chart simulation of DFRm distillation: DC-2 results (PPC 1)***/**** at 1575-
2005 K, 1 atm **:
1*) CrCl2: CrCl2, CsCl
2*) NdCl3-fraction: BaCl2, NdCl3
3) PuCl3-fraction: PrCl3, CeCl3, PuCl3, LaCl3
*designated according to the largest proportion of the fraction present
**Separation accuracy: 1E-06
*** The choice of colors is intended to illustrate purely qualitatively the location of the respective
substance component in relation to the temperature residence range of the component within the
column: From light blue with respect to cold temperatures in relation to the chromium dichloride
light-boiling fraction to red toward hot temperatures of the plutonium trichloride heavy-boiling
fraction. Medium-boiling fractions are illustrated in mixed colors in relation to the temperatures
**** Detailed results each chloride component are available in section (C.2) .

Plutonium trichloride can be enriched in the plutonium trichloride fraction together with

cerium trichloride, praseodymium trichloride and lanthanum trichloride in the �nal separation

stage without the other separation fractions by distillation as a heavy boiling distillation product.

The neodymium trichloride fraction remains in the column as a medium boiling fraction of the

combined intermediate boiler chloride components, mainly neodymium trichloride and barium

dichloride. Other components are negligible, as the simulation results have shown that these

chloride components do not in�uence the curvature of the visible medium-boiling fraction. Con-

sequently (according to the simulation results in Fig. (67)), the plutonium trichloride fraction

is proportionally dominant down the column with increasing separation stages beginning from

the sixth separation stage. Above lower separation stages than six, the uranium tetrachloride

fraction slightly dominates inside the distillation column. Therefore, the temperature fraction

curve θ = T−Tmin

Tmax−Tmin
largely follows the plutonium trichloride fraction curve shown in Fig. (67)

with Tmin in the �rst and Tmax in the last separation stage.

C.1.4 Recovery of SNF, HLW and DFRm mixtures in the conceptual distillation

separation process

The simulation of di�erent feed mixtures of SNF, HLW and DFRm material after completed

chlorination from the previous sections has already shown the robust applicability of the designed

distillation process under a wide range of feed compositions. While in the SNF feed material the

major part (at least 95 mol%) is uranium tetrachloride, in the DFRm material to be recycled
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mainly uranium tetrachloride, chromium dichloride and plutonium trichloride are present as a

basic mixture with small proportions of �ssion products. It has therefore been demonstrated that

the separation process shown in Figure (32) can be applied after chlorination under the same

or similar process conditions as for a pure uranium tetrachloride-dominated SNF mixture with

chlorinated �ssile material. The simulation of the HLWmaterial in the previous section has shown

that even uranium tetrachloride or other higher chlorinated actinides do not have to be dominant

in the chlorinated feed mixture for the developed separation process according to Fig. (32) to be

applicable under consideration of idealized simulation results. Other signi�cant di�erences are

the amount of chlorine required, which also depends on the chlorination method, i.e. the use of

elemental chlorine for the chlorination of metallic components and carbon tetrachloride or other

hydrogen-free chlorocarbons for the chlorination of oxides. In addition, it is shown below that the

separation concept developed and simulated under ideal phase equilibrium conditions for SNF

recovery, as shown in Fig. (32), would also potentially allow the distillative recovery of mixture

cases of simpli�ed fully chlorinated SNF, HLW and DFRm feed materials to be processed. From

a practical point of view, it is of course better to solve the separation problems separately, but

simulation results of the mixture to be processed should demonstrate the robust use of a wide

range of compositions in the application of the designed distillation process show.

In order to somehow reasonably combine these feed streams, a mixture of chlorinated SNF

material with 1000 t/a and chlorinated DFRm material with 1001.1 t/a in a mass �ow ratio of

1:1 was used here as an example for the process simulation. Furthermore, in addition to the SNF

treatment case of 1000 t/a, HLW feed material of 20,874 t/a is added in the speci�ed mass ratio

of the total masses per year of HLW and SNF inventory according to information from [139].

10-6

10-5

10-4

10-3

10-2

10-1

100

m
o

le
 f

ra
c

ti
o

n
 [

-]

liquid

feed
vapour

A
r

C
O
2

S
b
C
l 5

S
b
C
l 3

N
b
C
l 5

Te
C
l 2

Z
rC
l 4

N
p
C
l 4

U
C
l 4

C
m
C
l 3

S
m
C
l 3

S
rC
l 2

A
m
C
l 3

C
sC

l
E
u
C
l 3

B
a
C
l 2

N
d
C
l 3

P
rC
l 3

C
e
C
l 3

P
u
C
l 3

La
C
l 3

R
h

R
u Tc M
o

C
l 2

S
n
C
l 2

C
rC
l 2

(a) PC-1 at 1135 K and 1 atm
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Figure 68: Flow-chart simulation of mixed SNF, DFRm and HLW recycling: Results for the
separation of volatile chlorides

As shown by the simulation results for �ash evaporation in PC-1 in Fig. (68) (left part

of �gure), a simple separation at 1135 K is just as feasible as for all other pure SNF, HLW

and DFRm feed examples already considered. Due to the condensation of the chlorides from

the vapour phase in SC-2 (Fig. (68), right part of the �gure), a residual amount of uranium

tetrachloride remains also in the �rst separation process, as already shown in detail for the
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simulation of the distillative puri�cation of the pure SNF and DFRm feed material. A second

condensation step is also required for the complete separation of uranium tetrachloride for the

mixture of the above feed streams, with the �rst separation unit operating at 725 K and the

second unit at 625 K. As the curium trichloride content is relatively small, it is neglected in the

following calculations.

The concentration of the solids and crystallisation according to the simulation results in

Fig. (69) of the mixture is also comparable to the DFRm feed and the SNF preprocessing

example. The proportion of HLW recovery plays only a minor role here due to the signi�cantly

lower inventories of these materials. Between the �fth and eighth separation for the sequential

concentration crystallisation, the removal of the metallic material components from the liquid

phase takes place with residual fractions clearly below 1E-04-mol%, as shown in Fig. (69) of

the liquid phase composition. Thus, in order, molybdenum and ruthenium are separated in the

5-6 separation stage and technetium and rhodium in the 7-8 separation stage. As rhodium and

technetium are less separable than molybdenum and ruthenium and also have a lower melting

point than the other metallic components, these metallic components are concentrated in the

solid phase, similar to the DFRm simulation results. After practically complete separation of

molybdenum and ruthenium, the residual components of technetium and rhodium are dominant

and are separated in the subsequent separation stages. All detailed simulation results are shown

in Fig. (69) and demonstrate the robust handling of solids as an example of varying mixture

composition.
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Figure 69: Flow-chart simulation of mixed SNF, DFRm and HLW recycling: Accumulation of
solid material

After mixing the chlorides in M1 according to the �owchart in Fig. (32), the light-boiler

components are distilled in the separation column DC-1 and the heavy-boiler components in

DC-2.
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Figure 70: Flow-chart simulation of mixed SNF, DFRm and HLW recycling: DC-1 results at 1
atm

The simulation results of the DC-1 column shown in Fig. (70) now show the separation with

cesium chloride, chromium dichloride but also neptunium tetrachloride components together

with uranium tetrachloride. The separation of chromium dichloride is performed in �ve stages,

similar to the DFRm feed example, in order to enrich a CrCl2-CsCl mixture to high purity in

the �fth stage in the condenser. Secondly, a high purity UCl4-NpCl4 mixture is obtained by

distillation in the �rst stage. The separation curves do not show any local maxima or minima, so

that no accumulation of other typical medium boiling components is expected in the mixed feed

results compared to the pure HLW or DFRm recovery examples. All chlorides involved behave as

either light or heavy boilers in the DC-1 column. The temperature pro�le shows that the heavy

boilers chromium dichloride and cesium chloride dominate exclusively in the �fth separation

stage, while the light boilers neptunium tetrachloride and uranium tetrachloride determine the

separation behaviour in the total re�ux column within the single PPC, with the exception of the

fourth separation stage.

In the heavy-boiling column DC 2 according to the simulation results in Fig. (71) (a twenty-

�ve stage total re�ux column), the separation of the light-boiling components contained in the

mixture is somewhat more di�cult in terms of the separability of each separation fraction.

Samarium trichloride is no longer separable with high purity in this mixture example. There-

fore, in the �rst separation step, the combined samarium trichloride - ammonium trichloride

fraction is obtained as the light boiling fraction. A plutonium trichloride fraction of lanthanum,

praseodymium and cerium trichloride is again obtained as a high purity heavy boiler distillation

product (impurities less than 1E-04 mol%). The in�uence of the HLW material is again negligible

due to the higher proportion of SNF and DFRm in the feed material. The cesium chloride and

europium trichloride fractions are present as intermediate boiling components between separa-

tion stages 10-14. In PPC 1 of the DC-2 column, the separation e�ort is increased, which makes

the �ne separation of the heavy boiling chlorides the most di�cult compared to the treatment

of the pure DFRm and SNF feed material simulation examples.
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Figure 71: Flow-chart simulation of mixed SNF, DFRm and HLW recycling: DC-2 results PPC
1 & PPC 2***/**** at 1463-2016 K, 1 atm **:
1*) SmCl3/AmCl3-fraction: SmCl3, AmCl3, SrCl2, and traces of CsCl
2*) SrCl2/CsCl-fraction: SrCl2, CsCl
3) EuCl3-fraction: mainly EuCl3, with very small impurities of CsCl and SrCl
4*) NdCl3-fraction: BaCl2, NdCl3
5) PuCl3-fraction: PrCl3, CeCl3, PuCl3, LaCl3
*designated according to the largest proportion of the fraction present
**Separation accuracy: 1E-06
*** The choice of colors is intended to illustrate purely qualitatively the location of the respective
substance component in relation to the temperature residence range of the component within the
column: From dark blue with respect to cold temperatures in relation to the samarium trichloride
light-boiling fraction to red toward hot temperatures of the plutonium trichloride heavy-boiling
fraction. Medium-boiling fractions are illustrated in mixed colors in relation to the temperatures
**** Detailed results each chloride component are available in the comparison of SNF and HLW
recovery in section (C.2) .

The separation results (Fig. (71), lower �gure part) of the fractions in PPC 2 proceed under

a slightly larger extended medium boiling fraction range of the europium trichloride fraction
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separation curve in stages 4-23, in contrast to the separation range of stages 6-21 of the pure

SNF separation example shown in Fig. (42) (for comparison). The cesium chloride fraction can

be obtained by distillation as a light boiling fraction and the neodymium trichloride fraction as

a heavy boiling fraction. The europium trichloride fraction remains highly contaminated as the

last fraction in the column.

Finally, the simulation results show that mixtures from all feed examples can be separated

with a reasonable separation e�ort. The separation e�ort increases only slightly and the number

of separation stages does not need to be increased signi�cantly for all CD columns. However, in

the DC-2 column, the samarium trichloride fraction can only be separated together with larger

americium trichloride fractions than in the distillation of the individual DFRm and SNF feed

separation examples to be simulated.

C.2 Complete presentation of the simulation results for the total-re�ux col-

umn in the conceptual design

This section shows the extension of the simulation results of the total re�ux distillation column

from all previously presented separate simulation results, which were previously grouped into sin-

gle separation fraction by summing all components with similar separation behaviour and curves.

In addition, omitted separation examples are shown, such as the extremely di�cult distillation-

based separation of neptunium tetrachloride from an NpCl4-UCl4 mixture as a separation option

in a light boiling column of the SNF processing example.

C.2.1 Detailed simulation results for the distillation of SNF, HLW and DFRm feed

materials

All the detailed mole fraction and temperature pro�le simulation results in this chapter for

the separation in the total re�ux distillation column with PPCs from the conceptual design

chapter, such as those shown in Figs. (42),(60),(67), were originally grouped for components

with the same separation curve behaviour and summarised as individual separation fractions for

illustrative purposes.

Uranium tetrachloride - Neptunium tetrachloride puri�cation First, the separation

result for the DC-1 column in the SNF preparation for separating neptunium tetrachloride from

uranium tetrachloride is shown with a required stage number of 32 separation stages according

to Fig. (72)). Neptunium tetrachloride can be enriched to high purity under higher number of

required separation stages with the separation speci�cation of 1E-04-mol% of uranium tetrachlo-

ride impurities. A signi�cant fraction of neptunium tetrachloride of about 0.1-mol% impuri�es

the heavy boiling uranium tetrachloride. Therefore, it is quite di�cult to increase the separa-

tion accuracy for uranium tetrachloride distillation product. The temperature boiling range is

relatively small in the range 1018-1068 K (see Fig. (72) right), so that many separation stages

are needed for �ne separation. The relative volatility of neptunium tetrachloride in relation to

uranium tetrachloride is so similar and even small compared to other common actinide trichlo-

rides that the approximation error in the determination of the substance composition of the

thirty-second separation stage cannot be sharply resolved here using the Octave/Matlab code
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for the total-re�ux column in this single PPC of this distillation column. Since a mixture of

uranium tetrachloride and neptunium tetrachloride still remains in the bottom, puri�cation to

pure uranium tetrachloride is even more di�cult to realise in terms of separation technology, in

which considerably more separation stages have to be practically used.
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Figure 72: Detailed �ow-chart simulation of SNF distillation: DC-1 results at 1 atm

DC 2 puri�cation of SNF processing In the detailed results for the separation of

the DC-2 column (see Fig. (73)) of the SNF processing, curium trichloride can be separated

in the PPC 1 as a light boiler component together with very small proportions of samarium

trichloride, so that according to Fig. (42) these separation curves were previously summarised

as the samarium trichloride fraction in the simulation results. Subsequently, the strontium

dichloride component dominates in stages 13-15. Therefore, in these stages the temperature

pro�le takes the 'bulged shape' in Fig. (73) (�rst right). Then, from the �fteenth to the sixteenth

separation stage, there is a temperature jump from about 1525 K to about 1900 K (according

to Fig. (73) of the �rst and second separation operation). As this temperature jump is very

large and leads to technical challenges in terms of material strength, the strategy could be to

split the separation problem into two di�erent separation operations or one separation in two

subsequent separate distillation columns by setting either the 1525 K as the maximum evaporator

temperature or the 1900 K as the minimum condenser temperature in the �rst separation. This

will separate either the evaporator product or the condensate product of this �rst separation.

The separation of this incompletely separated fraction is then carried out in the next separation

step, e�ectively 'bypassing' the temperature jump. The proposed process is simulated in the

subsection (C.2.2). A mixture of lanthanum trichloride, plutonium trichloride, cerium trichloride

and praseodymium trichloride is distillatively concentrated as the heavy-boiling component in the

�nal separation stage. These components are di�cult to separate by distillation due to similar

volatilities and pure boiling points, so these chlorides have been combined as the plutonium

trichloride fraction as shown in Fig. (42). The temperature jump around the �fteenth separation

stage of PPC 1 and PPC 2 is too large to be a potential problem for the column material

strength. It is therefore necessary to split the column into two columns (see section (C.2.2)).

At the beginning of the temperature jump in the �rst column, the evaporator temperature is

practically set as the minimum temperature or, alternatively, the condenser temperature is set
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as the maximum temperature for the �rst separation.
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Figure 73: Detailed �ow-chart simulation of SNF distillation: DC-2 results of PPC 1, PPC 2 &
PPC 3 at 1 atm

DC 1 puri�cation of HLW processing The simulation results for HLW processing in

the DC 1 column with three PPCs are shown in Fig. (74)� with respect to the molar compo-

sition on the left and the temperature pro�le on the right. In the DC 1 column of the HLW

processing, high purity tellurium dichloride is obtained as a light boiler product in PPC 1 and

high purity neodymium trichloride is also obtained as a high purity heavy boiler product with

negligible impurities. The temperature curve shows a clear S-shaped temperature pro�le with
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the temperature envelope of the 7-12 separation stage (ninth separation stage in�ection point).
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Figure 74: Detailed �ow-chart simulation of HLW distillation: DC-1 results at 1 atm

In PPC 2 the low boiling product tin dichloride is slightly contaminated with neptunium

tetrachloride. The heavy-boiling product, europium trichloride, is more heavily contaminated

with cesium chloride. This means that no high purity distillation products can be obtained in

the PPC 2 separation step, nor in PPC 3. In PPC 3, neptunium tetrachloride contaminated with

uranium tetrachloride can then be obtained as a light boiler distillation product, and americium

trichloride with a higher degree of impurity can correspondingly be obtained from samarium

trichloride as a heavy boiler distillation product. As the PPC increases, the temperature range

also decreases, with the temperature curve in the separation zones also changing slightly into the
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visible separation stage range as shown in Fig. (74) (right). The temperature jump around the

ninth stage is too large to be a potential problem for the column material strength. It is therefore

necessary to split the column into two columns. At the beginning of the temperature jump in

the �rst column, the evaporator temperature is practically set as the minimum temperature

or, alternatively, the condenser temperature is set as the maximum temperature for the �rst

separation (see section (C.2.2)).

DC 2 puri�cation of HLW processing Two PPCs are required for separation in the

DC-2 HLW distillation column. The detailed simulation results of the DC-2 column for HLW

recycling are shown in Fig. (75). In PPC 1, the separation pro�les of the curium trichloride

and samarium trichloride fractions are obtained as light boiler fractions, with curium trichloride

clearly dominating in the �rst separation stages.
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Figure 75: Detailed �ow-chart simulation of HLW distillation: DC-2 results at 1 atm

The heavy boiler fraction consists of many components, summarised as the plutonium trichlo-

ride fraction with lanthanum trichloride, cerium trichloride, praesodym trichloride and plutonium

trichloride. This composition will change over time until plutonium trichloride dominates as the

heavy boiler distillation product, but is still contaminated with the other three distillation prod-

uct co-components. However, the simulation results only show the total re�ux condition point

with the �rst higher fractions of lanthanum trichloride. In PPC 2, the americium trichloride frac-

tion, consisting of americium trichloride, strontium dichloride and cesium chloride, is obtained
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by distillation in the �rst separation stage as a light boiling product. Neodymium trichloride

can be recovered as a high purity heavy boiling distillation product with negligible fractions of

other chloride component impurities. In HLW recycling, the barium dichloride component does

not exist, so that neodymium trichloride can be obtained as a high-purity substance component

in the evaporator, the last separation stage of PPC 2 (in Fig. (75) (second �gure on the left)).

The residue obtained is a mixture of europium trichloride as the dominant component and any

residual cesium chloride as the remaining intermediate boiler components.

The two temperature pro�les shown in Fig. (75) (right) also show an almost abrupt rise in

temperature from a certain separation stage, similar to the DC-1 column, but not as pronounced

as for the DC-1 column. However, between the �fteenth and the sixteenth separation stage, the

temperature rise is still abrupt with a temperature di�erence of 300 K, so that a division into two

separation columns or columns should be carried out using the same strategy as for the DC-1

column in order to avoid the sudden high temperature jump inside the distillation column (see

section (C.2.2)).

SC 2 puri�cation of DFRm processing For the DFRm feed processing of the DC-2

column, the detailed simulation results are shown in Fig. (76). In this simulation example,

only one PPC process step is required for this separation example. In this, chromium dichloride

(which is assumed to be thermally stable) and cesium chloride can be recovered together as the

light boiler fraction, while plutonium trichloride is obtained together with lanthanum trichloride,

cerium trichloride and praseodymium trichloride as the heavy boiler fraction of the �nal separa-

tion stage. Neodymium trichloride then remains as the only medium boiling component in this

distillation column.

Between the �fth and seventh separation stage a rapid temperature increase can be observed

(see Fig. (76) (right)). This temperature rise may be too high for the structural column material,

so that it may be necessary to use two di�erent columns (see section (C.2.2)).
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Figure 76: Detailed �ow-chart simulation of DFRm distillation: DC-2 results at 1 atm

DC 2 puri�cation for the mixed feed example In the separation of the fully chlorinated

mixed SNF, HLW and DFRm feed example according to Fig. (77), it becomes clear in the

simulation of the DC-2 column distillation, as already discussed in section (C.1.4), that more
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separation stages are required, since in particular chromium dichloride and caesium chloride

with high medium-boiling fractions increase the separation problem towards an unfavourable

separation range. The comparison of the temperature pro�les for SNF recycling according to Fig.

(73) and for DFRm feed processing according to Fig.(76) shows for the light-boiling component

that the temperature of the �rst separation stage lies between the boiling points of the light-

boiling components of both separation cases. The condenser temperature is just above 1400 K

for SNF processing and just below 1600 K for DFRm feed recovery. This is due to the fact that

the temperature of the �rst separation stage is between the boiling points of the light boiling

components of both PPCs. In addition, there is the e�ect of the dominant strontium dichloride

component in the temperature pro�le of the SNF recovery, which is also weakly visible between

stages 13-15 in the mixed case according to Fig. (77) for the �rst separation operation and also

slightly increases the range of the separation curves of the medium boiling components.
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Figure 77: Detailed �ow-chart simulation of distillation with mixed SNF, HLW and DFRm case
of section (C.1.4): DC-2 results at 1 atm

As can be clearly seen in PPC 1 in Fig. (77), more contaminating components are present

in the light-boiling component strontium dichloride fraction in separation stages 1-4 than in

the consideration of the individual SNF and DFRm feed examples. On the other hand, the

HLW fraction is negligibly small and plays only a minor role in the considered feed mixture. As

a heavy boiler distillation product, a mixture of plutonium trichloride, lanthanum trichloride,

cerium trichloride and praseodymium trichloride together with slightly negligible neodymium
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trichloride impurities can be obtained in the last separation stage. In PPC 2, strontium dichlo-

ride contaminated with cesium chloride is distilled as a light boiler product, while neodymium

trichloride contaminated with barium dichloride is obtained as a heavy boiler product. All details

on the separation and temperature pro�les can be taken from Fig. (77), analogous to the other

pure SNF, HLW or DFRm feed material examples.

What should also be noted for both PPCs is the temperature jump from the �fteenth sepa-

ration stage onwards: Here, it is probably necessary to separate the separation problem at this

separation stage into two di�erent separation columns in order not to stress the structural col-

umn material too much by the high temperature gradient in the column height direction. This

strategy is more explained in the following section (section (C.2.2)) for a single representative

separation example.

C.2.2 Strategies to avoid large temperature changes inside a total-re�ux distillation

column

As already shown in the temperature pro�les of the simulation results under idealized phase

equilibrium conditions according to Fig. (76), as well as in Fig. (73),(74) and (75), there are often

abruptly increasing temperature changes between the separation stages when the composition of

the mixture changes signi�cantly between light and heavier boiling material components. Due

to the high stress on the column material, the temperature gradient along the column height

between these separation stages should not be too large. Therefore, temperature di�erences

of more than 250 K between two or three separation stages should be de�nitely avoided. To

achieve this, the separation is divided into two separation operations, either repeated in the

same separation column in di�erent separation operations or in a further secondary separate

separation column. However, the following process steps are mandatory to avoid such pronounced

temperature pro�les:

1. Distillative separation in a separation column before the mentioned temperature di�erence

or after (related to the separation stage number of the column) in two possible process

options:

� Separation before the temperature change: The light-boiler related separation

concerns the high-purity separation of the light-boiler components and a mixed frac-

tion is obtained as evaporator product, which must be further separated by distillation

at higher temperatures in the second separation operation of the same column or other

separate total re�ux column.

� Separation after the temperature change: The heavy-boiler separation refers

to the high-purity separation of the heavy-boiler components and separation of a

light-boiler mixed fraction, which must be further separated by distillation at lower

temperatures in the second separation operation of the same column or other separate

total re�ux column.

2. In the second separation operation in the same separation column or in a further separation

column, the corresponding mixed fraction which has not yet been separated to a high degree
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of impurity is puri�ed by distillation. The residual components are returned to the �rst

separation operation or separation column.

For this purpose, the choice of light-boiler or heavy-boiler separation for the �rst separation

process is based on strategic separation criteria and/or physical-thermochemical properties of

the feed composition. Using the DFRm feed example from the previous section according to

Fig. (75), it is shown by simulation that the component separation can be implemented without

large temperature gradients by bypassing the necessary temperature jump in the column height

somehow.

The general simulation result for distillative DFRm recycling without bypassing a tempera-

ture jump has already been discussed in detail in Fig. (75) in a total-re�ux column under usual

idealized phase equilibrium conditions. According to Fig. (75) (right �gure), the temperature

jump can be seen in the temperature pro�le between the �fth and seventh separation stages,

which is greater than 300 K. The magnitude of the temperature change between these separa-

tion columns within the column must be signi�cantly reduced in the path of the split in the two

separation operations. For this purpose, the application of the �ne separation of light boilers

in the �rst separation operation is strategically chosen as suitable option in order to enrich the

chromium dichloride- caesium chloride mixture as early as possible equimolar related to light

and heavy boilers in the condenser (see heuristics for distillation in [72, 73]). The separation

of the chloride components (assumed to be thermal stable as simpli�cation) is otherwise carried

out as usual with the corresponding separation operations in two process steps of a total-re�ux

enrichment and a subsequent product removal.
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Figure 78: Detailed �ow-chart simulation of the �rst modi�ed DFRm distillation column: DC-2
results without hard temperature changes inside the column at 1 atm

The simulation results for the �rst separation with the same number of separation stages are

shown in Fig. (78). Compared to the results in Fig. (76), the bottom product is now slightly

more contaminated with neodymium trichloride in the �rst separation. In order to be able to

separate neodymium trichloride from the plutonium trichloride fraction, the puri�cation of the

evaporator distillation product as a mixed heavy boiler fraction has to be carried out in a second

separation process or in a separate separation column. Compared to the results in a single

separation column shown in Fig. (76), the separation curves are otherwise analogous, except for
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the weaker separation e�ciency of the neodymium trichloride separation. The temperature jump

has been signi�cantly reduced in the context of the magnitude of the temperature di�erence and

is now only 40 K instead of 300 K as before (see: Fig. (76) (right)). Due to the lower operating

temperatures according to the simulation results in Fig. (76), the slope of the neodymium

trichloride separation curve for the depletion between the seventh and fourteenth separation

stage is also signi�cantly reduced compared to the general results without temperature jump,

so that higher impurities of neodymium trichloride are present at this �rst separation operating

point.

In the case of high-purity separation (separation speci�cation below 1E-04-mol% for the

distillation product impurities) of the heavy-boiling fraction consisting of plutonium trichloride,

lanthanum trichloride, cerium trichloride and praesodymium trichloride, this mixture is to be

preferred �rst in the further separation operation as the option chosen here in the same separation

column with the same number of stages.

In the application of this second separation operation for the puri�cation of the bottom

distillation product, the high purity separation of neodymium trichloride is aimed at in the same

separation column with the same number of separation stages and after the complete removal

of the other distillation products from the �rst separation operation. The simulation results

are shown in Fig. (79). In this version, neodymium trichloride can be depleted very well in

the liquid phase with increasing number of separation stages and with smooth temperature

change of each column stage in total between 1870-2000 K. Towards the condenser, the mole

fraction value of neodymium trichloride increases, while the mole fraction values of plutonium

trichloride and lanthanum trichloride decrease slightly, but are always present in the mixture.

The proportions of cerium trichloride and praseodymium trichloride remain almost in the same

size of mole fraction values. This means that a composition with neodymium trichloride (but also

depending on the other component) is obtained at the condenser. If possible, a column design

with many more separation stages and a di�erent temperature range than in Fig. (79), but in

another separate total re�ux column, would be necessary to obtain neodymium trichloride as a

light boiling product by high purity distillation in the condenser here in the second operation.
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Figure 79: Detailed �ow-chart simulation of the second modi�ed DFRm distillation into the
same column with the same number of separation stages: DC-2 results without hard temperature
changes inside the column at 1 atm
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The simulation results in Fig. (80) show the simulation results in a separate total re�ux

column with up to twenty-eight separation stages with a condensation temperature between

1870-1880 K. The temperature pro�le inside the column is also much smoother, between the

temperature range of 1870-2000 K. Due to the higher number of separation stages, the temper-

ature change between neighbouring separation stages is much smaller. When a stage temper-

ature above 1900 K is reached with increasing separation stages, a signi�cant depletion of the

neodymium trichloride components can be observed from the �fteenth separation stage upwards

towards the condenser (directly above the �rst separation stage), as could also be seen from

the previous simulation results of the same distillation column as a second separation option.

Neodymium trichloride can again be recovered as a light boiling product, but now in high purity

in the �rst separation stage with negligible plutonium trichloride impurity below 1E-04 mol%.

The remaining heavy-boiling chlorides are also recovered in the �nal separation stage as high

purity distillation products with negligible impurity of neodymium trichloride impurity below

1E-04 mol%. The separation objective is therefore achieved for this selected separation option

of two di�erent columns.
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Figure 80: Detailed �ow-chart simulation of the second modi�ed DFRm distillation into another
distillation column with more separation stages compared to the �rst column: DC-2 results
without hard temperature changes inside the column at 1 atm

Simulations have shown that separation by two columns to avoid a strong temperature gra-

dient inside a single column can be used to avoid signi�cant temperature changes between a

few adjacent separation stages, which would occur in a single operation in a single distillation

column. Accordingly, an additional separation operation is required for each temperature jump.

However, separation in the same column with the same number of stages means that in the

second separation operation, if required, both distillation products cannot be obtained by high

purity distillation in the condenser or evaporator. This means that the second top distillation

product would have to be fed back to the �rst column, increasing the complexity of the sepa-

ration handling. Therefore, it may be easier to choose the second option of having the second

separation column outside as a simple serially connected separate distillation column to obtain

two high purity distillation products at the top and bottom of the column.

In the case of non-ideal phase equilibrium behaviour and in the presence of azeotropes, it

should also be noted that separation via the azeotrope still has to be carried out in pressure
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swing column operation or other azeotropic separation options using chemical additives. Here,

the problem of preventing signi�cant temperature changes within the column could be integrated

with the separation problem of azeotropic separation, if possible.

D Supplement: Extended simulation and estimation for the dis-

tillation of test mixtures

In this section, advanced simulations of test mixtures are performed to estimate the in�uence

of decay heat under idealized phase equilibria and to estimate the deviation using Margules

activity approximations compared to idealized phase equilibrium conditions (compare the basic

VLE equations (27) and (28)). Secondly, the in�uence of decay heat accumulation within the

column is roughly estimated, but under idealized phase equilibrium conditions (see: idealized

VLE equation (28)) with a selection of few active isotope elements.

D.1 Simulations of UCl4−MCln mixtures using purely hypothetical estimated

VLE data

In this section, examples of feed test UCl4 − MCln, n = 1, . . . , 4 mixtures have been used for

possible more realistic simulation of distillation columns using estimated VLE Margules data

from the section (3.2), simpli�ed from the data [11, 10, 9] of simpli�ed non-evaporating molten

salts and solid-liquid equilibrium data. Assumptions and simpli�cations for the determination

can also be found in the section (3.2). All of the above VLE Margules estimates required for

the more realistic distillation column simulation are used to estimate the activity coe�cients

using a polynomial approach. But, this simpli�ed approach is purely illustrative of the phase

equilibrium behaviour of certain binary chloride-based mixtures as they might occur and behave

in reality. Nevertheless, the estimation with Margules from these poor GE literature data is still

very rough, even though these GE data are additionally simpli�ed for low temperature molten

salt mixtures in the melting point region and not for VLEs. Therefore, the following results are

really hypothetical and are only shown here to illustrate how the activity di�ers from the idealized

case of γi = 1. To validate the VLE data, experimental measurements of VLEs would have to be

made at least at the key composition points of the GE data from the literature. Unfortunately,

these validation data are not available for the thesis and the results here are purely hypothetical

and are only useful to describe if an azeotrope could form and if there is a great potential of high

non-ideal deviation from the idealized phase equilibrium condition due to equation (28) with

γi = 1. Using these representative simulation results presented below, deviations from Raoult's

law could be discussed as to how large a possible deviation could be for the simulation results of

various separation units to be simulated, especially for the DC columns in the conceptual design

as shown in section (6.1) for the SNF recovery problem. This potentially deviating separation

behaviour as a consequence of the non-ideal VLE behaviour of the binary substance system cases

investigated here is qualitatively transferable to possible other complex substance systems and

qualitatively comparable with regard to existing similarities of the degree of chlorination of each
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chloride component in the mixture to the other chlorides and their degree of chlorination .7

The following simulation results using Margule's real estimated activity coe�cient data ac-

cording to section (3.2) are performed for di�erent distillation column types of conceptual total

re�ux columns with a single PPC and continuous distillation columns with �nite re�ux ratios. A

feed �ow rate of 0.1 mol/s is used exemplarily. Here the feed composition is centred at x1 = 0.5

for zeotropic mixtures and at the centre of the distillation range for azeotropic mixtures, with the

interval limits of the achievable distillation limit compositions that can be obtained using a con-

ventional distillation column. The following simpli�cations are made for the simulation. In the

condenser, the mixture is assumed to condense only at the boiling temperature of the mixture,

without supercooling the melt in the model. The separation purity of the distillation products

as pure components must be 99.9999 mol%. Furthermore, all simpli�cations of the binary mix-

ture models from section (4.4) of chapter (III) are used for further simulations. Therefore, all

simulations performed with the Octave/Matlab model code will be referred to as "OML" and

simulations performed with ChemSep will be referred to as "CSL". In ChemSep, the activity co-

e�cients are given in the main ChemSep �le under "thermodynamics"→"K-value:Gamma-Phi"

and "Activity coe�cient:Margules" with speci�cation of the parameter values. The following

conventions, labelled A, B and C, can be used to classify the type of approximate VLE esti-

mated by the Margules approach from di�erent methods of data preparation of these literature

data.:

� A: Direct linear interpolation from the given experimental activity data with the equation

(79),

� B: Approximated Margules functions by �tting to the x1, γ1 literature given data points,

e.g. from Tab. (8) for binary mixtures of uranium tetrachloride with manganese dichloride

or lanthanum trichloride,

� C: Approximated Margules functions from two given GE-data points given in [11],

� D: Evaluation of idealized phase equilibria with γi = 1.

The following binary chloride substance systems are simulated and compared with the approxi-

mation approaches to the Margules approaches A-D below:

� UCl4-MnCl2 and UCl4-LaCl3 mixtures in a total re�ux column at constant pressure of 1

atm with the VLE approximations from methods A, B and C,

� UCl4-ThCl4 and UCl4-CdCl2 in a total-re�ux column at constant pressure of 1 atm (only

for approximation method C),

� UCl4-LiCl mixture to illustrate the results of an azeotropic VLE behaviour in a total re�ux

column at constant pressure of exemplary 0.1 bar,

7In the design of a distillation plant for the distillative reprocessing of spent nuclear fuel by means of simu-
lations of ideal phase equilibria, qualitatively di�erent statements can be estimated as a function of the degree
of chlorination and, in part, also of the ion radii and ion potential ratios of the material components involved.
However, qualitative assessments of the separation plant under rather pessimistically estimated real phase equi-
librium behaviour with the Margules approach of the chloride components are also applicable here, in order to
illustrate, with minor modi�cations of the separation design, that this separation concept is technically feasible
in this designed form (see section (6.1) on the conceptual design of spent fuel reprocessing).
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� Di�erences in the simulation of a �nite re�ux distillation column for a zeotropic mixture

with an azeotropic mixture, representative of the mixture UCl4-CdCl2 at 1 atm compared

to the mixture UCl4-LiCl at 0.1 bar (with constant assumed column system pressures inside

the distillation columns).

D.1.1 Deviations in total-re�ux distillation column simulations between idealized

and Margules approximated vapor-liquid equilibria

First, the simulation results for the mixtures UCl4-MnCl2 and UCl4-LaCl3 are examined by

comparing the VLE approximation methods A, B and C via the Octave/Matlab model (OML).

For the interpolative VLE approximation method A, only the validity range of the tabulated data

given in Tab. (8), since beyond that only a very rough interpolative equilibrium line equation

(79) can be evaluated. The results for the simulation of the mixtures UCl4-MnCl2 and UCl4-

LaCl3 in a total re�ux column at 1 atm are shown in Fig. (81) for a given product composition

mole fraction separation accuracy of 99.9999 mol% of uranium tetrachloride.
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Figure 81: Simulation of a total-re�ux column using di�erent VLE approximation methods and
Octave/Matlab (OML) simulation model for the mixtures (a) UCl4-MnCl2 and (b) UCl4-LaCl3
at 1 atm

In the logarithmic plot of the simulation results in Fig. (81) on the y-axis, it can be observed

that from the fourth separation stage for the manganese dichloride mixture example and from

the third separation stage for the lanthanum trichloride case, the composition curves could be

approximated by linear equations, depending only on the slope of the VLE approximation. The

Margules approximation from tabulated VLE data is closest to the ideal composition curve of

case D for each simulation example. The linear interpolation to the pure substances by a straight

line equation of equilibrium results in a larger deviation of the simulation results between the

interpolation mode according to case A and the Margules approximation according to case B

for the VLE approximation. Only case C in the Margules approximation in the lanthanum

trichloride example from two given GE estimated data points leads the simulation result of the

total re�ux distillation column to a signi�cantly larger deviation behaviour where the highest

separation rate of all VLE approximation cases A, B, C and D is required to reach the separation

value of 1E-04-mol% at the bottom of the column with respect to uranium tetrachloride. Due
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to the small number of only two literature-given data points in [11] at only -50 mol% and 90

mol% of uranium tetrachloride, a narrower approximated VLE follows for uranium tetrachloride

values, especially for small molar composition values. Here, the approximation accuracy of the

VLEs is also particularly weak in relation to the missing activity relationship data between 0

and 50 mol% uranium tetrachloride in the mixture.

In terms of the total number of separation stages, in the case of the manganese dichloride

separation example, the required number of separation stages is estimated to 4-7 under ideal

phase equilibrium behaviour and 8-9 according to the VLE approximation method B. For the

lanthanum trichloride mixture example, the variation of the required number of stages is larger

due to larger deviations of cases A and B with respect to the VLE data compared to the man-

ganese dichloride example. Case C in the lanthanum trichloride example, on the other hand, is

signi�cantly more deviant in the number of separation stages required, up to 12-13 total separa-

tion stages required. Ignoring case C, the number of separation stages required in the lanthanum

trichloride example is between 5-8 under ideal phase equilibrium condition behaviour and 4-7

according to VLE approximation method B. With regard to the distillation of the substance

mixture UCl4-MnCl2 within a total re�ux column, it can be said that the simulated separation

behaviour via the use of real-approximated VLEs di�ers only slightly from the ideal behaviour

, apart from the temperature pro�le, despite the deviations mentioned in the less accurate in-

terpolatively determined VLE approximation method according to case A. The temperature

pro�les of both exemplary shown simulated substance mixtures of uranium tetrachloride with

manganese dichloride and lanthanum trichloride di�er only slightly from the ideal behaviour .

Secondly, the estimated temperature under the idealized phase equilibrium case is estimated to

be lower compared to the real estimated VLE conditions for both mixture systems. In contrast,

for the other cases of using real approximated VLEs, the deviations of the temperature curves

are rather relatively small, as can be seen in the lower part of the Fig. (81). As a consequence,

it can be simpli�ed deduced that simulations with ideal phase equilibria of the type UCl4-MCl2,

UCl4-MCl3 (with M for metals or transition metals, for example, further rare earths such as

neodymium or plutonium up to transplutonium elements such as americium) are quite applica-

ble for subsequent simulations in the conceptual design and the real VLE behaviour does not

play a major role.

In the next simulation example of the simulation results of Fig. (82) (upper sub�gure) show

the separation behaviour of the mixtures UCl4-ThCl4 and UCl4-CdCl2. Fig. (82) (lower sub�g-

ure) shows the di�erence between the idealized and the Margules approximation results. Com-

pared to the binary mixtures of uranium tetrachloride with manganese dichloride or lanthanum

trichloride, the deviation behaviour between the ideally calculated and the actually approximated

phase equilibrium according to evaluation method C is signi�cantly more deviating with a di�er-

ence of the required separation stages between 14 to 15-30 for the cadmium dichloride mixture

and 15-23 for the thorium tetrachloride mixture example. Thus, in the VLE approximated by

Margules, the mole fraction value of thorium tetrachloride decreases only slightly with a simulta-

neously higher boiling temperature compared to the ideal case as the shown number of separation

stages increases (compare Fig. (82) (both mixture results). A similar observation can be made

for the cadmium dichloride separation example. Although the simulation results of both mixture
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examples behave zeotropically, the deviation behaviour between the ideal phase equilibrium be-

haviour and the real Margules approximated equilibrium according to approximation method C

is relatively large. This result could be predicted, for example, in the conceptual design relevant

mixture for the separation of NpCl4 from UCl4 according to section (6.1) with the same chlo-

rination degree of the chlorides involved in the system UCl4 - ThCl4. Qualitative-heuristically,

it can be determined that the number of stages from the ideal phase equilibrium calculations

would have to be doubled for a realistic assessment of distillability, assuming that similar non-

ideal behaviour would result for the mixture NpCl4-UCl4 (with neptunium tetrachloride as the

low-boiling component) compared to the mixture UCl4-ThCl4.

Furthermore, the simulation results for the UCl4-CdCl2 mixture show that the OML and

CSL models lead to the same simulation results, with negligible deviations between the two

models used. This also shows the validity of the Octave/Matlab model, especially for simula-

tions with binary mixtures, and its excellent applicability for the simulative description of real

VLE approaches. In the following, further simulation examples will show that this agreement

of simulation results leads to the same simulation results when either the ChemSep or the Oc-

tave/Matlab simulation code is used. Thus, it can be excluded that this is not a statistical

coincidence that both models lead to the same simulation results.
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Figure 82: Simulation of a total-re�ux column using di�erent VLE approximation methods and
simulation models with Octave/Matlab (OML) and ChemSep (CSL) for the mixtures (a) UCl4-
ThCl4 and (b) UCl4-CdCl2 at 1 atm

For an azeotropically determined binary mixture of uranium tetrachloride and a monochlo-

ride, the example mixture UCl4-LiCl is simulated at 0.1 bar operating pressure. As in this

simulation example, the simulation results shown in Fig. (83) are so similar between the solution

of the Octave model and the ChemSep model that no deviations can be detected. Thus, both

simulation models lead to the same results, so that the Octave Model (OML) is also excellently

suited for the simulation of binary zeotropic and azeotropic mixtures.

The details of the simulation results of the right side of the temperature-maximum azeotropic

composition Fig. (83) (upper sub�gure) and the left side Fig. (83) (lower sub�gure) a suitable

azeotropic separation behaviour can be seen with the separation of the light boiling uranium

tetrachloride or light boiling lithium chloride component in two di�erent distillation regions with

respect to the initial feed composition positioning for a typically expected azeotropic binary
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mixture (at least two distillation columns are required for azeotropic separation). For the right

side of the distillation range from the azeotrope composition, the simulation results show a very

high purity enrichment of uranium tetrachloride in the real approximated case according to

evaluation method C.
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Figure 83: Simulation of a total-re�ux column using di�erent VLE approximation methods and
simulation models with Octave/Matlab (OML) and ChemSep (CSL) for the azeotropic mixture
UCl4-LiCl at 0.1 bar

From the right side of the azeotropic composition, with only 5-6 stages required instead of

10-11, uranium tetrachloride is separable at 0.1 bar system pressure as a light boiling distillation

product, while the azeotropic composition is reached at higher temperatures in the bottom of the

column as a simpli�ed assumed bottom distillation product pseudocomponent. The azeotropic

composition of uranium tetrachloride is about 22.5-23 mol%, depending on the simulation model

selected, between the OML and the CSL model, despite the surprising similarity of the simulation

results between the simulation models selected. This separation behaviour is characteristic as the

azeotropic composition is the limiting composition in distillation, so that this distillation barrier

cannot be overcome by normal distillation. The simulation of the other distillation regions for

the Margules approximated VLE, left of the azeotrope with lower uranium tetrachloride mole

fraction values than the azeotropic composition, shows the high purity enrichment of lithium

chloride as the light boiler component and again the azeotropic composition as the heavy boiler

distillation product at the bottom of the total re�ux column. The temperature pro�le follows

the temperature maximum to the azeotropic composition to the bottom distillation product in

both distillation regions (see: Fig. (83) for both distillation regions). All other details of the

simulation result pro�les can be seen in Fig. (83). 8

The simulation result of the idealized assumed phase equilibrium behaviour shows a com-

pletely di�erent separation behaviour , in which in a single distillation column only uranium

8Azeotropic composition pseudocomponent modelling of simulation of distillation columns: As an alternative
to the simulation modelling idea, this azeotropic mixture could also be modelled as a kind of pseudo-boiling
component for the azeotropic composition in a binary zeotropic substance system UCl4-Az(UCl4(az)-LiCl(az))
mixture, in which the composition of uranium tetrachloride and the azeotropic pseudo-component could be set
for each separation stage in relation to the excess lithium chloride compared to the azeotropic composition case
here.
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tetrachloride can be obtained as light distillation product and lithium chloride as heavy distilla-

tion product in a net single distillation column with only 5-6 required separation stages, as can

be seen in the results of Fig. (83) for the results marked by the blue dotted line. The maximum

temperature interval in the ideal phase equilibrium behaviour ranges from the minimum boiling

point of uranium tetrachloride to the maximum boiling point of lithium chloride, as shown by

its S-shaped temperature pro�le.

Two di�erent strategies are recommended to practically bypass the azeotropic composition

point. The easiest way to reach the left distillation range of the azeotrope would be to add pure

lithium chloride to the distilled bottom product, which is compositionally close to the azeotropic

composition. The other chloride component would then be separated in a second distillation

column under the same system pressure as a high purity light boiling distillation product. The

heavy boiling azeotropic composition would be obtained again as heavy boiler distillation prod-

uct, which would have to be fed back to the �rst distillation column. Alternatively, if this

azeotropic composition point is signi�cant enough and pressure dependent enough, separation

by pressure swing methods between two used distillation columns can be used. Unfortunately,

this cannot be investigated within the scope of these simulations, as pressure independence is

already included as a simplifying model assumption of the Margules approximation.

D.1.2 Simulation of di�erent continuous column operating modes from total-re�ux

through �nite-re�ux ratios

The deviation from total-re�ux column operation via �nite re�ux ratios changes the column

operation either via discontinuous distillation modi�cation by obtaining distillation fractions

separated in time or the setting as a continuous distillation column with a stationary feed at

a �xed feed position and stationary compositions of the column stages within the distillation

column. Using the estimated VLE data according to section (3.2), a clear summary of the main

simulation results for the binary salt mixtures of uranium tetrachloride with cadmium dichloride

and lithium chloride is presented.

Fig. (84) shows the simulation results with an optimised �nite re�ux ratio for which the

number of separation stages becomes minimal. In the case study with cadmium dichloride, this

re�ux ratio is 21.188 and for lithium chloride 1.132 for mixtures with uranium tetrachloride,

depending on the purely hypothetically estimated Margules VLE (Case C, de�ned for the last

subsection). As can also be seen here, the very good agreement of both modelling variants of the

Octave Model (OML) and the ChemSep Model (CSL) is clearly visible for both case studies with

cadmium dichloride and lithium chloride in the case of total and �nite re�ux column operation

(see simulation results of total re�ux column in Figs. (82) (lower sub�gure) for the UCl4-CdCl2
system at 1 atm and (83) for the UCl4-LiCl system, and of �nite re�ux column for both substance

systems in Fig. (84) with v = 21, 188). However, the deviations in the cadmium dichloride case

in temperature and composition, between ideal and estimated vapour-liquid behaviour , show

a much larger deviation behaviour between the simulation results, especially for the azeotropic

mixture case with lithium chloride at 0.1 bar, but also for the total re�ux to �nite re�ux behaviour

, as shown in the simulation results in Figs. (82) (upper �gure) and the �nite re�ux operating

case shown in Fig. (84) (upper �gure) for continuous steady-state distillation column operation
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and the set re�ux ratios. This illustrates that the in�uence of the vapour-liquid behaviour has

a much stronger e�ect in the simulations due to the additional mass and energy balance in

the continuous case than in the total re�ux operation. This should be taken into account in

future simulations with directly measured VLE data when the simulation column is simulated

continuously and possibly later used experimentally.
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Figure 84: Simulation of a continuous �nite-re�ux column using di�erent VLE approximation
methods and simulation models with Octave/Matlab (OML) and ChemSep (CSL) for the mix-
tures (a) UCl4-CdCl2 and (b) UCl4-LiCl

In the case study with lithium chloride for the continuous distillation column at the optimised

re�ux ratio of only v = 1.132 of the �rst column, the simulation results in Fig. (84) (lower

�gure) show the signi�cantly large di�erences between the results with ideal phase equilibrium

behaviour and the real-estimated case at a system pressure of 0.1 bar, since the azeotrope still

has the decisive in�uence on the separation behaviour , as in total re�ux operation. The same

applies to the second column, although the ideal phase equilibrium case is not shown here,

since the simulation results show that both uranium tetrachloride and lithium chloride can be

separated with high purity. Here it is assumed that by adding lithium chloride or otherwise

after separation of the azeotrope from the �rst column, the feed to the second column is e.g.

about 9 mol% uranium tetrachloride. Theoretically, when lithium chloride is added, a small

addition is su�cient to get behind the boundary azeotropic composition. However, for a more

appropriate representation and simulation of the second column, a feed of 9 mol% uranium

tetrachloride is assumed at the seventh separation stage, as in the �rst separation column. The

arrows in Fig. (84) illustrate the separation directions in two di�erent columns in the case of

the estimated azeotropic UCl4-LiCl mixture. Uranium tetrachloride can be obtained in high

purity as a light-boiler condenser product from the �rst separation stage, and the heavy-boiler

azeotrope is separated at the temperature maximum at the bottom. In the new feed with 9 mol%

uranium tetrachloride after lithium chloride feed, the separation behaviour is reversed and the

azeotrope is again obtained as a heavy boiling product, but now lithium chloride is obtained as
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a light boiling distillation product in the condenser. It should also be noted that with a �nite

re�ux ratio compared to a total re�ux ratio, the number of separation stages increases by two

column stages in order to separate lithium chloride and uranium tetrachloride with high purity,

because the process deviates considerably from the more favourable case of a minimum number

of stages with in�nite re�ux ratio v →∞ (with v = ṅR
ṅD,top

), compared to total re�ux operation.

The increase in the number of separation stages required for �nite re�ux is also the case for

the idealized vapour-liquid equilibrium behaviour . In the case of the Margules approximated

VLE of the estimated temperature maximum azeotrope, this would play a minor role, since the

azeotropic composition only needs to be approximately achieved by distillation in order to get to

the other side of the azeotrope composition with a suitable azeotrope distillation process method.

So the separation to the azeotropic composition at the bottom of the column does not need to

be very accurate. All further di�erences of the separation curves simulation results related to

uranium tetrachloride composition and the temperature pro�les for the mixture examples of

uranium tetrachloride with cadmium dichloride and lithium chloride are shown in the Figs. (82)

(upper �gure), (83) and (84). Considered in reverse order of the separation stage numbers from

the bottom to the top of the column, light and heavy boiling product can be obtained in the

simulation results of Fig. (85).

In the example of the separation problem for cadmium dichloride (Fig. (85) (upper sub�g-

ure)), high purity uranium tetrachloride can be obtained as a light boiling distillation product for

v = 2 and v\rightarrow\infty as the total re�ux column operation. This is only not possible for a

feed composition of 9 mol% uranium tetrachloride at a re�ux ratio of v = 2 because the uranium

tetrachloride content is assumed to be too low to solve the mass balance. Therefore, both the

molar �ux and the composition in the rectifying section of the continuous separation column do

not change from a separation stage above the nineteenth stage number. It can be assumed that

the re�ux is too low for the small proportion of uranium tetrachloride in the separation simula-

tion example, so that the molar �ow becomes too low because too much uranium tetrachloride is

separated as a condensation product at the top of the column with a small feed value of 9 mol%

uranium tetrachloride mole fraction. In addition, in the other feed composition examples, the

uranium tetrachloride separation curve under total re�ux column operation is always higher than

that with �nite re�ux ratio. This is due to the fact that with the minimum-optimal separation

e�ort in the total re�ux column principle, the required number of separation stages becomes

minimal (see Fig. (85) (upper sub-�gure)).

For the mixture of uranium tetrachloride with lithium chloride, the simulation results show a

completely di�erent separation behaviour in Fig. (85), as already shown in the discussion of the

di�erent previous results on the separation ranges for this substance system of uranium tetra-

chloride with lithium chloride. The azeotropic composition causes a division of the simulation

results for feed composition values below or above the azeotropic composition point. For feed

compositions xF,UCl4 < xazUCl4 the light boiling distillation product obtained is lithium chloride,

whereas for xF,UCl4 = xazUCl4 no change in substance would occur and for xF,UCl4 > xazUCl4 ura-

nium tetrachloride is obtained as the light boiling distillation product. However, in all of the

simulation cases shown for this mixture, the azeotropic composition is always obtained as a heavy

boiler bottom distillation product. As mentioned before, the composition value in total-re�ux
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operation is closer to the azeotropic composition for xF,UCl4 < xazUCl4 , whereafter operationally

suitable distillability prevails in total-re�ux operation, whereby the composition value of lithium

chloride then increases more signi�cantly towards the top of the column than in the �nite re�ux

ratio case. For xF,UCl4 > xazUCl4 the relationship is reversed in the comparison of the separation

curves and temperature pro�les between total re�ux and �nite re�ux column operation.
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Figure 85: Comparison of the simulation results between di�erent feed compositions and use of
continuous �nite versus total-re�ux column operations for the mixtures (a) UCl4-CdCl2 and (b)
UCl4-LiCl.

These e�ects must be considered when using signi�cant �nite re�ux distillation column op-

erations instead of total re�ux column operations. All further details on the separation curves

and temperature pro�les can be seen from the simulation results in Fig. (85) (lower sub�gure)

for the binary mixtures of uranium tetrachloride with lithium chloride.

D.2 Estimation of decay heat e�ects in the distillation column

The heat production in distillation columns due to the decay heat of certain active isotope ele-

ments in chloride compounds is estimated from the simulation results of a total re�ux distillation

column with a suitable test mixture, carried out without simulating any decay heat e�ects. For
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simplicity, only a single steady state PCC operating condition is considered in the speci�c total

re�ux operation referred to in chapter (III) section (5.2) and (4.3). In addition, active components

(here generally meant and further de�ned as active elements bound in thermal stable compounds

involved or as single elements) as active isotope elements within the chloride or elementary can

only accumulate inside the column for simplicity, and the evaporation and condensation area is

not considered for the accumulation of decay heat e�ects in order to study the decay heat e�ects

only inside the inner column area. As a further assumption for a better worst case analysis,

only one active isotope per chemical element should be considered in order to better discuss the

results in terms of active isotope decay heat ratios. These active isotope elements are bound in

chloride compounds. Since the heat supply and removal between evaporator and condenser can

be controlled and adjusted, it is further assumed for simpli�cation that the heat production by

decay heat of the individual active chloride components there is reset in the estimation model to

a value of the initial state heat production. As an upper bound, the proportion of active isotopes

is still assumed to be maximised in the calculations. For simulations without decay heat analysis,

the evaporator is added as a column stage, but is not analysed in the decay heat estimation.

For any of these decay heat calculations it is important to know or be able to roughly estimate

the mean residence time of the active components accumulating discontinuously inside the inner

part of the column and also in each separation stage. Strictly speaking, the type of column

would be crucial for the estimation of the decay heat e�ects for the corresponding calculations.

Therefore, a sieve tray column with a highly simpli�ed constant liquid level high on the individual

trays is considered here for the estimations. From an estimate of the mean residence time, the

proportion of decay heat production can be simpli�ed estimated by as follows as the similar

accumulation time

t̄Lres,j ≈ ∆tj . (147)

Within the inner part total re�ux column, these decay heat e�ects are then to be calculated

in the estimation model decoupled from the MESH equations (equations (55)�(58)) from the

usual simulation results without heat production. Possible e�ects on the thematic equilibrium

behaviour due to post-decay or decay heat processes are also neglected. This means that the

simulation of the whole total re�ux column without decay heat e�ects is done �rst, and then the

estimation of the decay heat of the inner part of total re�ux column only is performed from these

simulation results. For further simplicity idealized phase equilibrium conditions referring to the

validity of the Raoult's law is taken into account for the �rst required simulations of the total

re�ux column without decay heat e�ects. The assumptions not to consider the coupled heat of

decay in the evaporator and condenser are not appropriate at this point. There are two reasons

for this:

1. Only the e�ect of the decay heat within the column should be considered, since the con-

denser is used for cooling and the evaporator for heating and are the control parameters of

the systems, and therefore the heat cannot accumulate without control engineering inter-

vention in the condenser or evaporator.

2. From the perspective of the heat of decay estimation model idea, considering only the heat

of decay between the inner column and the evaporator would lead to a coupled system of
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di�erential equations, also coupled with the simulation of the total re�ux column compo-

sition, which could somehow be solved within the scope of this thesis, but secondly would

not mathematically re�ect the signi�cant separate accumulation e�ects within the total

re�ux column.

If the decay heat calculations show an increased heat production due to decay heat in the middle

of the column, which would then have to be removed, then a temperature control within the

internal separation stages of the column would have to be technically applied in order to avoid

temperature hotspots inside the distillation column. Under certain circumstances, however, the

decay heat also o�ers advantages in that the decay heat of the active isotope elements can be

used as a(n) (addtional) heat supply in the evaporator. These e�ects will also be examined in

more detail and the results discussed following the presentation of the calculation procedure.

D.2.1 Estimation procedure of heat production due to decay heat e�ects inside the

distillation column

For a rough estimation of the mean residence time depending on the column type and mode of

operation, only a total re�ux sieve tray column with sharply separated vapour and liquid �ows, as

shown schematically in Fig. (3), is estimated from the simulation results for the following decay

heat estimation. Since the decay heat e�ects are discontinuous and depend on the residence time

behaviour , further simpli�cations have to be made for the accumulation range and behaviour of

active isotopes and the resulting heating behaviour by decay heat accumulation. Thus, it can be

assumed that in the estimation model for the decay heat evaluation, the value for the decay heat

contribution for each active component is reset to the initial state after reaching the condenser

and evaporator.

Additional simpli�cations required To estimate the heat accumulation, only a single

tray column is considered, where the mean residence time per tray is estimated. For modelling

simpli�cations, the liquid �ows in a representative square column channel at each separation

stage without interference with the vapour from a �ow pro�le point of view. Furthermore, the

liquid �ows smoothly from the liquid inlet of each column stage to the opposite side of the inlet.

The �uid dynamic continuity equation is valid for this net �ow of vapour and liquid. Therefore,

from a modelling point of view with all simpli�cation still have been made, it can be further

simpli�ed to assume that the �ow in the cross section is constant. The liquid passes to the next

separation stage via a similarly square outlet shaft. Details of the geometric transition from the

trough to the shaft are not required for the following calculations. Vertical to the liquid �ow,

the vapour rises to each separation stage without a simpli�ed assumed liquid resistance in the

calculation model and an idealized permeable tray for the vapour. This simpli�ed model concept

is used to roughly estimate the heat production by decay heat within each separation stage. In

addition, the following further assumptions and simpli�cations must be made to estimate the

decay heat of coupled column stages:

� The simpli�cations necessary to simulate the above total re�ux columns with a single PPC

under otherwise ideal phase equilibrium conditions are used.
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� The isotopic composition remains more or less constant, and no other components of the

substance are produced, added or changed in terms of mole fraction composition (either

nuclear or chemical).

� In simple terms, it is assumed that each component of the system undergoes a phase change

only once within the column in each circulation path or circulation round.

� The estimate of heat accumulation due to decay heat is derived from the simulation results

and the estimated mean residence time of the liquid and vapour, where the temperature

of the individual separation stages is not changed by the decay heat e�ects themselves.

� Estimation of the heat of decay of the active components via the active elements is per-

formed as the undiluted component, regardless of the degree of chlorination of the com-

pounds in the mixture.

� Time delays of the produced heat through decay heat to be transferred via the thermal

conductivity properties of the �uids of liquid and vapour do not occur, since it is assumed

that liquid and vapour are always ideally mixed in the model each phase and in each column

stage, separately.

� There is no heat loss to the environment or heat transfer by conduction through the struc-

tured column material across the separation stages, or similar.

� Heat accumulation and decay heat production are also considered only within the inner

part of the distillation column. As a further simpli�cation, the decay heat accumulation

in the condenser and evaporator is then set to zero by setting the average residence time

required there for the active isotopes at each column stage.

� The HETP value of each separation stage should be set approximately to the HETP values

of titanium tetrachloride distillation given in [12] (withHETPmin = 16 inch) as a rough

simpli�cation.

� The cross sectional area of the column is determined from the gas kinetic energy of the

�rst separation stage with E = ρG/2w2
G, where the vapour is treated as an ideal gas and no

liquid is present or entrained. This then allows the simpli�ed approach of calculating the

�ow velocity of the gas via the F -factor according to equation (70).

� The liquid �ows down the column stage shaft of each separation stage assuming frictionless

free fall according to the shaft height z (zshaft ≈ HETP) with

z(t) = 1/2gt2. (148)

� The values of the speci�c decay heat per active isotope element are given in Tab. (18) and

are taken from approximated values from [29] under all necessary simpli�cation assumptions

made in [29] for their calculations.
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The calculation procedure The estimation of heat production by decay heat within

the column is based on the molar heat output per chemically bound decay isotope and the

determination of the average residence time per separation stage under the above simpli�cations

& assumptions. It should be noted that the bound chlorine atoms do not produce any decay

heat. Therefore, the decay heat balance must be made using the molar heat portion qi per bound

isotope in the ratio of the mixture to the molar �ow and the mean residence times t̄res for both

phases. The produced heat between the separation stages ∆Q̇ is therefore initially equal to the

heat portion supplied in the following separation stages. For each separation stage separately,

the following applies to the calculation of the additional heat production with initial timet0:

∆Q̇Lj =

Ncomp∑
i=1

(xiqi) ∆nLj ·
(
t̄Lres − t0

)
, (149)

∆Q̇Vj =

Ncomp∑
i=1

(yiqi) ∆nVj ·
(
t̄Vres − t0

)
. (150)

For this purpose, the mean residence time t̄res must be estimated, which is done in di�erent

ways for the two �uid phases. The velocity of the �uids corresponds to the mean residence time

per distance travelled in each column. In this case, the vapour must travel a distance above

the HETP value de�ned for each separation stage, while the liquid must �ow across the column

stage and down the drainage shaft of the tray column stage. According to Phytagoras' theorem,

the distance from the inlet to the outlet is approximately equal to dcol/
√

2 (a comparison with a

circular column cross-section). The mean residence time of the two phases for a single separation

stage is approximately as follows

t̄Vres,j ≈
HETP
wG

, (151)

t̄Lres,j ≈
dcol/

√
2

wL
+ tshaft,j , (152)

tshaft,j ≈

√
2 ·HETP

g
. (153)

The gas velocity is calculated via the F-factor according to the equation (70). The active cross

sectional area Aq = V̇ G

wG (as the simple continuity �ow equation) of each column stage must be

calculated for the design of the inner part of the total re�ux column with a single PPC.

For the liquid phase, the mean residence time is the sum of the mean residence time in the

drainage shaft and the mean residence time in the cross-�ow of the separation stage. The �ow

through the drainage shaft follows the law of free fall according to equation (153). Therefore,

the following summation is used to estimate the mean residence time of the liquid:

t̄Lres,j+1 ≈ φL ·
Vstage

V̇ L
j+1

+ tshaft. (154)

The fraction of liquid �ow can be calculated from the di�erence of the �ow rates of a separation
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stage with

φL =
V̇ L

V̇ L + V̇ V
(155)

It should be noted that for the calculation the density of the liquid of the mixture must be

determinable at this constant column stage temperature. For this purpose, the so-called mole-

speci�c Amagat law, i.e. the calculation of the liquid density from the pure substances, is to be

followed

ρLmolar,mix,j(xj , Tj) =

Ncomp∑
i=1

xij

ρLmolar,i,j(Tj)

−1

, xj = [x1, . . . , xNcomp ]T , Ncomp ≥ 2. (156)

The calculation procedure for estimating the mean residence time, including the coupling of

the column stages, is as follows. Initially, only the column diameter and the vapour velocity

in the �rst separation stage need to be determined. The vapour velocity is approximated by

specifying the F -factors according to equation (70). The continuity condition V̇ V = wGA can be

used to calculate the cross-sectional area of an assumed circular column. This column diameter

is assumed to be constant in the calculations. The calculations for the liquid phase then follow.

Table 18: Activity and calculation of mole speci�c decay heat, Ref.: [29](p.19,Tab. 3.1 (german
version))

Compound mass [kg] Half-life time [a] activity [Bq] Speci�c heat [kW/t] q [W/mol]

90Sr 1830 29.1 9.34E+18 928 73.55
137Cs 4577 30.0 1.46E+19 428 50.44
238Pu 2088 87.8 1.32E+18 567 5.53
241Am 23290 433 2.95E18 112 39.14
244Cm 101 18.1 3.01E+17 2828 1000.39

90SrCl2: q=928 W/kg · 158.52 g/mol · 1kg/1000g x 0.5* = 86.08 W/mol***
137CsCl: q=428 W/kg · 168.35 g/mol · 1kg/1000g x 0.7*= 50.44 W/mol***

238PuCl3: q=(0.019* · 567 W/kg + 5** W/kg) · 350.45 g/mol= 5.53 W/mol***
241AmCl3: q=112 W/kg · 349.45 g/mol · 1kg/1000g= 39.14 W/mol***

244CmCl3: q=2828 W/kg · 354.45 g/mol · 1kg/1000g= 1002.39 W/mol***
*including stable isotopes each MCln, n=1,2,3 and **existence of other active isotopes, ***

without dilution

q: Mole speci�c decay heat of compound

The mean residence time from the previous stage increases with each additional separation

stage. However, there are two possibilities for the component, either to remain in the phase or to

change once to the other phase. For each separation stage, these two paths (or circular paths for

intermediate boiling components) can be followed. Since the component can only pass through

a phase once, the case studies can simply be added up and then averaged. The desired heat

accumulation within the separation column as a function of column height (or column stage at

discrete intervals) is then obtained by simply summing the heat production up to that column

stage. This procedure is numerical because a single �ux input required to estimate the heat
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accumulation is unknown for each phase and column stage and is updated at each following

stage until the last values can be updated at the end, as the column is in mass and energy

balance. So the idea is basically similar to the tears stream procedure explained in section

(2.2.4.2) of chapter (II) or in section (4.4) of chapter (4).

D.2.2 Analysis of the decay heat e�ects inside the distillation column

For the estimation of the decay heat in a total re�ux distillation column using the estima-

tion method described in the previous subsection, two test mixtures are selected which are

typically representative of decay heat production and are also representative of the spent fuel

composition. The �rst example is the test mixture of UCl4-CdCl2-CsCl with the composition

[0, 960, 0, 016, 0, 024]T , where for simplicity it is assumed that caesium-137 is the active isotope

in Tab. (18). For simplicity, it is assumed that no other isotopes of caesium-137 are present here

for maximum heat estimation. In the second example of a test mixture, a representative mixture

of UCl4-SrCl2-PuCl3 with the composition [0.500, 0.200, 0.300]T is selected and simulated. In the

�rst step, a liquid mole �ow rate of 0.1 mol/s is set for all required simulations without decay

heat consideration. In the second spent of the estimation of heat production resulted from decay

heat e�ects, only the isotopes listed in Tab. (18) should be present in the chloride compounds

in order to estimate the heat production in the maximum case for both test mixtures. Apart

from the isotopes, the second example of a test mixture corresponds to a typical representative

simpli�ed separation problem for the processing of nuclear fuel after separation of uranium tetra-

chloride, in that in this second example of a test mixture two active components are present, but

of di�erent elements and not isotopes of the same element. In the �rst example, however, the

only active element is caesium-137.

For the primary simulation results without decay heat, representative results from the Chem-

Sep model TRC-C/S ChemSep are used, as TRC-C/S additionally provides further useful in-

formation on possible mixture properties in the simulation results as well as on possible heat

transport. In the �st stage a liquid mole �ow rate of 0.1 mol/s is set for all primary required

simulations without decay heat view.

Results for the study of heat accumulation through decay heat e�ects The basic

simulation results of both test mixtures without the decay heat view are shown in Fig. (24)

(after section (5.2)) and (87), which are necessary for the estimation of the decay heat, with the

�nal results shown in Fig. (86) and (88) for di�erent F-factor values. For normal pressures of 1

atm, a common F-factor of 2 is selectable according to [73, 72].

The results of the decay heat estimation are shown in �gures (86) and (88). The �rst result

example of the �rst test mixture UCl4-CdCl2-CsCl already illustrates that the heat generated

by decay processes within the column is signi�cantly high and should not be neglected, although

the estimate is maximised for the active isotope element caesium-137 involved in the active CsCl

component of the mixture. This is already the case for a low mole �ow of 0.1 mol/s in the �rst

separation step for both calculation examples. As can be seen from Fig. (86), the heat production

in the liquid phase increases signi�cantly more than in the vapour phase as the number of stages

increases from the �fth stage onwards. This is mainly due to the higher mean residence time
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of the active cesium chloride component in the liquid phase compared to the vapour phase. In

addition, the mean residence time of the high-boiling component in the �nal stages of separation

from the evaporator is negligible for the very small molar fractions of active CsCl. In the middle

of the column, the heat production is mainly caused by the mass transfer (of cesium chloride)

from the liquid to the vapour phase, which is signi�cantly observed in stages 6-12. In the eighth

separation stage there is a maximum heat production of only 9 W for the vapour phase at F = 2,

while in the twelfth separation stage a much higher value of 3.103 kW is reached in the liquid

phase. All other F -factor examples assume similarly large comparable values, which do not di�er

signi�cantly. The heat accumulation in the vapour phase is therefore negligibly small, and the

formation of temperature hotspots later in practice due to the low heat input from the vapour

phase can therefore be considered very unlikely in this example only for the vapour phase view.
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Figure 86: Decay heat estimation for the UCl4-CdCl2-CsCl system at 1 atm

Since heat production only occurs near the evaporator, it is possible to use the caesium

chloride component as a heat production source for the evaporator. For this purpose, a total of

6.107 kW of heat output is available for each separation stage at F = 2 when the total available

heat production from decay heat of the entire column is added up. With a determined evaporator

performance of required 14.120 kW, this corresponds to almost half of the necessary heat demand

for the evaporator. In the case of F = 1.5, even more than half of the evaporator performance

can be used with 7.148 kW. However, as the F -factor increases, the share of heat output via

decay heat decreases, since the mean residence time in each separation stage decreases. Thus,

for F = 3 only a total value of only 5.066 kW is achieved. As the case for F = 2 exempli�es,

3.103 kW of heat has been generated in the last separation stage, but this corresponds to only

half of the total available heat output of 6.107 kW. For this reason, heat integration stages should

be considered for the upper separation stages for this separation example.

Cesium chloride in the test mixture example UCl4-CdCl2-CsCl, as a high-boiling component,

does not circulate in the column like the medium-boiling components, so the composition pro�les

follow a strictly monotonous decreasing curve from the �rst separation stage to the evaporator.

The circulation e�ect plays a much greater role in the second SNF relevant separation example
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of the text mixture system CsCl-SrCl2-PuCl3. In this example, active strontium-90 is involved

in the active intermediate-boiling strontium dichloride component, together with a second active

element, plutonium 238, as the heavy-boiling plutonium trichloride component. Here caesium

should be assumed to be a non-active isotope.

For the primary evaluation of the decay heat, the primary simulation results without decay

heat as shown in Fig. (87) for the second test mixture example are considered �rst. Cesium

chloride and strontium dichloride are accumulated as distillation products, where cesium chloride

is an intermediate boiler component and strontium dichloride is a light boiler component. Both

components are obtained in the �rst column of a twelve stage total re�ux column of single PPC.

Plutonium trichloride accumulates at the bottom as a very high purity separable heavy-boiler

distillation product, requiring only a few separation stages to achieve the 99.9999 mol% purity.

While the molar �ow is maximum at the �rst column stage with a value of 0.1 mol/s, the other

values are always lower, with an overall minimum value of 1.37E-02 mol/s in the sixth separation

stage. In general, the lower the molar �ux, the lower the total potential heat generation, so

that the heat accumulation of the liquid phase in the sixth separation stage can only be high

if particularly active isotopes bound in the chloride accumulate preferentially in higher mole

fractions in this separation stage. Considering the example of the composition of the mixture

CsCl-SrCl2-PuCl3, the value of caesium chloride with a molar fraction of 0.5 is particularly high

and caesium-137 with q = 50.44W/mol is present as the second most active element. In this

separation example, the activities of the bound active isotopes also decrease in the order of

decreasing volatilities, so that the e�ect of the formation of strong global maxima or minima is

only weakened by the decay heat pro�le depending on the stage number.
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Figure 87: Simulation results of the CsCl-SrCl2-PuCl3 system at 1 atm

The results for the decay heat in the second evaluation step are shown in Fig. (88). In

contrast to the previous separation example, the heat production is distributed over the entire

separation column, but in this case with larger fractions in the vapour phase for the lower

column stages. In the liquid phase, the heat production value due to decay heat is higher in

the direction of the evaporator, where the active plutonium-238 chloride component accumulates
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more. As the most active isotope elements are now present as a light boiler component compared

to the previous separation example, despite the low mean residence times of the vapour, the heat

accumulation in the vapour phase inside the column now additionally increases signi�cantly in

the condenser region of the column with preferred lower separation stage numbers and reaches a

maximum value in the �rst column stage. While the mean vapour residence time is high above

the sixth separation stage, the heat production values also increase signi�cantly in the direction

of the condenser, so that heat accumulation in the vapour phase predominates. Below the sixth

separation stage, the mean residence time value of the active components involved in the liquid

phase increases, so that from the seventh separation stage, the heat accumulation in the liquid

phase is dominated by the plutonium trichloride component. Thus, the heat production in the

vapour and liquid phases related to the separation stage is lowest in the sixth to eighth separation

stages because the mean residence times and the total amount in both phases are still relatively

small. In this separation example, the summed heat accumulation in the liquid is much lower

than in the summarized vapour phase heat accumulation over all separation stages. For example,

from the twelfth stage onwards, the maximum heat production value in the liquid is only 158

W, compared to 2,142 kW in the vapour phase in the �rst stage, with a still signi�cantly higher

value.
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Figure 88: Decay heat estimation for the CsCl-SrCl2-PuCl3 system at 1 atm

Due to the high heat production and heat accumulation in the vapour phase, heat must be

removed at each separation stage where it is signi�cant. Therefore, for the second test mixture,

compared to the �rst mixture example, there is a risk of the theoretical temperature hotspot

formation within the column when considering the results for the decay heat contribution. As

the value of the heat generation power in the evaporator is now relatively low, a large proportion

of the heat power cannot be used to supply heat as part of the evaporator performance. In

addition, more e�ort must be expended on separate stage cooling to remove the additional heat

from the separation stages and phases, particularly in the vapour phase in the second separation

example, which would ultimately make the separation problem of such a distillation column more

complex as a practical application for this separation example. In the �rst separation example,
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however, the decay heat is practically advantageous as part of the heat supply.

Comparison of results for evaluating the impact of decay heat e�ects Fig. (89)

summarises the comparison of the two decay heat estimation results. For this,(89) compares the

absolute heat production within the separation stages of the two separation examples. In the

case of the �rst UCl4-CdCl2-CsCl mixture example, the predominant heat production in abso-

lute terms is observed in the evaporator region of the total re�ux distillation column, especially

signi�cant from the eighth separation stage with a signi�cantly high increasing contribution.

Furthermore, further up in the direction of the condenser, the remaining heat production contri-

bution is negligible and disappears, since the active caesium chloride component has previously

been distillatively depleted from the liquid phase and this component with the active isotope

Cs-137 in 137CsCl accumulates in the �rst separation stages. However, compared to the �rst

separation example, the absolute value of the heat production in the second example for the

CsCl-SrCl2-PuCl3 system is lower because caesium is assumed to be the non-active isotope. In

the second example, the heat production and subsequent heat accumulation takes place mainly

in the vapour part of the upper separation stages 1-4, while further down the column the heat

production values are signi�cantly lower. The heat in the second separation example is therefore

much more di�cult to remove from the separation stages, whereas in the �rst separation example

the decay heat can even be actively used for evaporator performance. As the temperature in

the general operating distillation column principle should increase from top to bottom of the

column, the greater contribution to heat accumulation in the upper part of the column in the

second separation example is counterproductive to the separation of the substances, with the

risk of possible temperature hotspot formation due to heat accumulation in the vapour phase

with insu�cient cooling within the separation stages. In practice, this could require additional

complex cooling of these separation stages. In addition, due to the lower thermal conductivity

of the vapour, it is di�cult to remove this heat quickly enough by cooling in the column area to

ful�l the distillation process. All other summarised absolute values for the heat production of

both exemplary separation examples can be taken from Fig. (89).

In summary, the investigation of the decay heat, in addition to the measurement of the

phase equilibria, is of fundamental importance for both experimental investigations in distilla-

tion columns of such test salt mixtures. It may also be an important factor for more realistic

simulations in the future.
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Figure 89: Comparison of total stage decay heat each stage
(
Q̇Lj + Q̇Vj

)
of the substance system

UCl4-CdCl2-CsCl and CsCl-SrCl2-PuCl3 at 1 atm

E Use of ChemSep Lite software

The ChemSep models described in [68] are used in this thesis to compare and validate the

Octave/MATLAB equilibrium stage models with respect to single and multi-stage distillation

processes. The single-stage implemented Octave models are validated for single-stage distilla-

tion and isothermal �ash evaporation, as well as for a condensation or evaporation unit. The

Octave/MATLAB isothermal �ash evaporator is simulated in the ChemSep Lite software with

a simple �ash model at constant temperature and pressure in the feed and �ash chamber. In

addition, by de�ning the thermal state of the feed under "Selection", a condensation stage can

also be simulated by de�ning the feed as saturated liquid or an evaporation stage by de�nition

as saturated vapour. Multi-stage distillation processes include the validation of the total re�ux

distillation column according to the ChemSep "total re�ux" model and the continuous distilla-

tion column with �nite re�ux according to the "simple distillation" model. The main models to

be validated are listed in the Tab. (10).

The application of the software for this thesis is done in the ChemSep Main File (Sep-

�le). From the Pure Component substance property database �le (Pcd-�le) substances can be

selected within their speci�c pure substance properties of conventional, molecular and tempera-

ture dependent properties. The de�ned substance data classes of the pure substance components

include critical data, molecular properties and common temperature dependent substance data

("T_correlations"). In addition, there are group data and mixture properties, which play a mi-

nor role for the simulation in this thesis. However, for the application of the ChemSep distillation

models, at least the following pure substance data must be known for a reasonable simulabil-

ity of the separation problem under ideal phase equilibrium conditions: conventional data (e.g.

melting and boiling points), including critical and/or triple point data, vapour pressure data,

densities, heat capacities, heat conductivities, enthalpy of evaporation, enthalpy of fusion and, if

applicable, surface tension. The internal estimation of molecular properties requires the simpli-
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�ed calculation of molecular size via bond lengths & angles, atomic radii, ionic radii and other

properties describing the geometric extent of the molecules.

Component Aij Aji Dij Dji

UCl4 8439.52 31992.9 0.704380 -14.3130
CdCl2 4630.40 11502.9 3.12430 11.6040
CsCl 18670.3 14871.7 -3.08973 8.68736

Figure 90: Thermodynamic equilibrium settings in the Sep-�le:
The data were �tted to a UNIQUAC model as an example in two parts of a fully dissociated
system and a fully undissociated system, with an assumed dissociation fraction of only 0.1 mol%,
without any validation on experimental VLE behaviour .

In the Sep �le it is also possible to select di�erent calculation methods with activity coe�cients

via temperature dependent correlation �t functions. Examples of input are given in Fig. (90).

These data have been approximated in Octave/MAtlab code for example for simple estimated

UNIQUAC model parameters for the system UCl4-CdCl2-CsCl:

1. Simpli�ed estimation of the combinatorial part assuming the molecular size estimated with

the molecular geometry and bond angles, ionic radii, characteristic and bond lengths to be

able to estimate the model-part required Van der Waals area and surfaces.

2. Estimation of the residual part of each involved component to be required for the esti-

mation of the interaction energy by enabling di�usion through a chlorine shielding region

by overcomming the activation energy in combination with the ionic potential of the ionic

cation which is assumed to be fully dissociated. For this purpose, a �xed ionic fraction was
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set, e.g. an ionic fraction value of ϕ = 0.001, where all chloride components are assumed to

be completely dissociated and the other fraction is assumed to be completely undissociated.

These data are not physically validated, but could be used as a simpli�ed model idea just to un-

derstand the use of ChemSep Lite software. These UNIQUAC model parameters can be inserted

into the Sep �le by selecting "Properties"->"Thermodynamics"->"K-values"="Gamma_Phi"-

>"Activity Coe�cient"="UNIQUAC". The example values are shown in Fig. (90). A linear

temperature dependence was also calculated in order to estimate the change of the parameters

at di�erent temperatures as a correlative �t function. For this purpose the calculation was per-

formed separately for ionic and covalent fractions to the combinatorial and residual fractions

according to the UNIQUAC/LIQUAC model with a �xed assumed ionic fraction of ϕ = 0.001 as

an example and the estimation of the activation energy simpli�ed by di�usion and repulsion with

ionic potentials for each ionic component. Van der Waals covalent interactions are neglected in

the estimation. However, the interaction parameters obtained cannot be validated in more detail

and also give questionable results in the representation of many ternary phase diagrams. Further

work on model development with UNIQUAC/LIQUAC models may help to improve simulation

in the future. However, further experimental work is needed to do this and to even improve this

simple UNIQUAC model.
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F Bibliography and References

All relevant author activities in terms of publications, journal papers, conference proceeding

papers and published conference contribution activities relevant to this topic of the thesis are

listed below. A distinction is made between the most directly relevant author's publications,

which cover the main topic of this thesis, and those which also consider related recycling problems

in a more distant thematic context (under 'Other publications by author').

Author's publications

The most important publications on the subject of the simulation and modelling of test mixtures

are presented (listed in priority for this thesis):

� D. Böhm, A. Huke, D. Weissbach, G. Ruprecht, S. Gottlieb, K. Czerski, and R. Macian-

Juan. Partitioning of Nuclear Waste by Fractionated Distillation, 150153 NuDest, technical

report, report number 150153 NuDest, 2019:

This publication is one of the largest and most important monographic publication focusing

on the initial separation ideas and design concepts for the processing of spent nuclear fuel

and its application in the Dual Fluid Reactor as a fuel melt. The main concepts in this

publication deal with the fundamental aspects of distillation and also with the research

of substance property data, but it does not include the process simulation results and

deals with weak estimation or simulation models for estimating the separation accuracy

of the separation by distillation. These points have been much better developed in this

thesis, such as the substance property data research (see section (B) in the appendix), the

simulation and modelling with test mixtures (see chapter (III)), and the conceptual design

with process simulations for spent nuclear fuel including cladding material recycling and

waste gas treatment for noble gas recovery (see chapter (IV)), as well as other separation

tasks to be solved with this separation design, such as the processing of metallic Dual Fluid

Reactor melts (see section (C) in the appendix). On this basis, the general assessment of

the feasibility of the separation will be carried out in this thesis.

� D. Böhm, K. Czerski, A. Huke, J.C. Lewitz, D. Weiÿbach, S. Gottlieb, and G. Ruprecht.

New methods for nuclear waste treatment of the Dual Fluid Reactor concept, Acta Physica

Polonica B, 51:893, 2020:

The �rst publication, which primarily presents a compact overview of the idea of a distillation-

based conceptual separation design for the recovery of spent nuclear fuel (see chapter (IV))

within �rst simulation results, is presented here.

� D. Böhm, K. Czerski, D. Weiÿbach; S. Gottlieb, A. Huke, and G. Ruprecht. Renewable

distillation of spent nuclear fuel, Annals of Nuclear Energy, 202x, x (To be published):

This publication summarises the main results of the conceptual design of the complete

distillation-based separation process (see chapter (IV)) and the total re�ux column principle

with developed PPCs (Progressing Process Cycle) (see section (5.2), chapter (III)). It will

be published soon.
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� A. Huke, D. Boehm, D. Weiÿbach, G. Ruprecht, S. Gottlieb, K. Czerski, R. Macian-Juan,

J.C. Lewitz. A novel P and T-Schema based on the Dual Fluid Reactor Technology, 50th

Annual Meeting on Nuclear Technology, AMNT, CD (KTG und Kerntechnik Deutschland

e. V. (KernD)), INFORUM Verlags- und Verwaltungsgesellschaft mbH, 2019:

This was the �rst publication of the conference proceedings, which included the �rst presen-

tation of distillation-based recovery to the most relevant reprocessing test mixture examples

with uranium as tetrachloride (see chapter (III)), as well as the idea for use plus integration

in Dual Fluid technology.

� D. Böhm, K. Czerski, D. Weiÿbach, J.C. Lewitz, A. Huke, G. Ruprecht, R. Kaesemann and

S. Gottlieb. Processing design for a pyrochemical-distillative recovery alternative in nuclear

waste recycling - Distillation-based concepts for making nuclear energy more sustainable,

International Conference on Radioactive Waste Management: Solutions for a Sustainable

Future (IAEA-CN--294): Management of Radioactive wastes, and non-radioactive wastes

from nuclear facilities, IAEA, 2021:

This conference article deals with the theoretical overall view of the ful�lment of the dis-

posal problem on the assessment of the separation success of the developed separation

concept (see Chapter (IV) with the focus on section (7)). From these simulation results of

the conceptual design of distillation-based spent fuel recovery, possible options for reuse of

the fuel in liquid fuel reactors, such as the Dual Fluid Reactor, are discussed.

� D. Böhm, K. Czerski, S. Gottlieb, A. Huke, and G. Ruprecht. Recovery of rare earth ele-

ments from NdFeB magnets by chlorination and distillation, Processes, 11(2):577, 2023:

This publication shows the separation design for the consideration of the distillative recy-

cling of NdFeB magnets by chlorination and subsequent distillation, simpli�ed with used

total re�ux columns for simulations and under ideal phase equilibrium conditions (ther-

modynamic). This also includes an analogous investigation of the separation problem of

rare earths as a common heavy earth fraction in the conceptual design of this thesis (see

Chapter (IV)) as well as following aspects on the use for further recycling technology, such

as discussed in this thesis in chapter (I) (introduction) and(V) (conclusions and future

perspectives) of this thesis.

Publications which also relate to the distillation problem relevant to this thesis, but from a more

distant point of view than that discussed in this thesis, are listed below (in order of priority for

this thesis):

� D. Böhm, D. Weiÿbach, S. Gottlieb, G. Ruprecht, and A. Huke. Destillation als recycling-

methode für metallische Rohsto�e (in german language, only), Poster Konferenzband zur

16. Recy & DepoTech Konferenz, pages 355�360. Lehrstuhl für Abfallverwertungstechnik

und Abfallwirtschaft der Montanuniversität Leoben, Recy & Depotech, November 2022.

This conference article is mainly focused on the distillability of common industrial com-

ponents of the alloys. Various concepts and design ideas have been developed using sim-

ulations, such as the recycling of lithium from electrode material, rare earths and many

other examples of closed-loop raw material cycles. The provision of low-cost energy is also

crucial, such as the use of nuclear liquid fuel reactor concepts, which also rely sustainably
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on distillation to recycle these fuels. However, this is of secondary importance and the

general application of industrial alloy recycling is the analogous focus to the spent nuclear

waste recycling problem to the concept developed in this thesis.

� Böhm, D. & Czerski, K. The Applicability of Distillation as an Alternative Nuclear Re-

processing Method, International Journal of Nuclear and Quantum Engineering, 2021, 15,

137-142.

This publication in the series of the conference of the same name, at which this paper was

also presented, examines the distillability of ternary test mixtures of uranium tetrachloride-

cesium chloride-plutonium trichloride and thorium tetrachloride-sodium chloride-plutonium

trichloride, which are representative of liquid fuel reactors such as MSR or thorium-based

reactors. Unfortunately, the author has published this paper with the now undesired pub-

lisher World Academy of Science, Engineering and Technology, which is known as a preda-

tory publisher and is on the Beall's list[182].

Summary of author's conference oral presentations or partly leading discus-

sions

Conferences with most important oral presentations and slides have been hold on the following

topics:

� Actinide Separations 44th annual conference, 18�21 May 2021, (USA, online conference)

with the oral presentation (within the same abstract name, required for the active contri-

bution to this conference) Distillation as an industrial separation alternative for actinides.

Other conference and workshops with oral presentations:

� PhD4 Gen High-Temperature Summer School, 01�05 June 2020, NCBJ (Warsaw, Poland,

online conference) with the oral presentation Decay heat estimation in the design of distil-

lation columns.

� 5th edition National Scienti�c Conference �e-factory of Science�, 10�11 April 2021, Poznan,

but mainly online conference, with a short oral presentation The applicability of Distillation

as an alternative in nuclear fuel reprocessing, including abstract of the same name.

� Participation in the 5th national Virtual Festival of Life and Earth Science in Poznan

(Poland) in 26�31 October 2021, Virtual video presentation of 10 minutes: Contribution

of the Dual Fluid Reactor in combination with distillation-based separation processes to-

wards environmentally friendly, CO2-free industrial development and abstract with the

name Method of �nding new innovative industrial processes for closing the global �indus-

trial carbon and raw material cycle� on earth.

Conferences and workshops with partly leading discussions

� BfE Status Conference on Nuclear Waste Disposal for Germany (BfE Statuskonferenz für

nukleare Endlagerung), 14-15 November 2019 (Berlin, Germany), with partly leading dis-

cussion and brainstorming on whether disposal is necessary at all to solve the nuclear

waste problem, and on distillation as a potential recovery method for spent nuclear fuel

and further reuse in liquid fuel reactors such as the Dual Fluid Reactor.
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Summary of author's conference poster presentations

Conferences and workshops with poster presentations have been hold on the following topics,

which are most relevant to this thesis:

� XXXVI Mazurian Lake Conference on Physics, 01�07 September 2019 (Piaski, Poland) on

the topic New Methods for Nuclear Waste Treatment of the Dual Fluid Reactor Concept:

The Pyroprocessing unit (including abstract New Methods for Nuclear Waste Treatment of

the Dual Fluid Reactor Concept).

� IAEA International Conference on Radioactive Waste Management: Solutions for a Sus-

tainable Future, 01-05 November 2021 (Vienna, Austria and as well additional available

including as online conference) on the topic Processing design for a pyrochemical distillative

recovery alternative in nuclear waste recycling (Including abstract and video abstract as a

short presentation of the separation problem).

� Recy & DepoTech, 2022 (Leoben, Austria) on the topic together with the abstract(in

English language) Distillation as a recycling method for metallic raw materials, Poster

Konferenzband zur 16. Recy & DepoTech Konferenz, page 444.

� Dual Fluid Reactor workshop, 25�27 April 2019, University of Szczecin (Poland) on the

topic Distillative separation processes as an alternative to the PUREX process.
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