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RESUMO 

 

SILVA, G. M. Modeling of uranium trioxide to uranium tetrafluoride conversion using a 
moving bed reactor. 2021. Dissertação (Mestrado) – Departamento de Engenharia Química, 
Universidade de São Paulo, São Paulo, 2021. 

 

A fim de cumprir com a Estratégia de Defesa Nacional, a Marinha do Brasil está atualmente 

desenvolvendo um projeto para a construção de submarinos de propulsão nuclear, que usam 

pastilhas de óxido de urânio como combustível. Uma das etapas de manufatura para esse 

composto químico é a conversão de trióxido de urânio em tetrafluoreto de urânio, usando 

fluoreto de hidrogênio, o que ocorre em um reator de leito móvel, também chamado de forno. 

Motivado pela escassez de estudos na literatura e na necessidade apresentada pela Marinha do 

Brasil, este trabalho tem o objetivo de desenvolver um modelo para a conversão de UO3 em 

UF4 em um reator de leito móvel usando o software MATLAB®. Esse modelo utiliza um 

sistema de equações diferenciais parciais e condições de contorno obtidas da literatura, bem 

como a geometria do reator do projeto da Marinha do Brasil, o qual é então resolvido usando 

um método de Newton das sub-rotinas do software. Os resultados, como as densidades dos 

sólidos, concentrações de gases, e gráficos de temperatura e pressão, são obtidos e discutidos 

neste trabalho, mostrando compatibilidade com a literatura atual. 

 

Palavras-chave: Modelagem. Tetrafluoreto de Urânio. Reator de Leito Móvel. 

 

  



ABSTRACT 

 

SILVA, G. M. Modeling of uranium trioxide to uranium tetrafluoride conversion using a 
moving bed reactor. 2021. Dissertação (Mestrado) – Departamento de Engenharia Química, 
Universidade de São Paulo, São Paulo, 2021. 

 

In order to comply with the National Defense Strategy, the Marinha do Brasil is currently 

developing a project for the construction of nuclear-driven submarines, which uses enriched 

uranium oxide pellets as fuel. One of the manufacturing steps for this chemical compound is 

the conversion of uranium trioxide to uranium tetrafluoride using hydrogen fluoride, which 

occurs in a moving bed reactor, also called a furnace. Motivated by the scarcity of studies in 

the literature and the need presented by the Marinha do Brasil, this work aims to develop a 

model for the conversion of UO3 into UF4 in a moving bed reactor using MATLAB® 

software. This model utilizes a set of partial differential equations and boundary conditions 

obtained from the literature, as well as the reactor geometry from the Marinha do Brasil 

project, which is then solved using a Newton method from the software subroutines. Results, 

such as solids densities, gas concentrations, temperature and pressure plots, are obtained and 

discussed herein, showing compatibility to the literature. 

 

Keywords: Modeling. Uranium Tetrafluoride. Moving Bed Reactor. 
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1. INTRODUCTION 

“Amazônia Azul” is the name given to the Brazilian ocean area, due to its comparative 

size to the Amazon Rainforest, representing an area of 4,500,000 km2, formed by more than 

3,000,000 km2 of Exclusive Economic Zone (EEZ) and more than 960,000 km2 of continental 

platform. Together, these maritime spaces correspond to 52% in size of continental lands (1). 

A map showing this region can be seen in Figure 1, in light blue and dark blue color. 

 

Figure 1 - Region delimited by "Amazônia Azul" in national territory. 

 
Source: Adapted from (1). 

 

The project and building of the Brazilian nuclear-driven submarine is aimed to comply 

with the policies established in the National Defense Strategy, among them, the proactive 

defense of “Amazônia Azul”, thus adding a new dimension to the national Naval Power. The 

possession of this new naval asset would contribute significantly to secure the sovereignty in 

Brazilian jurisdictional waters, ensuring dissuasion capacities and denial of sea use (2). 

The construction of the submarines is being assisted by French collaborators, except for 

the nuclear reactor and associated uranium fuel-cycle technology, which is being developed 
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by Marinha do Brasil. When completed, they will be larger than submarines of classes 

Scorpène (in which its design would be based), Barracuda and Rubis (3). 

In this kind of submarine, a nuclear reactor is used as energy source, and the generated 

heat is used to vaporize water, making it possible to employ this steam in turbines that can 

activate electric generators or the drive shaft of the vessel. Differently than conventional 

submarines, the nuclear ones have high mobility and, thus, are fundamental for distant ocean 

(deep) water defense. Hence, it can be said that the autonomy of nuclear-driven submarines is 

limited only by the physical and psychological resistance of its crew and its supply stock. 

Also, this energy source confers discretion to nuclear-driven vessels, in comparison to 

conventional energy-driven vessels, whose combustion engines present considerable noise 

generation. 

In order to power the nuclear reactors, uranium oxide (UO2) pellets, which are encased 

in metal tubes to form fuel rods that are arranged into a fuel assembly, are used. The set of 

industrial operations that encompass all stages of the fuel usage, since uranium ore mining to 

the disposal of radioactive waste, is called the nuclear fuel cycle (4) and its stages can be seen 

in Figure 2. In some cases, such as the Brazilian nuclear fuel cycle, the operations indicated 

by a red arrow are absent, as they are not mentioned in the Country Nuclear Fuel Cycle 

Profiles (5). 

 

Figure 2 – Simplified diagram of the nuclear fuel cycle. 

 

Source: Adapted from (4).  
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As seen in Figure 2, the concentrate uranium has to be converted to uranium 

hexafluoride (UF6), a gas used in the enrichment step. However, this conversion is a two-stage 

process: in the first stage, the concentrate is converted into uranium tetrafluoride (UF4), a 

granular green salt, and, in the second stage, this compound is converted into uranium 

hexafluoride through fluorination (6). One of the steps in the first stage is the conversion of 

uranium trioxide (UO3) in uranium tetrafluoride, occurring in a single moving bed reactor, 

which is the focus of this work. 

In Brazil, there is a facility in development stage for UF6 production installed in the 

municipality of Iperó/SP and owned by Marinha do Brasil (Unidade Piloto de Hexafluoreto 

de Urânio - USEXA), in which the conversion takes place. Other facilities for UF6 production 

around the world are presented in Table 1: 

 

Table 1 – Facilities for UF6 production around the world 

Operator Country Location Capacity (tU/yr) 

Industrial Scale 

Cameco 1 Canada Port Hope, ON 12,500 

Comurhex (AREVA) 2 France Malavesi and Pierrelatte 15,000 

Rosatom 1 Russia Seversk 12,500 

CNNC 1 China Lanzhou 5,000 

Honeywell (Coverdyn) 2 United States Metropolis, IL 15,000 

Plants Small-scale or "Pilot" Plants 

AEOI Iran Isfahan ~200 

BARC India Trombay (N/A) 

CNEA Argentina Rio Negro (N/A) 

IPEN Brazil São Paulo ~100 

(N/A) North Korea (N/A) (N/A) 

CPC Pakistan Dera Ghazi Khan (N/A) 

Source: Adapted from (7). 
(N/A) = information not available. 
UF6 produced via: 1 “Wet” route; 2 “Dry” route.  
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Among all the facilities cited in Table 1, only the one operated by Comurhex (AREVA) 

in Malavesi, France uses a similar reactor than the one installed in USEXA (“dry route”), 

while other plants employ other processes for UF4 production, such as the “wet route” (7). 

These processes will be explained in more details in subsequent sections. 

Although some works have been published regarding the modeling of the conversion of 

UO3 in UF4 in a moving bed reactor for the “dry route”, they do not provide the code used for 

the model and are not very recent. Thus, there is still need for a model that can represent the 

environment inside the moving bed reactor, justifying the development of this work. 

 

1.1. OBJECTIVES 

 

The main objective of this work is the formulation of a model able to correctly represent 

the mass, momentum and energy balances inside the moving bed reactor in which the 

conversion to UO3 in UF4 occurs. 

The specific objectives can be described as follows: 

▫ Develop a model in MATLAB®, describing the conversion of UO3 to UF4, including 

mass, momentum and energy balances, in a moving bed reactor; 

▫ Replace correlations in the developed model in order to include more recent studies, 

thus obtaining a different model; and 

▫ Compare the model obtained with data from the literature, in order to validate it. 

 

1.2. STRUCTURE 

 

Finally, this study is structured in the following manner: 

▫ Chapter 1 introduces this work, as well as its justification, objective and structure; 

▫ Chapter 2 presents background information, that is, expands the introduction by 

including more details regarding the reactor, which is the focus of this work, and other 

processes for UF4 production; 
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▫ Chapter 3 describes the literature review of the studies already performed in the field 

of modeling this particular equipment and the reactions that occur inside it; 

▫ Chapter 4 outlines the method that shows the steps for the model formulation and 

validation; 

▫ Chapter 5 shows the results of this work, as well as a discussion for the obtained 

model; and 

▫ Chapter 6 closes this work with its conclusions and suggestions for future works in the 

field. 
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2. BACKGROUND 

 

This section provides information regarding the chemical reactions that occur during 

the conversion of uranium trioxide to uranium hexafluoride, as well as some examples of its 

industrial scale production process in some plants. A more detailed description of the furnace 

itself, such as its individual sections and its operation, is also presented. 

 

2.1. PROCESSES FOR UF4 PRODUCTION 

 

The compound UF6 can be produced by the reaction of virtually any uranium 

compound with elemental fluorine at elevated temperatures. Although one can assume that the 

fluorine gas (F2) is used directly to such an end, its expensive production costs and hazardous 

nature encouraged researchers to find an alternative and safer route, which consists in the 

conversion of the uranium oxide to a fluorinated form with hydrogen fluoride (HF) before 

performing the fluorination, according to the set of unbalanced chemical reactions below: 

 

Step 1 – Reduction: UO3 + H2 → UO2 + H2O 

Step 2 – Hydrofluorination: UO2 + HF → UF4 + H2O 

Step 3 – Fluorination: UF4 + F2 → UF6 

 

This approach considerably reduces F2 consumption, since fluorination is partially 

done by HF (8). However, this presents the drawback that, if HF somehow comes in contact 

with unreacted UO3 from Step 1, it will generate uranyl fluoride (UO2F2) as an undesired 

product, thus, control of the reduction reaction must be strict in order to maximize UF4 yield. 

Nowadays, there are two routes for producing UF6: a “wet” route, in which 

yellowcake is dissolved and purified using solvent extraction and then converted in a series of 

denitration, reduction, hydrofluorination, and fluorination steps, and the “dry” route, where 

the feed is fairly pure, omitting the dissolution and solvent extraction steps, and including a 

fractional distillation step for final purification (9). The former is widely used in the industry, 

while only in a factory installed in Metropolis, IL performs the “dry route” (7). 
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2.1.1. UF4 production at Cameco plant 

 

The production of UF6 through the “wet” route in Canada is divided in two plants, 

both operated by Cameco Corporation: one that comprises the uranium oxide concentrate 

(yellow cake) refining to UO3 powder, located in Blind River, ON, and another, installed on 

Port Hope, ON, that converts it to UF4 and, subsequently, to UF6. 

After receiving the yellow cake powder from the mines, the process starts with the 

dissolution with nitric acid in order to produce a uranyl nitrate solution, which, after a 

maturation step in low agitation, deposits insoluble material, such as silica. Then, this solution 

is purified using solvent extraction by TBP using a kerosene-type diluent in three absorption 

stages: extraction, scrubbing (impurity washing) and reextraction. The resulting solution is 

heated, concentrated and later thermally decomposed in stirred pots to form UO3 powder, 

which, in turn, is stored in containers that are shipped to the other Cameco facility in Port 

Hope. The recycling of many compounds, such as water and nitric acid (in form of 

concentrated nitrogen oxide fumes) is possible (7). Figure 3 presents a simplified diagram for 

the first step of the UF6 production process: 

 

Figure 3 – Diagram for the Cameco yellow cake refining plant 

 
Source: (7). 
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The second part of the conversion process starts with the reduction of the UO3 powder, 

which is done by pulverizing it into a fluid bed reactor, forming another oxide - UO2. This 

powder is then fed into slurry reactors with water and preheated hydrofluoric acid for 

hydrofluorination, producing UF4, that, in turn, is dried and fluorinated in flame reactors to 

UF6 in a subsequent step of the process (7). A simplified diagram for this part of the process 

is shown in Figure 4. 

 

Figure 4 – Diagram for the Cameco conversion plant 

 
Source: (7). 

 

2.1.2. UF4 production at Comurhex plant 

 

The facility operated by Comurhex/AREVA located in Malavesi, France, uses a 

configuration for TBP solvent extraction (column contactors) similar to the Cameco plant. 

One key difference is that this process involves evaporation and then precipitation of the 

concentrate uranium to make ammonium diuranate (ADU), which is dried and calcinated in a 

kiln to UO3. The subsequent reduction to UO2 and hydrofluorination to UF4 are performed in 

a single moving bed or lit courant (LC) reactor, which uses ammonia and anhydrous HF as 

reactants, producing UF4 as a green solid, which, in turn, is stored in vessels for shipping to 
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the UF6 conversion facility in Pierrelatte, France (7). An outline of the Comurhex refining 

process in the Malavesi facility is shown in Figure 5. 

 

Figure 5 – Diagram for the Comurhex plant in Malavesi 

 
Source: (7). 

 

2.2. CHARACTERISTICS OF THE MOVING BED REACTOR 

 

The moving bed reactor object of this work is similar to the one that operates in the 

Comurhex facility, with some minor changes. Thus, this section aims to describe the different 

zones along this equipment, as well as the reactions that occur inside it, and its operation 

method. 

 

2.2.1. General description and operation 

 

The moving bed reactor (sometimes referred to as furnace or kiln) is a series of 

cylinders in the shape of an “L” that can be divided in two modules: a vertical one and a 

horizontal one, and these parts can be further divided into zones, each one with their own 

features (10). An increase of diameter between each zone is foreseen in order to accommodate 
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changes in solids density along the system. A schematic, without including instrumentation 

items, is presented in Figure 6. 

 

Figure 6 – Schematic for the moving bed reactor 

 

 

While the solids pass through the vertical module by gravity assisted by electrical 

vibrators, the gases flow through the opposite direction. This countercurrent setting is also 

applied in the horizontal part; however, the solids are transported from the left to the right end 

using a screw. 

In order to perform the conversion, the following sequence must be adopted: 

1) the system is purged with nitrogen (N2) before the reactants are fed, the 

concentration of oxygen (O2) must be smaller than 1% in the whole system in 
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which the reactor is connected. This step must not be interrupted, and maintained 

throughout the whole process; 

2) the modules are completely filled with UF4. UO3 may be used in the exceptional 

case of stock shortage, but it will take longer for the reactor to achieve a steady 

state and, thus, generate a product within specifications; 

3) the muffles AQ-1, AQ-2 and AQ-3 are turned on; 

4) after achieving the muffles’ set temperature, NH3 and HF are fed into the system. 

Air is also allowed flowing through the heat exchanger in the vertical 

hydrofluorination zone; and 

5) finally, UO3 is fed into the reactor, and, simultaneously, the screw is powered on, 

allowing the solids to flow and the reactions to start. 

 

2.2.2. The reduction zone 

 

In the reduction zone, UO3 is fed at the top (which represents the upper extremity of 

the furnace), while NH3 is fed at the bottom, joined by a fraction of the gases of the 

hydrofluorination zone (non-reacted and by-products, such as HF and H2O vapor). This 

ammonia stream enters the reactor at high temperature, but, since the average temperature in 

this zone is even higher (approximately between 600 ºC and 700 ºC), it is decomposed into H2 

and N2 in a cracking reaction, which, in turn reduce UO3 to U3O8 and then U3O8 to UO2 

through a reduction reaction, with the second reduction only beginning after the UO3 is 

entirely converted to U3O8. UO3 can also undesirably react with HF that comes from the 

hydrofluorination zone, generating UO2F2 as an inert byproduct in a parasitic reaction known 

as secondary hydrofluorination (10).  

 

In summary, the following reactions occur in this zone: 

Cracking:    2 NH3 (g) → N2 (g) + 3 H2 (g) 

Calcination:    3 UO3 (s) → U3O8 (s) + ½ O2 (g) 

Reduction 1:    3 UO3 (s) + H2 (g) → U3O8 (g) + H2O (g) 

Reduction 2:    U3O8 (s) + 2 H2 (g) → 3 UO2 (s) + 2 H2O (g) 

Secondary Hydrofluorination: UO3 (s) + 2 HF (g) → UO2F2 (s) + H2O (g) 
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The reduction and hydrofluorination reactions are highly exothermic, which is a 

problem, since extreme temperatures must be avoided in order to prevent oxide sintering and 

operational instabilities. Cracking and calcination reactions are endothermic. In order to 

supply heat for the high temperatures required, a muffle (AQ-1) partially surrounds this zone. 

Temperature is carefully controlled with thermocouples installed in different locations 

throughout the bed in the whole reactor, so that local hot spots, which can soften the pellets 

and clog the equipment, may be avoided. In this section, it is expected that the cracking and 

reduction reactions are completed due to high temperatures. 

 

2.2.3. The buffer zone 

 

This zone acts as a transition between the reduction and the hydrofluoration zones. 

Also, the buffer zone shares the same reactions that occur in the reduction zone. Since there 

are no muffles here, a drastic temperature drop is expected (with temperatures typically below 

300ºC), which does not kinetically favor any of the reactions. Thus, UO2 conversion must be 

finalized before entering here, or else the remaining UO3 will produce UO2F2 as undesired 

product in the next zones. 

 

2.2.4. The vertical hydrofluorination zone 

 

In this zone, descending UO2 pellets react with a counter-flow of gaseous hydrogen 

fluoride (HF) to produce UF4 in a reaction known as hydrofluorination, described as follows: 

 

Hydrofluorination:   UO2 (s) + 4 HF (g) ↔ UF4 (s) + 2 H2O (g) 

 

This reaction is also very exothermic, so a compromise must be found for a high 

temperature to ensure a high conversion degree for UF4, but not enough to bring instabilities 

in the operation (between 300 ºC and 600 ºC). 
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Also, unlike other reactions listed in this work, the hydrofluorination is reversible, 

with extremely high temperatures favoring UF4 hydrolyzation. Due to these factors, the 

temperature in this zone is carefully controlled by using a muffle (AQ-2) to increase the 

temperature and also an air-cooled internal coaxial heat exchanger to reduce it. Other 

reactions do not need to be considered in the vertical hydrofluorination zone, mostly due to 

the absence of reactants (H2 for the reductions and UO3 for the secondary hydrofluorination) 

(10). 

At the top of this zone, a fraction of the hydrofluorination gases (mostly comprised of 

H2O and unreacted HF), which is a parameter in the model, is removed from the reactor in 

order to reduce the quantity of HF that comes in contact with unreacted UO3 in the reduction 

and buffer zones. 

 

2.2.5. The horizontal hydrofluorination zone 

 

In this final zone, the hydrofluorination reaction is completed, and the solid, which 

enters at the left extremity, leaves the furnace as UF4 by using an Archimedes type screw to 

extract it at the end of the tube. The gaseous reactant HF is inserted at the right end of this 

zone, sometimes diluted in N2, and flows counter-currently in relation to the solid. 

Similarly to the vertical hydrofluorination zone, only the hydrofluorination reaction 

will be contemplated. A muffle (AQ-3) partially surrounds the reactor in this zone, in order to 

provide energy for setting a high enough temperature. The range of temperatures in this zone 

is the same of the previous one. 
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3. LITERATURE REVIEW 

 

This section presents an overview of the existing models for the conversion process of 

the specific furnace, which is object of this work, as well as models for similar reactors and 

production methods. It also provides information regarding the current knowledge of the 

individual reactions that occur during this process. 

 

3.1. EXISTING MODELS FOR UF4 PRODUCTION 

 

Since the nuclear fuel production in the world is closely tied to the national nuclear 

weapons program of their respective country, which contains only classified information, the 

literature regarding UF4 production is scarce – only four articles describing the modeling of a 

complete moving bed reactor (and another for a specific part of this equipment) for this end 

exist. 

The first set of articles by Dussoubs et al. (10, 11), describes a mathematical model of a 

moving bed reactor that has an identical structure of the one described in this work, except for 

the presence of a muffle in the vertical hydrofluorination zone (AQ-2). The steady-state two-

dimensional model uses cylindrical coordinates r for radial distances and z for axial distances 

in the vertical module, with origins in the symmetry axis and the bottom of the 

hydrofluorination zone, respectively. Since the geometry in the horizontal zone is complex 

due to the presence of the Archimedes screw, the model approximates the horizontal 

hydrofluorination zone with a series of CSTR reactors for each empty space between blades 

(“pitch”), where the gas comes in contact counter-currently with the solid. The model 

describes the solid and gas flow, heat transfer by conduction, convection and radiation, as 

well as the pressure drop and various chemical reactions in the different zones, and its outputs 

are the apparent weight concentration of the solid, molar concentration of all solid species, 

total gas concentration, molar concentration of all gaseous species and total gas pressure, in 

all points of the furnace, as well as cooling fluid (air) temperature in all points of the heat 

exchanger. The balance and constitutive equations form a system of PDEs, which is solved 

numerically using the finite volume method for the vertical module and from one reactor to 

another for the horizontal module. Finally, the model is validated comparing calculated 

temperature data with temperatures measured in certain points of the moving bed reactor 
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operated by Comurhex, in Malavesi, France. Calculations also show that the whole process is 

controlled by intramolecular diffusion. 

Dussoubs et al. (12) also presents and discusses detailed results of the simulation 

obtained in the article previously described. Such results include, for example, profiles of 

temperature, chemical reaction rates and fractions of gases and solid species in the different 

parts of the furnace. The influence of various operating parameters was also studied and 

results were compared against a reference case, obtained using a standard set of industrial 

operating parameters of the moving bed furnace. Each effect of varying a parameter is 

described by the following items: 

▫ Mean pellet diameter: While the reference case includes a pellet size decrease in the 

reduction zone as a linear function of the mass fraction of UO2, the new simulation keeps the 

mean pellet diameter constant throughout the reactor. This effective increase in pellet 

diameter resulted in a decrease in the reduction reaction rate, which, in turn, generated a 

cascade effect that culminated in a significant decrease in the mass fraction of UF4. 

▫ Fraction of gas entering in the reduction zone: The increase in the flow rate of 

hydrofluorination gases that enter in the reduction zone brings about a better cooling of the 

reduction zone by increased convection, reducing, thus, the reaction rates and the mass 

fraction of the desired product. 

▫ Gas flow rate fed in the horizontal hydrofluorination zone: An increase in the HF flow 

rate by 20%, when compared to its reference value (slightly above the stoichiometric amount), 

favors the conversion in the hydrofluorination zone. However, the mass fraction of UF4 at the 

exit of the reactor is lower than the reference case. This behavior is due to the fact that since 

more gas flows to the reduction zone, the temperature decreases and a less complete reduction 

is expected. 

▫ Input cracked fraction of NH3: In the reference model, a fraction of the ammonia is 

cracked in N2 and H2 due to its high temperature feed. By decreasing this value, the 

temperature becomes insufficient to initiate cracking inside the furnace, resulting in an 

incomplete reduction, and consequently, hydrofluorination. 

The article also concludes with the following remarks: 

1) the hypotheses of equal gas and solid temperatures and the use of the law of additive 

characteristic times for modeling the reaction rates has been ascertained, when 

comparing with results using a more complete and robust grain model; 
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2) the reduction of moving bed width by decreasing the radial temperature and solid 

composition gradients has proven to be efficient to optimize the conversion; and 

3) in the reduction zone, the location of the first reduction quickly occurs at the very 

top of the furnace, while the second reduction is slower, taking place in a wider 

region and, depending on the parameters, may not be fully completed. For the 

hydrofluorination zones, calculations show that UF4 conversion is very slow in large 

zones, which can be attributed to a thermodynamic limitation at high temperature 

and strong radial temperature gradients. 

The model developed by Dussoubs et al. (10) presents some drawbacks, such as the 

use of the law of the additive characteristic times as a kinetic model, which gives poor results 

when reversible reactions are present and there is temperature gradient inside the pellet. Based 

on these, Niksiar and Rahimi (13) developed a one-dimensional (in the z direction) transient 

model where gas and solid streams are assumed to be in plug flow condition. This model is 

based on the grain model as kinetic model instead of the law of additive characteristic times 

used in Dussoubs et al. (10), in which the pellets are composed of spherical nonporous grains 

with uniform initial radius, and the reactions take place at the unreacted core of the grains. 

Another difference is that it neglects the calcination reaction, since a study from the authors 

revealed that the rate expression and its coefficients over predict the reaction rate (14). In 

order to validate their model, the authors used the same operating parameters from Dussoubs 

et al. (10, 12) and compared the trends of the measured and the calculated data from the same 

article through the reactor length. Additionally, the model verifies the effects of increasing 

solid feed temperature and inlet HF flow in the horizontal zone. For the former, it was found 

that UF4 fraction in the products remain largely unchanged, and, for the latter, it was found 

that UF4 fraction is greatly diminished in the product stream, which is a similar conclusion 

from (12). 

Finally, Bykov et al. (15) proposed a “shrinking core” model, based on the studies by 

Dussoubs et al (10, 12), for obtaining the radius of the unreacted part of the solid granule 

(thus, reaction conversion) along the vertical hydrofluorination zone through a period of time. 

According to the article, the use of this model is justified because the entire process is limited 

by diffusion of the gaseous compounds through the layer of ashes from the burnt uranium 

compound, and it is possible to ignore the rate of counter reaction because it occurs in the 

temperature range lower than the point of Gibbs energy sign inversion. The article also 
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includes a thermodynamic assessment to justify changes for the expression of the 

thermodynamic equilibrium constant. 

 

3.2. OTHER MODELS FOR GAS-SOLID MOVING BED REACTORS 

 

Supported by their findings in (13), Niksiar and Rahimi (16) expanded their model in 

order to make it generic for a moving-bed reactor encompassing any number of non-catalytic 

gas-solid reactions (reversible or not). This model includes non-steady mass and energy 

balances for both phases in the axial direction, using the grain model as kinetic model and the 

degree of reaction progress as a parameter for each reaction. The model is then validated by 

comparing the results of the direct reduction of the iron oxide pellets using a H2 and CO 

mixture with those obtained experimentally by Takenaka et al. (17). Many correlations, such 

as the effective thermal conductivity of the pellet and the heat transfer coefficients, can also 

be used in the UF4 production model. 

Niksiar and Rahimi (18) further applied the shrinking core model as the kinetic model 

for the reduction of hematite, and arrived at the following major conclusions: 

1) both models are appropriate, and exhibit similar results, only if the reaction is 

relatively fast (that is, the reaction is controlled by diffusion) and the pellets are 

relatively large; and 

2) the increase in the pellet porosity produces a significant difference in the results, 

with the shrinking core model resulting in larger errors, which can be observed for 

pellet porosities as low as 0.25. 

Valipour and Saboohi (19) also presented a generic model for multiple gas-solid 

reactions in porous pellets, which was validated by comparing results with experimental data, 

both for microscopic (single pellet) and macroscopic (counter current moving bed reactor) 

scales. In this particular article, experiments from the controlled hematite reduction in Usui et 

al. (20) and Takenaka et al. (17) were used as data. A review of the previous investigations on 

these kinds of reactions is also provided, as well as diverse correlations for the physico-

chemical properties. However, no sensitivity analysis was made for the model parameters. 

Although there are some references in literature related to the modeling of the vertical 

module due to its simple geometry (cylindrical), the same cannot be stated for the horizontal 

hydroflorination zone, due to the presence of the screw, which dramatically increases 
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geometry complexity, and thus, computational resources. In order to solve this issue, 

Poulesquen and Vernes (21) and Kumar et al. (22) proposed to use a series of CSTRs to 

simulate the empty spaces between the blades of a co-rotating twin-screw extruder, which is a 

similar approach to the one used by Dussoubs et al. to model the horizontal module (10). A 

more recent study by Shi et al. (23, 24) proposed a non-steady state model for the slow 

pyrolysis of char in a single screw reactor using 3D CFD analysis.  

 

3.3. CHEMICAL REACTIONS 

 

As stated in the previous sections, a total of six chemical reactions occur in the 

furnace. Dussoubs et al. (10) reported kinetic data, such as heat of reaction and rate 

expression for each reaction, with the law of additive reaction times proposed by Sohn (25) 

being used for the reduction and hydrofluorination reactions. 

More detailed expressions of the characteristic times can be found in specific 

application of this kinetic model for the case of the moving bed furnace treated in the work by 

Patisson et al. (26). However, neither of these references provide kinetic information, such as 

the Arrenhius pre-exponential factor, used in the kinetic model proposed by Sohn (25). 

The cracking of ammonia is a widely known process due to the fact that anhydrous 

ammonia is an excellent storage medium for hydrogen, offering advantages in cost and 

convenience as a fuel, such as the possibility to produce H2 on-site or on-board with simple 

start-up procedures and low weight equipment (27). There are several studies regarding the 

kinetic of this reaction with the use of specific catalysts, among which, Itoh et al. (2002) (28) 

present a fine powder of Fe-MOx and, more recently, Polanski et al. (29) introduced Pd 

nanoparticles supported by Ni. Still, since the cracking reaction inside the moving bed reactor 

occurs without these catalysts, no kinetic data can be utilized from these works. 

Although there are studies in the literature regarding the calcination reaction, for 

instance, the ones by Eloirdi et. al (30) and Manna et al. (31), they are limited to provide only 

information regarding X-ray diffraction and SEM analysis, respectively, and do not provide 

kinetic data. These studies, nevertheless, are important to provide the information that this 

reaction does occur in a temperature range that exists inside the furnace (450 ºC to 550 ºC), 

corroborating the assumption of neglecting this reaction made by Niksiar and Rahimi (13) in 

their model. 
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There are many studies regarding the reduction reactions using H2 as reduction agent. 

While some articles include the study of the reductions of UO3 and U3O8 as a single (in series) 

reaction, such as Dell and Wheeler (32), Heiskala (33), Le Page and Fane (34), and Alfaro et 

al. (35), others, such as Pijolat et al. (36) and Sidorov and Sofronov (37), focus on the 

conversion of U3O8 to UO2 (second part). Alternatively, the reduction of U3O8 to UO2 directly 

with ammonia was studied by Valdivieso et al. (38) using mass spectrometry, which 

concluded that the ammonia decomposition occurs at about 700ºC only in the presence of 

UO2, that acts as a catalyst. Finally, Notz and Mendel (39), aided by X-ray analysis, also 

provided kinetic data and a reaction mechanism for these reactions.  

Contrary to the other reactions, the hydrofluorination lacks recent findings in the 

literature, being its newest development described by Nicole et al. (40), which also provides 

expression for the characteristic times for this reaction. Tomlinson et al. (41) and Costa and 

Smith (42) also provide information regarding this topic, although it must be noted that the 

temperatures used in their experiments were low to medium, which is outside the range 

typically present in the modules of the furnace of this work.  
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4. METHODS AND MODEL 

 

Although the model proposed by Niksiar and Rahimi (13) is more recent and covers 

certain drawbacks contained in the model proposed by Dussoubs et al. (10), it brings about 

new disadvantages, such as the consideration that the calcination reaction does not occur, 

which was disproven by Eloirdi et al. (30) and Manna et al. (31) as discussed in the literature 

review, and the contemplation that all variables only change in the axial direction (z 

coordinate), which was disproven by the results in Dussoubs et al. (10), that showed that the 

temperature and reaction rates changes depend on the radial position (r coordinate). Thus, the 

model presented in the latter will be used as base for the vertical zones in this work. Since the 

horizontal zone is modeled as a series of CSTRs in both references, the model used by Niksiar 

and Rahimi (13) will be adopted, with some modifications. Unless specified otherwise, all 

values have the same units as described in the “List of Abbreviations and Symbols” section. 

The general premises used in this work are the same used in the references which the 

data were extracted from, and are summarized as follows. Premises pertaining specifically to 

this work are also described in this item. 

1) Solid flow is considered piston type without dispersion, while gas flow is also 

assumed as piston type, but with dispersion in radial and axial directions. Solid 

drag was not considered for the model; 

2) The moving bed is considered as a cubic stack of non-overlapping impermeable 

spherical pellets, randomly distributed, of mean diameter dp, forming a porous 

medium (bed) with porosity εb. Although these values remain constant within a 

zone, they may change from one zone to another; 

3) The moving bed is considered a pseudo-homogeneous medium, thus, gas and solid 

temperatures are considered equal. This premise is only applicable to calculations 

performed in the vertical section; 

4) Conductive and convective heat transfer, as well as transfer by radiation, will be 

considered in the model; 

5) The gaseous compounds, as well as the gaseous phase as a whole, will be modeled 

as ideal gases. This assumption is valid, since, although some components present 

a strong chemical intramolecular force, they are all submitted to atmospheric 

pressure; 
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6) Since the model considers steady state flow, all derivatives related to time are zero 

(∂/∂t = 0); 

7) The symmetrical (cylinder) geometry implies that all azimuthal derivatives are 

zero (∂/∂θ = 0); 

8) Only the z component of the velocity vector will be considered. In other words, ur 

= uθ = 0; 

9)  The momentum balance will be modeled using Egrun’s Law; and 

10) An average value for solid and gaseous phase compositions will be considered for 

each zone (with the Horizontal Hydrofluorination zone being an exception), 

according to the following items: 

a) Reduction zone: 100 wt% UO2 (solid phase); 80 mol% H2O and 20 mol% N2 

(gas phase), justified by the rapid kinetic reactions that occur in this zone; 

b) Buffer zone: 100 wt% UO2 (solid phase); 95 mol% H2O and 5 mol% HF (gas 

phase); and 

c) Vertical Hydrofluorination zone: 50 wt% UO2 and 50 wt% UF4 (solid phase); 

95 mol% H2O and 5 mol% HF (gas phase). 

 

4.1. MODEL CONSTANTS 

 

The constant values used for some parameters in the model of this work can be 

divided in two main groups: some are global constants for the whole geometry of the model, 

while others are constant within a zone. These values are summarized in Table 2 and Table 3. 

Values that do not have a reference were premised for this work. 

Table 2 – Constants used in the model – applicable to all zones. 

Constant Value Ref. Constant Value Ref. Constant Value Ref. 

R 8.314 (43) εt 9.0*10-1 (44) CpU3O8 1.160*102 (45) 

MUO3 2.863*10-1 (43) hext 2.5*101 (46) CpUO2F2 1.080*103 (47) 

MUO2 2.700*10-1 (43) Text 300 - CpUF4 1.269*102 (48) 

MU3O8 8.421*10-1 (43) T0 298 (13) λUF4 2.4*10-1 (49) 

MUO2F2 3.080*10-1 (43) Taq 800 - us - 2.0*10-4 (1) 

MUF4 3.140*10-1 (43) CpUO3 3.420*102 (50) ug 6.0*10-1 (10) 

εp 5.0*10-1 (12) CpUO2 3.150*102 (50)    

(1) Mass flow of approximately 20 kg/h considered as calculation basis. Value is taken negative, since 
solids flow is contrary to z axis. 
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Table 3 – Constants used in the model – applicable to specific zones. 

Constant Application Value 

dp 

Reduction Zone 

Buffer Zone 
2.5*10-2 

Vertical Hydrofluorination Zone 

Horizontal Hydrofluorination Zone 
6.0*10-3 

εb 

Reduction Zone 

Buffer Zone 

Vertical Hydrofluorination Zone 

5.0*10-1 

Horizontal Hydrofluorination Zone 4.0*10-1 

Source: (10). 

 

4.2. BALANCE EQUATIONS 

 

The balance equations proposed by Dussoubs et al. (10) and used in this work to 

model the vertical section are summarized Table 4 and Table 5, with some adaptations. The 

variables that are results of solving each equation are displayed between parenthesis in the 

“Description” column. 

In order to reduce the number of variables, the product of total concentration and 

weight or molar fraction was condensed into species molar or weight concentration. This was 

not done in Dussoubs et al. (10) because it was needed for the linearization step of the Gauss-

Seidel method for solving a system of PDEs. In this work, the solving method is the one used 

by MATLAB® (Newton method). So, this simplification is not detrimental. 

As indicated in the previous paragraph, the balance equations constitute a system of 

PDEs, which must be solved numerically, since the reaction rates depend on reactant 

concentrations, which vary along the reactor. 
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Table 4 - Balance Equations for the vertical section of the furnace – Reduction and 
Intermediate Zones. 

Description Equation Num. 

Matter balance for solid phase (ρt) 
𝐮𝐬

ப஡౪

ப௭
= (M୙ଷ୓଼ − 3M୙୓ଷ)r୰ୣୢଵ + (3M୙୓ଶ −

M୙ଷ୓଼)r୰ୣୢଶ + (M୙୓ଶ୊ଶ − M୙୓ଷ)r୦୤ୱ  
(1) 

Matter balance for UO3 (ρUO3) 𝐮𝐬

∂ρ୙୓ଷ

∂𝑧
= −M୙୓ଷ(3r୰ୣୢଵ + r୦୤ୱ) (2) 

Matter balance for UO2 (ρUO2) 𝐮𝐬

∂ρ୙୓ଶ

∂𝑧
= 3M୙୓ଶr୰ୣୢଶ (3) 

Matter balance for U3O8 (ρU3O8) 𝐮𝐬

∂ρ୙ଷ୓଼

∂𝑧
= M୙ଷ୓଼(r୰ୣୢଵ − r୰ୣୢଶ) (4) 

Matter balance for UO2F2 (ρUO2F2) 𝐮𝐬

∂ρ୙୓ଶ୊ଶ

∂𝑧
= M୙୓ଶ୊ଶr୦୤ୱ (5) 

Matter balance for UF4 (ρUF4) 𝐮𝐬

∂ρ୙୊ସ

∂𝑧
= 0 (6) 

Matter balance for gas phase (ct) 𝐮𝐠

∂c୲

∂𝑧
= 2rୡ୰ − r୦୤ୱ (7) 

Matter balance for NH3 (cNH3) 𝐮𝐠
பୡొౄయ

ப௭
= −2rୡ୰ + [

𝐃𝒓

௥

ப

ப௥
ቀr

பୡొౄయ

ப୰
ቁ + 𝐃𝐳

ப

ப௭
ቀ

பୡొౄయ

ப௭
ቁ]  (8) 

Matter balance for N2 (cN2) 𝐮𝐠
பୡొమ

ப௭
= rୡ୰ + [

𝐃𝒓

௥

ப

ப௥
ቀr

பୡొమ

ப௥
ቁ +

ப

ப௭
ቀ

பୡొమ

ப௭
ቁ]  (9) 

Matter balance for H2 (cH2) 
𝐮𝐠

பୡౄమ

ப௭
= 3rୡ୰ − r୰ୣୢଵ − 2r୰ୣୢଶ + [

𝐃𝒓

௥

ப

ப௥
ቀr

பୡౄమ

ப୰
ቁ +

𝐃𝐳
ப

ப௭
ቀ

பୡౄమ

ப୸
ቁ]  

(10) 

Matter balance for H2O (cH2O) 
𝐮𝐠

பୡౄమో

ப௭
= r୰ୣୢଵ + 2r୰ୣୢଶ + r୦୤ୱ + [

𝐃𝒓

௥

ப

ப௥
ቀ𝑟

பୡౄమో

ப௥
ቁ +

𝐃𝐳
ப

ப௭
ቀ

பୡౄమో

ப௭
ቁ]  

(11) 

Matter balance for HF (cHF) 𝐮𝐠
பୡౄూ

ப௭
= − 2r୦୤ୱ + [

𝐃𝒓

௥

ப

ப௥
ቀ𝑟

பୡౄూ

ப௥
ቁ + 𝐃𝐳

ப

ப୸
ቀ

பୡౄూ

ப୸
ቁ]  (12) 

Heat balance for the bed (T) 
(𝐮𝐬ρ୲𝐂𝐩,𝐬 + 𝐮𝐠c୲𝐂𝐩,𝐠)

ப୘

ப௭
=

− ∑ ΔH୰,௝r௝୨ + 𝛌𝐞𝐟𝐟[
ଵ

௥

ப

ப௥
ቀ𝑟

ப୘

ப୰
ቁ +

ப

ப௭
ቀ

ப୘

ப௭
ቁ] 

(13) 

Momentum balance (p) −
ப୮

ப௭
= 150

(ଵିகౘ)మ

கౘ
య ୢ౦

మ 𝛍𝐠𝐮𝐠 + 1.75
ଵିகౘ

கౘ
య ୢ౦

𝛒𝐠𝐮𝐠
ଶ  (14) 

Source: Adapted from (10). 
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Table 5 - Balance Equations for the vertical section of the furnace – Vertical 
Hydrofluorination Zone. 

Description Equation Num. 

Matter balance for solid phase (ρt) 𝐮𝐬
ப஡౪

ப௭
= (M୙୊ସ − M୙୓ଶ)r୦୤  (15) 

Matter balance for UO2 (ρUO2) 𝐮𝐬

∂ρ୙୓ଶ

∂𝑧
= −M୙୓ଶr୦୤ (16) 

Matter balance for UF4 (ρUF4) 𝐮𝐬

∂ρ୙୊ସ

∂𝑧
= M୙୊ସr୦୤ (17) 

Matter balance for gas phase (ct) 𝐮𝐠

∂c୲

∂𝑧
= −2r୦୤ (18) 

Matter balance for H2O (cH2O) 𝐮𝐠
பୡౄమో

ப௭
= 2r୦୤ + [

𝐃𝒓

௥

ப

ப௥
ቀ𝑟

பୡౄమో

ப௥
ቁ + 𝐃𝐳

ப

ப௭
ቀ

பୡౄమో

ப௭
ቁ]  (19) 

Matter balance for HF (cHF) 𝐮𝐠
பୡౄూ

ப௭
= − 4r୦୤ + [

𝐃𝒓

௥

ப

ப௥
ቀ𝑟

பୡౄూ

ப௥
ቁ + 𝐃𝐳

ப

ப୸
ቀ

பୡౄూ

ப୸
ቁ]  (20) 

Heat balance for the bed (T) 
(𝐮𝐬ρ୲𝐂𝐩,𝐬 + 𝐮𝐠c୲𝐂𝐩,𝐠)

ப୘

ப௭
=

−ΔH୰,୦୤r௛௙ + 𝛌𝐞𝐟𝐟[
ଵ

௥

ப

ப௥
ቀ𝑟

ப୘

ப୰
ቁ +

ப

ப௭
ቀ

ப୘

ப௭
ቁ] 

(21) 

Momentum balance (p) −
ப୮

ப௭
= 150

(ଵିகౘ)మ

கౘ
య ୢ౦

మ 𝛍𝐠𝐮𝐠 + 1.75
ଵିகౘ

கౘ
య ୢ౦

𝛒𝐠𝐮𝐠
ଶ  (22) 

Source: Adapted from (10). 

For the horizontal section, the equations proposed by Niksiar and Rahimi (13) were 

used, with some alterations, once the article considers the grain model as kinetic model, which 

is not done in this work. Thus, in order to account for a “broader” scope, some terms were 

replaced for more macroscopic parameters, such as reactor volume and bed porosity. Also, 

since this section is modeled as a series of CSTRs, the matter and energy balances need to be 

performed for each individual reactor. It should also be noted that two heat balances (one for 

each phase) are performed per CSTR, since the premise of pseudo-homogeneous medium is 

no longer valid due to the solid phase being concentrated at the “floor” of the horizontal 

section, instead of being dispersed in its entire volume.  

Unlike the vertical section, the balance equations of the horizontal zone comprise a 

system of nonlinear equations, which can be solved using Newton method or similar, such as 

the Trust-Region-Dogleg algorithm (based on Powell’s dog leg method) used in MATLAB®. 

These equations are summarized in Table 6. 
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Table 6 - Balance Equations for the horizontal section of the furnace. 

Num. Description Equation 

(23) Matter balance for H2O (FH2O(n)) Fୌଶ୓(𝑛 − 1) − Fୌଶ୓(𝑛) + 2r୦୤(𝑛)𝐕𝑪𝑺𝑻𝑹 = 0  

(24) Matter balance for HF (FHF(n)) Fୌ୊(𝑛 − 1) − Fୌ୊(𝑛) − 4r୦୤(𝑛)𝐕𝑪𝑺𝑻𝑹 = 0 

(25) Matter balance for UO2 (FUO2(n)) F୙୓ଶ(𝑛 − 1) − F୙୓ଶ(𝑛) − r୦୤(𝑛)𝐕𝑪𝑺𝑻𝑹 = 0 

(26) Matter balance for UF4 (FUF4(n)) F୙୊ସ(𝑛 − 1) − F୙୊ସ(𝑛) + r୦୤(𝑛)𝐕𝑪𝑺𝑻𝑹 = 0 

(27) Heat balance, gas phase (Tg(n)) 

[Fୌଶ୓(𝑛) + Fୌ୊(𝑛)]Cp୥(n)ൣT୥(𝑛) − 𝐓𝟎൧ − [Fୌଶ୓(𝑛 − 1) +

Fୌ୊(𝑛 − 1)]Cp୥(𝑛 − 1)ൣT୥(𝑛 − 1) − 𝐓𝟎൧ −

U(𝑛)𝐀𝑪𝑺𝑻𝑹ൣT୥(𝑛) − Tୟ୯൧ − ΔH୦୤(𝑛)r୦୤(𝑛)𝐕𝑪𝑺𝑻𝑹 −

h(𝑛)[1 − 𝛆𝐛]𝐀𝑪𝑺𝑻𝑹ൣTୱ(𝑛) − T୥(𝑛)൧ = 0  

(28) Heat balance, solid phase (Ts(n)) 

[F୙୓ଶ(𝑛) + F୙୊ସ(𝑛)]Cpୱ(𝑛)[Tୱ(𝑛) − 𝐓𝟎] − [F୙୓ଶ(𝑛 + 1) +

F୙୊ସ(𝑛 + 1)]Cpୱ(𝑛 + 1)[Tୱ(𝑛 + 1) − 𝐓𝟎] −

U(𝑛)𝐀𝑪𝑺𝑻𝑹ൣTୱ(𝑛) − 𝐓𝐚𝐪൧ − ΔH୦୤(𝑛)r୦୤(𝑛)𝐕𝑪𝑺𝑻𝑹 −

h(𝑛)[1 − 𝛆𝐛]𝐀𝑪𝑺𝑻𝑹ൣTୱ(𝑛) − T୥(𝑛)൧ = 0 

Source: Adapted from (13). 

 

4.3. GOVERNING EQUATIONS 

 

In order to complement the balance equations, other equations are needed to find the 

appropriate values of the variables, such as heat capacity of each phase and effective thermal 

conductivity, as well as kinetic rate expressions. Since they depend on model variables 

(mainly temperature), the governing equations must be provided to calculate them. This item 

is dedicated to describing such equations, and is divided into three topics: material and 

transport parameters, kinetic parameters, and, finally, the equations describing the initial 

concentrations for ammonia, hydrogen and nitrogen used in the reduction zone. 
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4.3.1 Material and transport parameters 

 

In order to obtain results from the various equations and correlations described in this 

work, it is first necessary to present the information collected in the literature to describe 

properties which are intrinsic for each chemical compound, such as viscosity and heat 

capacity. 

It should be noted that all governing equations are explicitly described for the vertical 

section of the furnace. In order to adjust them for the horizontal zone, one must interpret that, 

instead of varying with r and/or z, the variables depend on n. Also, the premise that the 

average composition remains constant throughout the whole zone is not applicable, and must 

be calculated for each CSTR reactor. 

 

4.3.1.1 Gas densities 

 

One of the parameters needed for dimensionless number correlations is the density of 

the gaseous phase, while the molecular weights of each compound appear in various 

equations and correlations throughout this work. In order to calculate it, first it is needed to 

calculate the density of each gaseous compound according to the ideal gas equation described 

in equation (29): 

   ρ௜(୥ୟୱ) =
𝐩𝟎𝐌𝐢

𝐑T
 (29) 

 

Thus, by including the average composition of the gaseous phase as stated in the 

premises, it is possible to obtain the average gas density in a given zone using the equation 

(30): 

        ρ୥ = ෍ 𝐱𝒊(𝐠𝐚𝐬)ρ୧(୥ୟୱ)

௜

 (30) 

  

In order to validate the premise for the use of the ideal gas equation, the correlated 

density for the gaseous compounds of the model is summarized in Table 7, for the 

temperature of 748 K, which represents the average temperature inside the whole furnace. 

Table 7 also includes the calculation of densities using the ideal gas equation. 
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Table 7 – Densities of gaseous compounds at T = 748 K. 

Compound Ideal Density Real Density (43) Diff. (%) 

NH3 2.7379*10-1 2.7289*10-1 0.3299 

N2 4.5031*10-1 4.5064*10-1 -0.0723 

H2 3.2410*10-2 3.1608*10-2 2.4761 

H2O 2.8971*10-1 2.9082*10-1 -0.3856 

HF 3.2154*10-1 - - 

 

The last column of Table 7 shows the percent difference between density considering 

ideal gas model and experimental data, and, as seen, the hypothesis of ideal gas seems 

plausible. Another fact that reinforces this premise is the atmospheric pressure used in the 

furnace. 

 

4.3.1.2 Gas viscosities 

 

The dynamic viscosity of each fluid (gas) was predicted according to the correlations 

presented in Green et al. (43), obtaining the results presented in Table 8. 

Table 8 – Correlations used for gas viscosities in the furnace. 

Compound Correlation Num. 

N2 
6.5592 ∗ 10ି଻T଴.଺଴଼ଵ

1 + 54.71 T⁄
 (31) 

H2O 1.7096 ∗ 10ି଼Tଵ.ଵଵସ଺ (32) 

HF 
4.5101 ∗ 10ିଵସTଷ.଴଴ହ

1 − 521.83 T⁄ + 76.111 Tଶ⁄
 (33) 

Source: (43). 
* Since the viscosities for the other gaseous compounds were not needed in the model, their correlations 
were omitted. 

 

The average gas viscosity is also needed for some equations. In order to obtain this 

information, one must consider the gas composition in each reactor location. However, this 

would bring about a great increase in the problem complexity, so, to circumvent excessive 
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computation times, an assumption was made to keep this value remains constant throughout 

the zones. In order to calculate the viscosity of the gaseous phase, the correlation proposed by 

Wilke (51) for a binary mixture was used: 

 

           μ୥ =
μଵ

1 +

𝐱𝟐
𝐱𝟏

ቈ1 + ቀ
μଵ
μଶ

ቁ
଴.ହ

ቀ
𝐌𝟐
𝐌𝟏

ቁ
଴.ଶହ

቉

ଶ

4

√2
ቂ1 + ቀ

𝐌𝟐
𝐌𝟏

ቁቃ
଴.ହ

+
μଶ

1 +

𝐱𝟏
𝐱𝟐

ቈ1 + ቀ
μଶ
μଵ

ቁ
଴.ହ

ቀ
𝐌𝟏
𝐌𝟐

ቁ
଴.ଶହ

቉

ଶ

4

√2
ቂ1 + ቀ

𝐌𝟏
𝐌𝟐

ቁቃ
଴.ହ

 

(34) 

 

4.3.1.3 Reynolds Number 

 

The dimensionless Reynolds number is useful for predicting flow patterns in different 

situations. In the case of packed beds, it is expressed by the formula described in Dwivedi and 

Upadhyay (52), which uses the particle (pellet) diameter as characteristic length: 

 

Re =  
ρ୥𝐮𝐠

μ୥
∗ 𝐝𝐩 (35) 

 

It should be stated that the pellet diameter was also used as characteristic length in 

other dimensionless numbers, such as the Nusselt number. 

 

4.3.1.4 Heat Capacities for gases 

 

One of the variables in the convective term of the heat balance provided in the article 

by Dussoubs et al. (10) is the heat capacity of each phase. In order to obtain these values, an 

investigation in the literature was performed, obtaining the values presented in Table 9. It 

should be noted that the heat capacity for solid compounds was already provided in the Model 

Constants section. 
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Table 9 – Correlations for specific heats used in the model. 

Compound Correlation Num. 

NH3 4.184(6.7 + 6.3 ∗ 10ିଶT) (36) 

N2 4.184(6.5 + 10ିଷT) (37) 

H2 4.184(6.62 + 8.1 ∗ 10ିସT) (38) 

H2O 4.184(8.22 + 1.5 ∗ 10ିସT + 1.34 ∗ 10ି଺Tଶ) (39) 

HF 
30.117 − (3.247 ∗ 10ିଷT + 2.87 ∗ 10ି଺Tଶ

+ 4.58 ∗ 10ିଵ଴Tଷ) 
(40) 

Source: (43). 

 

With this information, it is possible to calculate the average property for each phase 

according to the equations (41) and (42): 

 

      C୮,ୱ =  ෍ 𝐰𝒊(𝐬𝐨𝐥𝐢𝐝)𝐂𝐩,𝒊(𝐬𝐨𝐥𝐢𝐝)

௜

 (41) 

C୮,୥ = ෍ 𝐱𝒊(𝐠𝐚𝐬)C୮,௜(୥ୟୱ)

௜

 (42) 

 

4.3.1.5 Thermal conductivities 

 

The effective thermal conductivity will be the proportionality constant used in the 

conductive side of the fluid bed heat balance, however, in order to find it, the thermal 

conductivity of each compound must be known. Table 10 summarizes the correlations used to 

calculate these values. It should be noted that the thermal conductivity for UF4 was given in 

the Model Constants section, and, if the correlation of a component was not described in the 

aforementioned Table, it means it was not needed for the calculations, being, therefore, 

omitted. 
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Table 10 – Correlations for thermal conductivities used in the model. 

Phase Compound Correlation Ref. Num. 

Solid UO2 
115.8

7.54 + 1.77 ∗ 10ିଶ𝑇 + 3.61 ∗ 10ି଺𝑇ଶ
 (53) (43) 

Gaseous 

N2 
3.31 ∗ 10ିସ𝑇଴.଻଻ଶଶ

1 +
16.32

𝑇
+

373.72
𝑇ଶ

 (43) (44) 

H2O 6.2 ∗ 10ି଺Tଵ.ଷଽ଻ଷ (43) (45) 

HF 
3.46 ∗ 10ିହ𝑇ଵ.ଵଶଶସ

1 +
18.744

𝑇

 (43) (46) 

 

In order to calculate the average thermal conductivity for each phase, the following 

expressions used by Valipour (54) were used: 

 

λୱ = ෍ 𝐰𝒊(𝐬𝐨𝐥𝐢𝐝)λ௜(ୱ୭୪୧ୢ)

௜

 (47) 

λ୥ = ෍ 𝐱𝒊(𝐠𝐚𝐬)λ௜(୥ୟୱ)

௜

 (48) 

 

Finally, the expression for the effective thermal conductivity is the same used in 

Valipour and Saboohi (19), and transcribed in equations (49) to (51): 

λୣ୤୤ (ୡ୭୬ୢ୳ୡ୲୧୴ୣ) =
1

3
൛൫1 − 𝛆𝐩൯λୱ  +  𝛆𝐩λ୥ൟ +

2

3
{
൫1 − 𝛆𝐩൯

λୱ
+ 𝛆𝐩λ୥}ିଵ 

(49) 

 

λୣ୤୤ (୰ୟୢ୧ୟ୲୧୴ୣ) =
1 − 𝛆𝐩

1
λୱ

+
1

0.691𝛆𝐭𝐝𝐩(
Tଷ

10଼)

+ 0.691𝛆𝐩𝛆𝐭𝐝𝐩(
Tଷ

10଼
) 

(50) 

       λୣ୤୤ = λୣ୤୤ (ୡ୭୬ୢ୳ୡ୲୧୴ୣ) + λୣ୤୤ (୰ୟୢ୧ୟ୲୧୴ୣ) (51) 
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4.3.1.6 Heat transfer coefficients 

 

For calculations in the vertical section, the convective heat transfer coefficient is 

mainly needed to specify the boundary conditions for temperature, in cases where there is no 

muffle in the walls. It is obtained by combining the definition of the Nusselt number with the 

empirical relation described in Niksiar and Rahimi (13), summarized in equation (52): 

 

Nu =
h𝐝𝐩

λ୥
→ h =

λ୥

𝐝𝐩

(2 + 0.39Re଴.ହPr଴.ଷଷ) (52) 

 

For the horizontal section, a radiation component is also added to equation (52), 

generating equation (53), also described in Niksiar and Rahimi (13): 

 

h =
λ୥

𝐝𝐩

(2 + 0.39Re଴.ହPr଴.ଷଷ) + 5.67 ∗ 10ି଼𝛆𝐭൫T୥ + Tୱ൯൫T୥
ଶ + Tୱ

ଶ൯ (53) 

 

The overall heat transfer coefficient, used in the energy balance of the horizontal zone, 

is also obtained by the correlation described in Niksiar and Rahimi (13), and shown in 

equation (54): 

U =
μ୥

𝐝𝐩

(2.26Re଴.଼Pr଴.ଷଷ)exp (−
𝐝𝐩

2𝐑𝟎
) (54) 

 

4.3.1.7 Dispersion Coefficients 

 

Mass transfer parameters are used in the balance equations. More specifically, axial 

(longitudinal) and radial (transversal) dispersion coefficients are used in the matter balances 

for components in the gaseous phase, and are obtained using correlations with dimensionless 

numbers described herein. Instead of using the correlations present in Dussoubs et al. (10), 

this work utilizes more recent correlations for the calculation of the dispersion coefficients, 

namely the ones presented in Foumeny et al. (55) for steady state flow, described in equations 

(55) and (56): 
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1

Pe୰
=

D௥

𝐮𝐠𝐝𝐏
→ D௥ = ቎

0.34

(Re. Sc)଴.଼
+

0.08

1 +
10.8

Re. Sc

቏ 𝐮𝐠𝐝𝐏 (55) 

1

Pe௭
=

D௭

𝐮𝐠𝐝𝐏
→ D௭ = ൦

0.72

𝛆𝐛Re. Sc
+

0.52

1 +
9

εୠRe. Sc

൪ 𝐮𝐠𝐝𝐏 (56) 

 

In order to calculate the Schmidt number used in the equations (55) and (56), the Fuller-

Schettler-Giddings equation (for binary mixtures at 1 atm) is used for the diffusivity, resulting 

in the equation (57): 

 

Sc =
μ୥

ρ୥
∗

⎣
⎢
⎢
⎡10ିଷTଵ.଻ହ ቀ∑

1
𝐌𝒊

୧ ቁ
଴.ହ

ቀ∑
1
𝐯𝒊

௜ ቁ
ଵ ଷ⁄

⎦
⎥
⎥
⎤

ିଵ

 (57) 

 

4.3.2 Rate expressions and reaction kinetics 

 

As stated previously in this work, a total of six reactions must be considered for the 

furnace. The calcination reaction is not be considered because, although its occurrence is 

known, there is no reliable data in the literature, since the values presented in Dussoubs et al. 

(10) were disputed by Niksiar and Rahimi (14). Table 11 and Table 12 present kinetic 

information regarding the reactions considered in the model.  
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Table 11 – Kinetic information for the reactions in the reduction + buffer zones. 

Reaction 
Heat of reaction 

@ 298 K Activation energy Pre-exponential 
factor Ref. 

Cracking  

2NH3 → N2 + 3H2 
1.611*105 1.611*105 8.4*108 (s-1) (10) 

Reduction 1 

3UO3 + H2 → U3O8 + H2O 
-1.5633*105 4.4*104 1.49*101 (s-1) (34) 

Reduction 2 

U3O8 + 2H2 → 3UO2 + 2H2O 
-1.6344*105 8.84*104 7.8*103 (s-1) (34) 

Secondary Hydrofluorination 

UO3 + 2HF → UO2F2 + H2O 
-1.1364*105 4.560*103 

6.4*10-3  

(m3.mol-1.s-1) 
(10) 

Hydrofluorination 

UO2 + 4HF ↔ UF4 + 2H2O 
-1.64*105 2.5*104 1.96*101 (s-1) (40) 

 

Table 12 – Reaction rate expressions used in the model. 

Reaction Reaction rate (rj, mol.m-3.s-1) Ref. Num. 

Cracking  

2NH3 → N2 + 3H2 
rୡ୰ = 𝐤𝟎,𝐜𝐫exp (−

𝐄𝐚𝐜𝐫

𝐑T
)c୒ୌଷ (10) (58) 

Reduction 1 

3UO3 + H2 → U3O8 + H2O 
r୰ୣୢଵ = 𝐤𝟎,𝐫𝐞𝐝𝟏exp (−

𝐄𝐚𝐫𝐞𝐝𝟏

𝐑T
)(𝒚𝟎,𝑯𝟐)଴.ଽρ୙୓ଷ(1 − 𝜺𝒃) (34) (59) 

Reduction 2 

U3O8 + 2H2 → 3UO2 + 2H2O 
r୰ୣୢଵ = 𝐤𝟎,𝐫𝐞𝐝𝟐exp (−

𝐄𝐚𝐫𝐞𝐝𝟐

𝐑T
)൫𝒚𝟎,𝑯𝟐൯

଴.଼଼
ρ୙ଷ୓଼(1 − 𝜺𝒃) (34) (60) 

Secondary Hydrofluorination 

UO3 + 2HF → UO2F2 + H2O 
r୦୤ୱ = 𝐤𝟎,𝐡𝐟𝐬exp (−

𝐄𝐚𝐡𝐟𝐬

𝐑T
)ρ୙୓ଷ(1 − 𝜺𝒃)cୌ୊ (10) (61) 

Hydrofluorination 

UO2 + 4HF ↔ UF4 + 2H2O 

r୦୤ = 𝐤𝟎,𝐡𝐟exp (−
𝐄𝐚𝐡𝐟

𝐑T
) ቆcୌ୊ −

ඥcୌଶ୓

Kୣ୯
ቇ (13) (62) 

Kୣ୯ = ൤exp (
224988

𝐑T
−

239.709

𝐑
)൨

଴.ଶହ

ඨ
𝐑T

10ହ
 (13) (63) 

(*) For the reduction 2 reaction, a value of N = 0 (reaction order in respect to solid reactant) was considered, 
since this is true for high temperatures (T > 650 ºC) (34), resulting in the expression described herein.  
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Equation (64) may be used for the heat of reaction given in the local temperature, 

since an average (constant) specific heat is used and all gases are treated as ideal. 

 

∆H୰,୨ = ∆𝐇𝐫,𝐣
𝟐𝟗𝟖 + ∆C୮(T − 298) (64) 

 

Using the information presented in Table 13, it is possible to obtain an expression for 

the heat of reaction in function of the bed temperature: 

 

Table 13 – Heat of reaction in function of the bed temperature. 

Reaction ΔCpj Heat of reaction  

Cracking  CpN2 + 3* CpH2- 2* CpNH3 1.611*105 + ΔCpcr (T-298) 

Reduction 1 CpU3O8 + CpH2O- 3* CpUO3 – CpH2 -1.563*105 + ΔCpred1 (T-298) 

Reduction 2 3* CpUO2+ 2* CpH2O– CpU3O8 – 2* CpH2 -1.634*105 + ΔCpred2 (T-298) 

Secondary 

Hydrofluorination 
CpUO2F2+ CpH2O – CpUO3 – 2* CpHF -1.136*105 + ΔCphfs (T-298) 

Hydrofluorination CpUF4 + 2* CpH2O – CpUO2 – 4* CpHF -1.64*105 + ΔCphf (T-298) 

 

4.3.3 Fraction of cracked ammonia in the feed 

 

One of the parameters used in the model by Dussoubs et al. (10) is the fraction of 

ammonia, which is cracked due to pre-heating before entering the furnace. However, this 

value is not calculated, and is assumed by previous experience. In this model, this parameter 

is calculated depending on variables set by the operator, which can be easily measured or set, 

such as internal volume and temperature maintained in the muffle. For this end, the following 

premises are considered: 

 1) the muffle is considered as plug flow reactor (PFR) with constant and uniform 

temperature (TPFR = 800 K); 

 2) ammonia is fed pure, at atmospheric pressure (1 atm) and ambient temperature 

(T0,PFR = 300 K); 

 3) pressure drop due to flow is considered negligible; and 
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 4) ammonia is instantly heated to the final temperature inside the muffle as soon as 

it enters in the equipment. 

 

A design equation for the case of an isothermal PFR with pure feed is provided by 

Fogler (56), which, adapted to the model in this work, becomes equation (65): 

 

                   
𝐤𝟎,𝐜𝐫exp (−

𝐄𝐚𝐜𝐫
𝐑T𝐦𝐮𝐟

)𝐕𝐦𝐮𝐟

𝛖𝟎,𝐍𝐇𝟑,𝐏𝐅𝐑
𝑻𝟎,𝐦𝐮𝐟

𝑻𝐦𝐮𝐟

+ 𝛅𝐜𝐫Xୡ୰,𝐦𝐮𝐟 + (𝛅𝐜𝐫 + 1) ln ቆ
1

1 − Xୡ୰,𝐦𝐮𝐟
ቇ = 0 (65) 

 

Thus, by solving this equation, the cracking conversion in the muffle (Xcr,muf) can be 

obtained, and the concentration of ammonia, hydrogen and nitrogen that enter in the furnace 

are given by equations (66) to (68): 

 

c୒ୌଷ,୫୳୤ =  𝐜𝟎,𝐍𝐇𝟑,𝐦𝐮𝐟

൫1 − Xୡ୰,୫୳୤൯

൫1 + 𝛅𝐜𝐫Xୡ୰,୫୳୤൯

𝐓𝟎,𝐦𝐮𝐟

𝐓𝐦𝐮𝐟
 (66) 

c୒ଶ,୫୳୤ =  𝐜𝟎,𝐍𝐇𝟑,𝐦𝐮𝐟

0.5൫Xୡ୰,୫୳୤൯

൫1 + 𝛅𝐜𝐫Xୡ୰,୫୳୤൯

𝐓𝟎,𝐦𝐮𝐟

𝐓𝐦𝐮𝐟
     (67) 

cୌଶ,୔୊ୖ =  𝐜𝟎,𝐍𝐇𝟑,𝐦𝐮𝐟

1.5൫Xୡ୰,୫୳୤൯

൫1 + 𝛅𝐜𝐫Xୡ୰,୫୳୤൯

𝐓𝟎,𝐦𝐮𝐟

𝐓𝐦𝐮𝐟
 (68) 

 

4.4. MODEL GEOMETRY 

 

In order to obtain the results from all equations described herein, a suitable geometry 

that simulates the vertical section of furnace must be considered for solving the system of 

PDEs. Since the 3-D geometry for this section is symmetrical (cylinder), the problem was 

simplified to 2-D, originating the form in Figure 7. The cylindrical coordinate system was 

adopted, with the axial origin (z coordinate) located at the bottom of the furnace, and the 

radial origin (r coordinate) located on the symmetry axis. It should be stated that, to facilitate 

comparison with data from the models existing in the literature, the results will be presented 

as a longitudinal “cut” of each vertical section of the furnace. 
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Figure 7 – Model geometry for the vertical section. 

 
Note: Distances were omitted for confidentiality reasons. Figure is not at scale. 

 

In MATLAB, the 2-D region is delimited by line segments known as “Edges” (E), 

while the region contained within these is called a “Face” (F). It is possible, the, to recreate 
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the 3-D model completely by assigning each of these elements the appropriate balance and 

governing equations and boundary conditions. 

A more detailed description of each face and edge that forms the model geometry for 

the vertical section is presented below. Both elements are listed from the top of the equipment 

to its bottom, in order to make the text more understandable: 

a) Faces: 

• face (F3) represents the reduction zone; 

• face (F2) represents the buffer zone; and 

• face (F1) represents the vertical hydrofluorination zone. The grey area to the left 

represents the inside of the heat exchanger and, thus, is not part of the model geometry. 

 

b) Edges: 

• edge 6 (E6) constitutes the start of the reduction zone, and where the solids (UO3) 

are fed into the furnace and where the reduction gases exit the equipment; 

• edge 11 (E11) depicts the wall that surrounds the reduction zone and is enveloped by 

a muffle; 

• edge 9 (E9) represents the longitudinal end of the reduction zone (or the start of the 

buffer zone). For this work, cracked ammonia is also fed through this edge; 

• edge 10 (E10) represents the wall that surrounds the buffer zone, and separates the 

interior of the furnace with the external environment (i.e., no muffle envelops this wall); 

• edges 7 and 8 (E7 and E8, respectively) represent the longitudinal end of the 

reduction zone, and the start of the vertical hydrofluorination zone. It is also in this edge that a 

fraction of the gas is removed from the furnace. The existence of E8 (which is not connected 

to the buffer zone) is due to an increase in the diameter between these zones; 

• edges 3, 4 and 5 (E3, E4 and E5, respectively) represent the wall that separates the 

interior of the vertical hydrofluorination zone with the heat exchanger; 

• edge 2 (E2) represents the wall of the vertical hydrofluorination zone surrounded by 

the muffle; 

• edge 1 (E1) represents the longitudinal end of the vertical hydrofluorination zone, 

and the start of the horizontal hydrofluorination zone; and 
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• edges 12, 13, 14 and 15 (E12, E13, E14 and E15, respectively) represent together the 

symmetry axis of the furnace. 

Since the horizontal section is treated as a series of CSTRs, the geometry is different 

than in the vertical section. For that end, the latter section is divided in 14 CSTRs, each with 

the same volume and enveloped by a muffle, being modeled as oblique cylinders and better 

described by the dimensions in Figure 8. It should be noted that the solid and gas entrances 

are not included in the model. 

 

Figure 8 – Model geometry for the vertical section. 

 
Source: Adapted from (13). 

Note: Distances were omitted for confidentiality reasons. Figure is not at scale. 

 

In order to calculate the volume used in the balance and governing equations described 

in this work, the equations (69) to (72) must be applied: 

 

𝛃 =
π

2
− cosିଵ ൬

𝐝𝐡𝐡𝐳 − 𝐝𝐚

𝐋𝐛
൰ (69) 

𝐋𝐩𝐢 = 𝐋𝐛 ∗ sin 𝛃 (70) 

𝐕𝐂𝐒𝐓𝐑 = π ∗ ቆ
𝐝𝐡𝐡𝐳

ଶ

4
−

𝐝𝐚
ଶ

4
ቇ ∗ 𝐋𝐩𝐢 (71) 

𝐀𝐂𝐒𝐓𝐑 = π𝐝𝐡𝐡𝐳𝐋𝐛 +
π

2
𝐝𝐡𝐡𝐳

ଶ  (72) 
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Additionally, a more systematic view of the horizontal hydrofluorination zone as a 

series of CSTRs is shown in Figure 9. The right side of the zone represents the gas entrance 

(and the solids exit), while the left side represents the solids entrance (and the gas exit). This 

figure also represents which variable is calculated in each reactor, and where the boundary 

conditions are applied. 

 

Figure 9 – Systematic view of the horizontal section. 

 
Note: Distances were omitted for confidentiality reasons. Figures are not at scale. 

 

4.4.1 Boundary Conditions 

 

Some boundary conditions for the model geometry are given by Dussoubs et al. (2003) 

(10), while others are adapted for the purposes of this work. A summary of boundary 

conditions is provided in Table 14 and Table 15. 

 

Table 14 – Boundary conditions used in the model – horizontal section. 

Edge/Position Boundary Conditions 

Solids 

entrance(*) 

F଴,୙୓ଶ = 6.519 ∗ 10ିଷ; F଴,୙୊ସ = 1.283 ∗ 10ିଶ;   

T଴,௦ = 573 

Gas entrance 
F଴,ୌଶ୓ = 0; F଴,ୌ୊ = 4.252 ∗ 10ିଵ;   

T଴,௚ = 523 

(*) Obtained from the results of the vertical section. 
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Table 15 – Boundary conditions used in the model – vertical section. 

Edge Boundary Conditions 

E6 

ρ୲ = ρ୙୓ଷ = 1.57 ∗ 10ଷ 

ρ୙୓ଶ = ρ୙ଷ୓଼ = ρ୙୓ଶ୊ଶ = ρ୙୊ସ = 0 

p = 1.013 ∗ 10ହ 

E11 T = 973 

E9 c୧ = c୧,୔୊ୖ (for NH3, H2 and N2 only) 

E10 T൫𝑟 = 𝑅଴,௥௘ௗ൯ =
(𝐡𝐞𝐱𝐭𝐓𝐞𝐱𝐭 + hT)

(𝐡𝐞𝐱𝐭 + h)
 

E3, E4, E5 T = 300 

E2 T = 460 

E1(*) 

c୲ = 2.198 ∗ 10ଵ 

cୌଶ୓ = 1.15; cୌ୊ = 6.88 

T = 573 

E12, E13, E14, E15 ∇𝜌௜ = 𝐃𝒓

𝜕𝑐௜

𝜕𝑥
+ 𝐃𝐳

𝜕𝑐௜

𝜕𝑦
= ∇T =  ∇p = 0 

Source: Adapted from [10]. 
(*) Obtained from the results of the horizontal section. 

 

4.5. SOLVING THE MODEL 

 

This section contains the strategies used in the code to reduce computational efforts, 

such as initial guesses (or initial solutions) and the mesh used to discretize the model. All 

tolerances (absolute, residual and relative) were set to 1x10-3, and the maximum number of 

iterations was set to 50. 

According to the software documentation, MATLAB®, by default, discretizes the 

problem geometry using triangles, in the case of a two dimensional model. Then, it uses the 

Newton iterations in each node (formed by each triangle vertex) in order to find the solution 

for the entire model (57). 
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4.5.1. Initial Guess 

 

For the initial guess, either a constant value or a function of position was considered in 

every solution node. Table 16 presents in more detail the guesses used for each variable in the 

model. 

Table 16 – Initial guess used in the model. 

Face Variable Initial Guess Face Variable Initial Guess 

F3 

ρt, ρUO3,  

ρUO2, ρU3O8 
1.57 ∗ 10ଷ ∗ (1 −

𝑦

L
) 

F2 

(cont.) 

cH2O 3.29 

ρUO2F2, ρUF4,  

cH2O, cHF 

0 cHF 2.60 

ct 1.523 ∗ 10ଵ ∗ (1 +
𝑦

L
) T 445 

cNH3 9.42 ∗ 10଴ ∗ (1 −
𝑦

L
) 

F1 

ρt 2.238 ∗ 10ଷ 

cN2 1.45 ∗ 10଴ ∗ (1 +
𝑦

L
) ρUO2, ρUF4 7.0 ∗ 10ଶ 

cH2 4.36 ∗ 10଴ ∗ (1 +
𝑦

L
) 

ρUO3, ρU3O8, 

ρUO2F2 
0 

T 900 ct 2.127 ∗ 10ଵ 

F2 

ρt 1.492 ∗ 10ଷ cH2O 1.325 ∗ 10ଵ 

ρUO2 1.4 ∗ 10ଷ cHF 5.30 

ρUO2F2 1.475 ∗ 10ଶ T 400 

ρUO3, ρU3O8, 
ρUF4 

0 F1, F2 cH2, cN2, cNH3 0 

ct 1.864 ∗ 10ଵ F1, F2, F3 p 1.013 ∗ 10ହ 

 
 
4.5.2. Mesh 

 

In order to make a compromise between computational time and reliability in the 

results, a maximum element size of 0.4*R0 was considered, while a minimum element size of 

0.01*R0 was applied, resulting in a mesh comprised of 2.015*103 nodes total. This 

configuration allowed for approximately 45 minutes of run time using a computer with an 

AMD Phenom II X4 945 3.0 GHZ Quad-core processor. 
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5. RESULTS AND DISCUSSION 

 

This section presents the results obtained by solving the PDEs and nonlinear equations 

of the model, taking into account the geometry and boundary conditions. In order to facilitate 

a comparison with the existing literature, the results are presented as longitudinal “cuts” of 

each zone (which is possible due to symmetry), with the radial dimensions varying between 0 

(symmetry axis) and R0, and the longitudinal dimensions varying between 0 and L. Since the 

existing literature provides models that assumed different premises and/or left some 

parameters values undisclosed, only a qualitative analysis will be performed. 

 

5.1. REDUCTION ZONE 

 

Figure 10 exhibits plots for the total solid density, as well as for each compound 

present in this phase. Figure 10(a) displays a change in total solids density along the 

equipment, which is expected due to the increase in UO2 (whose density is lower than the 

solids density in the feed) mass fraction in this phase. 

Figure 10(b) and Figure 10(c) exhibit the density of the initial reactant and product of 

the reduction reactions (UO3 and UO2, respectively). According to these plots, the reduction 

reactions occur at the top of the reactor and, since these compounds are quickly consumed (or 

produced), it can be inferred that the reactions occur completely and rapidly at the 

temperatures in this specific area of the furnace, which is expected, as described in the section 

2.2.1 of this work. 

Figure 10(d) also shows the intermediate compound (U3O8) being produced and 

quickly consumed, as evidenced by the low maximum density values achieved. This behavior 

is typical for compounds present in reactions including its production and consumption in the 

same system. The short length in which change in density for the reactants is observed 

indicates the reduction reactions occur quickly. 

Figure 10(e) indicates the undesirable compound (UO2F2) being produced due to 

reaction with the HF that remained from the lower sections of the furnace. It can also be 

observed that the secondary hydrofluorination reaction occurs more evidently near the 

symmetry axis. 
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Figure 10(f) shows that the hydrofluorination reaction does not occur in this section of 

the furnace, since no UF4 was produced, which was also expected according to the section 

2.2.1. 

 

Figure 10 – Solid density plots for the reduction zone, m x kg/m3. (a) Apparent (total) solids 
density of the bed; (b) UO3; (c) UO2; (d) U3O8; (e) UO2F2; and (f) UF4. 
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The obtained results are in accordance with the ones presented in the work by 

Dussoubs et al. (2003) (12), which shows the complete conversion occurring in the very top 

of the zone. It should be stated that this reference shows the completion needing a longer 

length to be achieved, but this is due to the fact that the muffle does not envelop the whole 

zone, since the reaction starts as soon as the solid enters the muffle heated region. 

The concentration of gases inside this zone is shown in Figure 11. As disclosed in 

section 4.4, the bottom of each plot represents the entrance of cracked NH3. Since the 

literature does not provide plots for the gaseous phase, the analysis of this group of variables 

will be limited to comparing results with other variables within the model of this work. 

Figure 11(a) shows the total concentration of the gas phase, and changes can be 

observed near the top of the section close to the walls mainly due to the contribution of N2 

and H2, which are products of the cracking reaction. 

Figure 11(b) and Figure 11(c) represent, respectively, the reactant and one of the 

products (N2) of the cracking reaction, and it can be seen they contrast each other, i.e., areas 

that show a higher concentration of product show a lower concentration of reactant. Although 

Figure 11(d) also represents the concentration of the other product of the cracking reaction 

(H2), it does not have the same behavior of the N2, since the former is consumed in the 

reduction reactions, mostly in the top of the furnace, which explain the profile of this 

compound. 

Figure 11(e) shows an increasing concentration of H2O vapor due to the production of 

this compound in the reduction reactions. The areas in which the concentrations are higher 

match the one where these reactions are most prominent according to Figure 10, i.e., the top 

of the equipment. 

Figure 11(f) exhibits the concentration of HF. Its decrease near the top of the furnace 

can be explained due to its consumption in the secondary hydrofluorination reaction. 

As seen in Figure 11, the cracking of ammonia occurs mainly near the walls. This is 

in accordance to the conclusions of Dussoubs et al. (2003) (12), which states that this reaction 

is expressive in temperatures above 600 ºC. This leads to an increased production of N2 and 

H2 in this region; however, since H2 participates in the reduction reactions, the area in which 

the concentration of each gas is higher is slightly different. As for H2O and HF, their plots 

correctly represent the area in which the reactions occur (top of the zone). 
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Figure 11 – Gas density plots for the reduction zone, m x mol/m3. (a) Total gas concentration; 
(b) NH3; (c) N2; (d) H2; (e) H2O; and (f) HF. 

 

 

 

The temperature profile of this zone is presented in Figure 12. 
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Figure 12 – Temperature profile of the reduction zone, m x K. 

 

 

As seen in Figure 12, the temperature increases axially from bottom to top; however, 

the results are not in total agreement to the literature data (Dussoubs et al. (12)), indicating 

that the region in which the reactions occur most intensely is not at the very top of the furnace 

as reported, but at approximately 90% of its length. This is due to the fact that, in this work, 

the muffle surrounds the entire zone, which is not considered in the reported work. Another 

reason is the high temperature in which NH3 is fed to the furnace, which is taken into account 

in this work, but it does not seem to be considered in the reported work. Despite this, the 

results obtained in this work are in accordance to the plots in the literature, indicating that the 

areas with higher temperatures coincide with the areas whose kinetic activity is highest, which 
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is expected for reactions not limited by thermodynamic equilibrium, in the top of the furnace, 

as well as near the walls, where the muffle is located. 

 

5.2. BUFFER ZONE 

 

Since there is no NH3 (and, consequently, no H2) in this zone and the temperatures are 

relatively low for the hydrofluorination reaction to take place in a significant way, changes are 

not expected in variables beside temperature. This is in accordance to the literature (Dussoubs 

et al. (12)), and is confirmed by Figure 13 and Figure 14. 

 

Figure 13 – Solid density plots for the buffer zone, m x kg/m3. (a) Apparent (total) solids 
density of the bed; (b) UO3; (c) UO2; (d) U3O8; (e) UO2F2; and (f) UF4. 
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Figure 14 – Gas density plots for the buffer zone, m x mol/m3. (a) Total gas concentration; 
(b) NH3; (c) N2; (d) H2; (e) H2O; and (f) HF. 
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The temperature profile for this zone is shown in Figure 15. Since no reactions occur, 

it can be inferred that the temperature decrease is due to the exposition of the outer walls to 

the ambient temperature. This explains the fact that lower temperatures are prevalent in the 

area closer to the wall, and higher temperatures are closer to the center (symmetry axis). 

 

Figure 15 – Temperature profile of the buffer zone, m x K. 

 

 

5.3. VERTICAL HYDROFLUORINATION ZONE 

 

Solid density plots for the vertical hydrofluorination zone are presented in Figure 16. 

Since the densities for UO3, UO2F2 and U3O8 retain the same values than the previous zone 

(no reactants available for the reduction reactions), they will be omitted. 

Figure 16(a) shows the total solids density of the bed. The increase in total density 

can be expected, since UF4, which is the product of the reaction that occurs in this section,  

increases in composition along this section, has higher density than the solid reactant (UO2). 

Figure 16(b) and Figure 16(c) show the density of the reactant and product of the 

hydrofluorination reaction, respectively. These two figures are complementary to each other, 

i.e., regions rich in reactant are poor in product, and vice versa, which is expected, since this 
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section has only one reaction. It can also be observed that this reaction does not occur 

completely, since some quantity of reactant is still present at the bottom of the section. 

 

Figure 16 – Solid density plots for the vertical hydrofluorination zone, m x kg/m3. (a) 
Apparent (total) solids density of the bed; (b) UO2; and (c) UF4. 

 

The results found in this work mostly agree with the existing literature. The main 

exception is in top of the zone, which shows that the hydrofluorination reaction also takes 

place in the area before the heat exchanger in the cited reference. This deviation is due to the 

fact that a muffle is used for the zone in this work, and the feed parameters (UO3 and HF flow 

rate and temperature) are different. However, both works agree on the observation that the 

reaction seems to be more pronounced near the walls, where the UF4 fraction of the solids is 

greater. 

In order to complement the solid density plots for this zone, Figure 17 shows the gas 

concentration plots obtained by the model. 

Figure 17(a) exhibits the total concentration of the gas phase. Its variation along this 

vertical section is due to the consumption of HF in the hydrofluorination reaction. Although 

H2O vapor is also produced, the consumption of the other gas species is more prominent due 

to the reaction stoichiometry, and the net result is a decreased concentration in the top of this 

section of the furnace. 
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Figure 17 – Gas density plots for the vertical hydrofluorination zone, m x mol/m3. (a) Total 
gas concentration; (b) H2O; and (c) HF. 

 

 

Figure 17(b) and Figure 17(c) show the concentration of the gas species involved in 

the hydrofluorination reaction, and, similarly to Figure 16(b) and Figure 16(c), they also 

complement each other. 

Although there is no available data to perform a comparison with other works in the 

literature, the areas that show a higher HF consumption (or higher H2O production) are 

observed to be also the ones that show high UF4 density in the Figure 16(c), indicating the 

model in this work shows logical sense. 

The plot showing the temperature profile for this zone is presented in Figure 18.  

The results show that the temperature increases from top to bottom in the furnace, with 

the highest temperature gradients occurring near the walls (both exterior and for the heat 

exchanger), with the walls of the heat exchanger exhibiting an important cooling effect, which 

is an observation also applicable to the results found in this work. The remark that the hottest 

zones do not coincide with the areas with higher UF4 content (at about 400 ºC), due to the 

thermodynamic equilibrium is also pertinent here. These findings are in agreement with those 

reported by Dussoubs et al. (2003) (12). 
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Figure 18 – Temperature profile of the vertical hydrofluorination zone, m x K. 

 

 

5.4. PRESSURE 

 

The last variable analyzed for the vertical section of the furnace in this work is the 

pressure drop for the gaseous phase, and it is represented in Figure 19. 

Although the graph shows that a pressure drop does occur for the gas phase flow, its 

magnitude is almost insignificant (at most 1.2% in the end of the vertical hydrofluorination 

zone), so that we can infer that the pressure remains constant in the region studied by this 

work. This result is in accordance to Dussoubs et al. (10), which states that the pressure drop 

throughout the furnace bed is relatively low.  
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Figure 19 – Pressure plots for the vertical section of the furnace, m x Pa. (a) Reduction zone; 
(b) Buffer zone; and (c) Vertical Hydrofluorination zone. 

 

 

5.5. HORIZONTAL SECTION 

 

Lastly, the horizontal hydrofluorination zone is responsible for concluding the 

hydrofluorination reaction. Figure 20 summarizes the results for the solid and gaseous 

phases. Only information regarding the reacting/produced species is shown, while the rest is 

omitted since they remain the same as the end of the vertical hydrofluorination zone. 

Figure 20 shows that the incomplete reaction at the bottom of the vertical zone 

continues, and the increase in product (or decrease in reactant) is approximately linear up to 

the end of the zone. 

Also, as seen in the Figure 20, the reaction is concluded due to the lack of UO2 in the 

last CSTR, right before the solids exit (or gas entrance). This is in accordance to Dussoubs et 

al. (12) and Niksiar and Rahimi (13), which also show conversion close to unity in this 

position. In terms of product purity, the value found in this work is approximately 92%. 
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Figure 20 – Density and concentration plots for the horizontal hydrofluorination zone. (a) 
Solid phase, CSTR number x kg/m3; (b) Gaseous phase, CSTR number x mol/m3.  

 
Note: “S” denotes solids feed and “G” denotes HF feed. 

 

As for temperature for each phase, Figure 21 shows the results of the heat balances. 

 

Figure 21 – Temperature plots for the horizontal hydrofluorination zone, CSTR 
number x K. (a) Solid phase; (b) Gaseous phase. 

  

Note: “S” denotes solids feed and “G” denotes HF feed. 

 

As seen in Figure 21, the temperature decreases along the horizontal section, mainly 

due to the proximity of the gas feed, which exhibits a lower temperature, while neither the 
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heat of reaction nor the muffle produce enough heat to maintain the solids feed temperature in 

this part of the furnace. 

The behavior of this variable seems to mainly agree with the reference articles, in that 

both temperatures drop along the length of the zone, however, Dussoubs et al. (12) and 

Niksiar and Rahimi (13) show an initial temperature increase, as well as the difference 

between phase temperatures being smaller near the solids entrance. This can be explained due 

to the relatively low temperatures found for this work in this region, as this effect is mitigated 

with its increase. 

It should also be stated that the temperature of the muffle does not significantly alter 

the values for this variable, with the initial temperature of the solids phase being the main 

source of overall temperature increase in this section. This behavior was also observed in 

Dussoubs et al. (12). 
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6. CONCLUSIONS 

 

A model describing the conversion of UO3 into UF4, including mass, momentum and 

energy balances in a moving bed reactor, which is a major component in the nuclear fuel 

cycle, was successfully developed.  

The results show a good agreement with the reported literature and deviation was 

mainly by the different correlations, as well as different configurations, such as an extra 

muffle in the vertical hydrofluorination zone, used in this work, in order to find parameters 

which were not given or were not entirely clear in the reference models reported in the 

literature. 

This work contributes to the existing literature by including correlations presented in 

more recent works and combining expressions used in different existing models. Also, a 

method to calculate the composition of NH3 fed into the reactor using readily available 

operating conditions (pressure and temperature) was disclosed. Data regarding gas phase 

concentrations, which is scarce in literature, was also presented in this work. 
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7. SUGGESTIONS FOR FUTURE WORKS 

 

As further contribution to this field, the following suggestions can be made, in no 

particular order of relevance: 

- Include the kinetics for the calcination reaction, since no data has been found in the 

literature, besides the fact that it indeed occurs in the process; 

- Compare the model with data found during the operation of the equipment; 

- Include calculations for the transient state; and 

- Include calculations with different meshes (element sizes and tolerances); 
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