
 

ABSTRACT 

GODBOLE, CHAITEE MILIND. Enabling CTF for Thermal Expansion Analysis of Metallic 
Fuels in Advanced Nuclear Reactors. (Under the direction of Dr. Maria Avramova). 

CTF, which is an updated version of COBRA-TF (Coolant-Boiling in Rod Arrays- Two Fluids), 

is one of the most widely used thermal hydraulic codes in the expanding nuclear field. CTF has 

immense potential for various steady state and transient thermal hydraulic rod bundle analysis as 

well as safety analysis. The original scope of CTF lies in light water reactors, which for a very 

long time were the most predominantly used reactors all over the world. There is, however, a 

flourishing shift to the study and implementation of liquid metal cooled reactors, such as sodium 

cooled fast breeder reactors, due to their numerous advantages. This study investigates the 

possibility of expanding the scope of CTF towards the implementation of modelling capabilities 

for liquid metal fast breeder reactors.  

Metallic fuels pose as a strong alternative for fuel material in liquid metal fast breeder reactors due 

to their desirable advantages. One of the predominant properties of metallic fuels is the thermal 

expansion that is an attribute of their high thermal conductivities as compared to oxide fuels. The 

fuel material compositions that are evaluated in this thesis are pure metallic uranium as found in 

nature, alloyed metallic uranium with zirconium in the weighted alloy percentages of U-6 wt% Zr 

and U-10 wt% Zr and U-5 wt% Fs, with the last being the fuel composition used in Experimental 

Breeder Reactor-II (EBR-II). This thesis focuses on the thermal expansion analysis of these 

metallic fuels and their alloys.  

To perform the thermal expansion analysis, a new CTF module is written to mimic the effect of 

thermal expansion using the temperature outputs given by CTF. The goal is to replicate the effect 

of thermal expansion on the fuel material density along fuel rods without changing existing 

geometry nodalization (mesh sizes) in the CTF models. Various steady state and transient cases 

are simulated, including a step-wise power increase (a jump in average linear heat rate) and a 

power ramp (a ramp transient in the value of the average linear heat rate). Obtained results are 

successfully analyzed with a few test cases for code verification.  

This thesis concluded the further requirement of adding liquid sodium coolant properties into CTF 

or CTF-R (a novel residual-based version of CTF) to allow more realistic results of temperature 



 

   
 

profiles in sodium metal fast breeder reactors. The existence of realistic temperature profiles would 

furthermore give accurate and realistic results for metallic fuel material densities, which could then 

be used for validation and verification studies. The addition of thermal expansion calculation 

capabilities to CTF thereby opened up the possibility of coupling CTF for various multi-physics 

applications.  
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CHAPTER 1: INTRODUCTION 

With growing population all across the world, the need for power also increases. The current 

reliance on fossil fuels for power is not a sustainable or renewable option for power production. 

Coal fired power plants need millions of tonnes of fuel to generate a fixed amount of electricity, 

and the coal reserves on earth are not unlimited which urges for an existence of an alternative 

source of power generation. On the contrary just a very small amount of nuclear fuel can produce 

the same amount of power as compared to millions of tonnes of fossil fuel. Nuclear power ensures 

our air remains clean as well as helps fight climate change (one of world’s most pressing issue). 

This leads to a growing demand on nuclear fission for power generation to satisfy the demand for 

electricity generation and power generation in the world. There is thus a huge capability of using 

the worlds reserves for natural uranium and attaining Uranium-235 to fabricate nuclear fuel at 

reasonable prices [2].  

Immense research and development have taken place all over the world when it comes to 

generating power through nuclear energy. Various reactor and reactor designs have been 

implemented wherein the most widely used reactors are the light water reactors (LWRs). More 

advanced reactors have been developed like liquid metal fast breeder reactors (LMFBR) 

(explained in chapter 3), high temperature gas cooled reactors (HTGR), and others. This thesis 

focuses on LMFBRs due to their high potential in more efficient fuel usage as compared to LWRs 

as well as good flexibility in power production. In LMFBRs, there is existing research on the 

material of fuel rods used. Metallic fuels pose as a good candidate due to their high thermal 

conductivities and easy fabrication, which are all qualities that are beneficial when LMFBRs are 

considered (explained in detail in chapter 4). However, due to their high thermal conductivities, 

metallic fuels have a strong ability to change their geometry due to thermal expansion. This thesis 

focuses on understanding and accounting for thermal expansion of metallic fuels and few of their 

alloys due to a temperature gradient (thermal expansion and properties are explained in chapters 6 

and 7).  

To model and analyze various aspects of nuclear reactors like the coolant, fuel, control rods, and 

other components, numerous computer codes have been developed. One of the most widely used 

code is CTF (an improved version of COBRA-TF as explained in chapter 2) [1]. COBRA-TF 
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stands for Coolant-Boiling in Rod Arrays – Two Fluids. The Reactor Dynamics and Fuel Modeling 

Group (RDFMG) at North Carolina State University maintains CTF in collaboration with Oak 

Ridge National Laboratory (ORNL). CTF is a subchannel thermal-hydraulics code widely used 

for steady state and transient rod bundle analysis and safety evaluations LWRs. Since current 

version of CTF has only been developed to model and analyze on LWRs, this thesis investigates 

the possibility of adding LMFBR modeling capabilities into CTF. The approach of not altering the 

existing code was adopted in this work and only an additional source module (a Fortran subroutine) 

is developed that calculates thermal expansion of metallic fuels based on temperature profiles 

predicted by CTF (details in chapter 7). The new material densities are then calculated and stored. 

These new densities may be used in neutronic calculations to correct the material number densities 

and consequently to calculate new macroscopic cross section. The sole purpose of the thesis is to 

mimic the effect of thermal expansion for metallic fuels in liquid metal fast breeder reactors and 

adding this capability in the current CTF code. This idea of not changing the geometry within the 

code due to its tedious and computationally expensive nature was inspired by the work of Mark 

Reeds [16], which was based on the “virtual density” concept (explained in detail along with its 

applications in the literature review section in chapter 5).  

Various steady state and transient simulations are performed for different type of metallic fuel 

compositions, including pure metallic uranium as found in nature as well as alloyed form of 

metallic uranium with zirconium and fissium. Successful results were obtained as shown in chapter 

8 for various cases based on the new module added in CTF. New material densities were obtained 

for different compositions under different test cases that can further be used for neutronic 

calculations where the geometry does not need to be changed but the effect of geometry change 

can be achieved through this new calculated thermal density.  

Lastly, code verification cases were performed (as shown in chapter 9) for metallic uranium. The 

verification utilized correlations of material density of metallic uranium varying with temperature. 

The verification was done by comparing results from the subroutine based on thermal expansion 

coefficient calculations with the results obtained from the correlations of density using the 

temperature outputs given by CTF. The last verification case run was for a four rod input deck to 

ensure that the output for all four rods is equal to verify if the code functions correctly.   
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CHAPTER 2: THE ADVANCE THERMAL-HYDRAULIC SUBCHANNEL CODE CTF 

COBRA-TF stands for Coolant-Boiling in Rod Arrays – Two Fluids. COBRA-TF is a thermal 

hydraulic simulation code designed for LWR vessel analysis. CTF is an improved and updated 

version of COBRA-TF that is managed by the RDFMG group at North Carolina State University 

jointly with ORNL. It can be used for thermal hydraulic rod bundle analysis and for safety analysis 

of LWRs. CTF can also be used to model both normal operating conditions and transient scenarios 

such as loss of coolant accidents.  

It uses a two fluid, three field modelling approach for two-phase flow in which the three fields are 

continuous liquid film, entrained liquid droplets and vapor. Each field has a set of conservation 

equations with the assumption that the continuous liquid and the entrained droplet fields are in 

thermal equilibrium and thereby share an energy equation. To be used in a thermal hydraulic code 

environment, the conservation equations are discretized and then applied and solved over a mesh 

of finite volume. Once the governing conservation equations are set up for a computational cell 

mesh of the flow geometry, they must be solved simultaneously using a numerical approach. CTF 

uses a form of Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) to solve the 

conservation equations.   

There are two general types of conductor models included in CTF: one for rods and one for generic 

conductors. The rod models can be used for modeling solid or hollow heater rods and nuclear fuel 

rods (models are included for gap conductance, fuel rod deformation, and heat generation 

accounting for nuclear reactions as well as metal-water reaction in cladding). Rods can be active 

or passive (i.e. heated or unheated) and they may exceed the critical heat flux temperature and, 

thus, require the critical heat flux models. Generic conductors, however, are always considered 

passive and have no internal heat sources. 

CTF includes capabilities for modeling fuel rods, electric heater tubes, and walls using a finite-

difference form of the heat conduction equation which is formulated using the heat balance 

approach. This approach breaks the conductor into control volumes with nodes being located at 

the control volume centers or surfaces. The rod is divided into up to six azimuthal segments. The 

fuel pellet can be divided into a user-defined number of radial mesh cells. The clad is divided into 

two regions and the Crud layer is represented using only one region. For a nuclear fuel rod, the 
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radial meshing (number of mesh cells) of the fuel pellet, clad and crud can be controlled by the 

user via input. The azimuthal, radial and axial regions are shown in Figure 2.1 for the case of four 

azimuthal segments and three radial cells within the fuel pellet. For a nuclear fuel rod, energy 

generation can include the heat generation due to fission in the pellet as well as heat generation in 

the clad due to zirconium-water reaction. The CTF rod solution algorithm works by looping over 

each rod, then each axial level of the rod, then each azimuthal segment at that level. For a single 

segment, CTF then loops over each radial node and sets up the terms that will form the equation 

for that node. At the end of each radial node loop, the system of equations will be solved by 

Gaussian elimination. 

 

Figure 2.1: Axial, radial and azimuthal nodes in CTF. 

Note that the mass of the control volume is always evaluated at the cold-state properties. This is 

due to the fact that the nodal locations are fixed once they are defined in CTF while, in reality, 

they may move due to thermal expansion. If mass of the control volume were allowed to change 

with temperature without allowing the control volume dimensions to also change, a mass 

imbalance would occur. 
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2.1. Fuel Pellet Expansion  

CTF accounts for thermal expansion of the fuel pellet and thermal and mechanical expansion of 

the fuel rod cladding in order to dynamically model the fuel rod gap thickness [1]. Fuel pellet 

changes due to burnup dependent quantities, such as swelling and densification, are currently being 

added to CTF capabilities, but have not been utilized in this work. For an open gap (i.e. no 

pellet/clad contact), mechanical stress may be imposed on the cladding due to an imbalance 

between rod fill gas pressure and system operating pressure. For a closed gap, where the pellet and 

clad are in contact, expansion of the fuel pellet may impose a mechanical stress on the cladding. 

Other stresses and strains due to bending forces and creep deformation are ignored. Therefore, 

CTF does not change fuel mesh dimensions upon expansion, it only changes the gap thickness and 

any further stressed calculations that are required without actually attributing to the change in fuel 

rod dimensions due to thermal expansion, swelling and so on.  

2.2. Flow Chart Used for Heated /Unheated Conductor Models 

Figure 2.2.1 shows the flow of main source course subroutines which give a general solution for 

conductor temperature profiles.  

 

Figure 2.2.1: Flowchart for CTF thermal hydraulic calculations. 
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Subroutine HEAT is called at the end of PREP3D, which means that the heated/ unheated 

conductor temperature profiles are solved prior to the new time flow field. Subroutine QFRONT 

locates the quench front (if one exists) and performs re-noding of the rod to make for a more 

accurate quench front solution. 

The code loops over all channels and all axial levels and calls BOILING and HCOOL. The 

BOILING subroutine calculates the critical heat flux point and HCOOL calculates the heat transfer 

coefficient for the conductor. Subroutine RADIANT calculates radiation heat transfer, if selected 

by the user and TEMP calculates the temperature profile throughout the conductor. 

The other subroutines called in TEMP are as follows. The first step taken by CTF, done prior to 

any subroutine calls, is to determine the fuel pellet and cladding conductivity and specific heat. 

The fuel pellet conductivity is modified to account for cracking, if the fuel degradation model is 

chosen by the user and if cracking has occurred. After this, the GAPHTC array is called to obtain 

the gap heat transfer coefficient, accounting for radiative and conduction heat transfer. This 

subroutine calls the DEFORM subroutine to determine the new gap thickness and pellet and clad 

stresses. The GTHCON subroutine is called to calculate the actual gas conductivity. The GAPHTC 

subroutine can then calculate the heat transfer coefficient for the gap region. Later on in the TEMP 

routine, the QOXIDE subroutine is called to account for the heat addition to cladding due to 

zirconium/ water reaction. The GAUSS subroutine solves the set of conduction equations for the 

radial control volumes at a given axial location using Gaussian elimination and backwards 

substitution. 

It can therefore be seen that the current version of CTF has capabilities of modeling oxide fuels 

only; and therefore, this thesis aims to enable CTF for liquid metal fast breeder reactors modeling 

by accounting for thermal expansion of metallic fuels in CTF without changing the existing 

geometry within the code.  
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CHAPTER 3: LIQUID METAL FAST BREEDER REACTORS – A BRIEF OVERVIEW 

If usage of nuclear fuel to generate power would depend solely on LWRs that have a low 

conversion rate, the utilization of natural uranium found in the earth reserve would not exceed 2% 

[2]. This is due to the very small percentage of usable isotope in natural uranium. An ideal nuclear 

fuel cycle would utilize all of uranium and thorium resources for fission of actinides, this is not 

possible as criticality needs to be maintained along with solid fuel cannot withstand burnup more 

than 40% [16]. Thus, there needs to exist a way to expand the possibility of utilizing uranium or 

find sizeable reserves of natural uranium. Fast breeder reactors thus provide an opportunity for this 

problem. They are capable of a more effective use of existing natural uranium including depleted 

uranium from enrichment plants as well as plutonium that is produced in thermal reactor fuels [2]. 

Fast breeder reactors produce more plutonium and can utilize up to 70% of the uranium [2]. This 

leads to a reduction in the consumption of natural uranium as well as improving flexibility in 

structuring electrical power generating systems. Thus, breed-and-burn sodium fast reactors can be 

used to achieve high fuel utilization and long-term sustainability.  

3.1. Fast Breeder Reactor Principles and Properties  

Nuclear reactors can be subdivided into fast reactors and thermal reactors. In thermal reactors, in 

order to cause a fission reaction, the incident neutron must be thermalized - slowed down or 

moderated. Fast reactors do not contain moderators that slow down neutrons as fast breeder 

reactors utilize fast neutrons for the breeding of more fuel. The basic principle of any nuclear 

power plant based on fission is the following, when a neutron is captured by the atom of a material 

that is fissile in nature, the atoms splits which leads to fission. The energy released due to the 

splitting of the atoms is then transferred to another medium which absorbs heat in turn to either 

pass through steam generators or run turbines and therefore generate electricity.  

The main isotopes that undergo fission are uranium-233, uranium-235, plutonium-239 and 

plutonium -241. A fuel material that becomes fissile after absorbing neutrons are termed as fertile 

materials as well as primary fuel (such as uranium-238 and plutonium-240). In fast breeder reactors 

uranium-238 is the most evident and used fertile material which converts to plutonium-239 after 

absorbing neutrons. Natural uranium contains about only 0.7% uranium-235 and 99.3% uranium-
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238 whereas depleted uranium from existing nuclear power stations contains nearly 100% 

uranium-238 [3]. The property of fast breeders producing energy through production of more 

fissile material than they consume gives the term “breeder”. The plutonium then undergoes fission 

just like uranium-235 to produce heat. This makes fast breeders highly effective in utilization of 

uranium for heat generation. Conversion of fertile material into fissile material is done only 

through the utilization of neutrons with high energy also termed as fast neutrons. Fast breeder 

reactors thereby have no moderator as they rely on fast neutrons as they are more efficient in 

breeding due to more neutrons being released per fission. Since fission of plutonium-239 produces 

25% more neutrons than fission of uranium-235, there exists enough neutrons even after losses to 

maintain the chain reaction but also continually convert uranium-238 to plutonium-239 [3]. 

Conversion ratio is defined as the ratio of new fissile nuclei to fissioned nuclei. Therefore, the 

utilization of fast breeder reactors helps increase the conversion ratio to a value that may exceed 

1.0 as compared to light water reactors with conversion ratio of around 0.6. The core of a fast 

reactor is comparatively much smaller than a thermal reactor resulting in a higher power density 

with a requirement of a very efficient heat transfer [3].  

In fast breeder reactors the fertile material is in the core as well as the blanket around the core. 

Fission takes place chiefly in the reactor core while the conversion of fertile uranium-238 to fissile 

plutonium-239 takes place in the core as well as the blanket, though most of the plutonium-239 is 

produced in the blanket which can contain depleted uranium-238 [3]. Neutron activity is low in 

the blanket and most of the plutonium-239 remains as is without converting to plutonium-240. The 

fuel assemblies in the blanket consist of uniform composition material whereas the core consists 

of rods whose central sections are fissile material and the end sections are fertile material 

composition. Spent fuel assemblies and blanket assemblies can be removed for reprocessing and 

the plutonium recovered can be used for manufacturing fuel elements for fast breeder reactors or 

other nuclear power plant uses [2].  

3.2. Liquid  Metal Fast Breeder Reactor Properties 

In LMFBRs, plutonium or more highly enriched uranium is used as fuel with fuel diameter smaller 

than usual reactor fuel diameters. The cladding used for the fuel is stainless steel instead of zircaloy 

for the following reasons. Zircaloy has a lower neutron absorption cross section as compared to 



 

9    
 

stainless steel which makes it useful as cladding for use in pressurized water reactors [4]. This 

makes stainless steel a better option for fast breeder reactors that use enriched fuel. Fuel clad 

chemical interactions are much more in fast breeder reactors as compared to thermal reactors 

because of higher average temperature of fuel and cladding. Stainless steel also has low defect and 

failure records as well as has a lower fabrication cost.  

Different reactors utilize different moderators that have atoms of low mass number, which are able 

to thermalize fast moving neutrons. Some of the examples of these moderators are ordinary water 

in light water reactors, heavy water in heavy water reactors and graphite in graphite-moderated 

reactors. Since fast breeder reactors work on primarily fast neutrons, coolants as ordinary water or 

heavy water cannot be used. Therefore, in fast breeder reactors the requirement is such that the 

coolant exists to efficiently remove high density heat, behave as a coolant as well as not reduce 

neutron energy of the fast neutrons by a large amount. Based on all these properties, the most 

acceptable coolants are liquid metal or pressurized helium gas. Pressurized helium has an 

advantage over liquid metal as pressurized helium does not slow down neutrons as compared to 

liquid metals but liquid metals are better with heat transfer as compared to pressurized helium [2]. 

Since energy production in fast breeder reactors is more due to high energy density as compared 

to other reactors, the coolant is required to have very good heat transfer properties. Liquid metals 

like sodium have good heat transfer properties and since they remain in liquid form throughout it 

is termed as liquid metal fast breeder reactors. Table 3.2.1 gives an insight on a few advantages 

and disadvantages of liquid sodium. 

There are two basic designs for sodium cooled fast breeder reactors which are the pool (integrated) 

layout (as shown in Figure 3.2.1) and the loop type. In both the sodium in the primary circuit is 

not used to produce steam as sodium is highly reactive to air and water and helps prevent 

radioactive sodium from interfering with air in case the steam generator fails. There thus exists 

intermediate heat exchangers as an interface between the primary and secondary sodium circuits. 

The secondary circuits use is to isolate the primary circuit from any contact with water. [2] 
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Table 3.2.1: Advantages and disadvantages of liquid sodium. 

ADVANTAGES DISADVANTAGES 

Absorb considerable energy under emergency 

conditions [2]  

Void coefficient of reactivity [5]  

Low system pressure (very close to 

atmospheric pressure) [5]  

Radioactivity [5]  

High breeding ratio [5]  Chemical reactions with air and water [5] 

Low pumping power requirement [5] Refueling nonvisible [5] and optical opacity [5] 

Lowest fuel cladding temperature [5]  Difficult maintenance [5] 

High heat transport and transfer properties [5]  Activation under irradiation [2] 

A tendency to react with or dissolve many 

fission products that may be released into the 

coolant through fuel element failure [2] 

Slight neutron deceleration and absorption [2]  

 

Figure 3.2.1: Pool Type Liquid Metal Fast Breeder Reactor [21].  
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CHAPTER 4: METALLIC FUEL 

 Metal fuels initially found their use in the U.S in nuclear reactors like the Experimental Breeder 

Reactor (EBR-1), EBR-II and Fermi-1 [6]. When selecting the material for metal fuels the 

following points are to be taken into consideration: 

1. Fuel and cladding should be able to withstand material damage due to high-energy neutron 

flux [6]. 

2. Design basis events should remain as is without release of any fission products [6]. 

3. Fuel cladding combination should be able to minimize both the release of fission products [6]. 

4. Fuel and cladding should be stable during irradiation [5]. 

5. Fuel and cladding should with stand high temperature and high burnup [5]. 

6. Fuel and cladding should require less structural material [5]. 

7. There should exist a small fission gas plenum [5]. 

The fuel pin has various mechanical influences, which cause swelling, temperature embrittlement, 

creep, etc. [5]. They include effects like increasing pressure of the gas as well as radial pressure 

due to fuel swelling. Axial tensions, coolant pressure and dynamic effects of coolant also exhibit 

an effect on the fuel pins. Thermal stresses by temperature gradient and irradiation effects due to 

irradiation of neutrons and gammas are also important effects as they cause displacement of atoms 

as well as transmutations and formations of pores.  

Metal fuels are traditionally contained within cladding that provides structural support and acts as 

a fission product barrier between the fuel and cladding [6].  Metal fuels usually consist of metal 

fuels alloyed with some other metal like zirconium, molybdenum, fissium, zirconium hydride etc. 

[7]. The basis for alloying uranium is for performance of the fuel under irradiation. Table 4.1 

shows the basic parameters of metal fuels that have been used in various reactors.  

Metallic fuels exhibit a numerous amount of advantages as shown below: 

1. Simple and advanced fabrication. [5] 

2. High fissile atom density. [5] 

3. High thermal conductivity which helps reduce peak temperatures and local hot spots. [6] 
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4. Possibility of achieving a higher breeding ratio. [5] 

5. Reduces amount of heat dissipated into coolant reducing possibility of accident. [5] 

6. Helps retain radioactive material inside the fuel rod in case of cladding breach. [5] 

7. Low heat capacity which limits heat stored inside the fuel and thus can be readily cooled. 

[6] 

8. Enables a faster spectrum resulting in small reactivity loss [6] 

With all these advantages, the major disadvantages of metallic fuels include their ability to easily 

swell and their low melting points as compared to other fuels. 

Table 4.1: Basic properties of various fuels in different reactors (data taken from [6]) 
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Fuel Alloy (wt%) U-5Fs U-5Fs U-

10Zr 

U-10Zr U-10Zr U-10Zr U-10Zr 

Enrichment weight (%235U) 52 67 78 78 66.9 66.9 69.6 

Fuel-slug mass (g) 64 52 47 47 83 83 78 

Fuel smear density (%) 85 75 75 75 75 75 75 

Cladding wall thickness (cm) 0.023 0.03 0.03 0.03 0.038 0.038 0.046 

Cladding outer diameter (cm) 0.442 0.442 0.442 0.442 0.584 0.584 0.584 

Length (cm) 46.0 61.2 63.0 53.6 74.9 74.9 74.9 

Cladding SS304L SS316 SS31

6 

SS316 CWiD9 CW 

SSS316 

HT9 

Spacer wire diameter (cm) 0.124 0.124 0.124 0.124 0.107 0.107 0.107 

Burnup limit (at%) 2.6 8 8.9 6.4 10 10 N/Aii 

Plenum/fuel vol. ratio 0.18 0.83 1.01 0.68 1.45 1.45 1.45 

i – cold worked (CW) 

ii – Mark -IV fuel test were not carried out to the point of an approved burnup limit 
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4.1. Metal Fuel Design 

The metal fuel usually consists of a metal fuel ingot or slug, cladding, a thermal bond material for 

fuel-cladding interface, a gas plenum and end plugs [6]. Figure 4.1.1 is just one possible design, 

due to the ease of fabrication for metal fuels various design modifications can be implemented 

based on economic, nuclear and thermal requirements of the nuclear reactor. The gap exists to 

account for fuel swelling due to various reasons like thermal expansion, swelling under irradiation, 

mechanical effects etc. The end plugs help seal the fuel pin to prevent any gas or sodium leakage 

outside. Gas plenum is to prevent pressure building up on the cladding when fission gases are 

released. Sodium is used to fill the gap to provide a thermal bond until the fuel swells into contact 

with the cladding [6].  

 

Figure 4.1.1: Example of a commonly used metal fuel pin design [6]. 

4.2. Metal Fuel Compositions 

This thesis focused on studying the following metallic fuel compositions. Pure metallic 

uranium, uranium alloyed with zirconium in the following alloyed weight compositions U-10 wt.% 

Zr and U-6 wt.% Zr and finally uranium alloyed with fissium as used in EBR-II studies which has 

the following alloyed weight composition of U- 5wt.% Fs.  
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Uranium is a chemical element with symbol U and atomic number 92. It is a silvery-grey metal in 

the actinide series of the periodic table [8].  In nature, uranium is found as uranium-238 (99.2739–

99.2752%), uranium-235 (0.7198–0.7202%), and a very small amount of uranium-234 (0.0050–

0.0059%). Uranium decays slowly by emitting an alpha particle. The half-life of uranium-238 is 

about 4.47 billion years and that of uranium-235 is 704 million years. It is more widespread than 

gold, platinum, solver, cadmium, bismuth and mercury [9]. Uranium is found to have three 

allotropic modifications, and considerable changes in volume are observed at phase transitions. 

Metallic uranium is unstable as it reacts with water and air.  

Uranium is alloyed with zirconium for various benefits in the nuclear reactor applications. 

Alloying uranium with zirconium gives an advantage of low thermal neutron capture cross section 

[10]. Zirconium alloy also improves the behavior of fuel pin in high temperature and has good 

resistance to corrosion along with good mechanical properties mainly creep resistance.  

Fissium is an artificial mixture of the natural elements represented among the fission products to 

make the chemical composition of the materials resulting from fission. Fissium (Fs) is an 

equilibrium concentration of fission product elements left by the pyrometallurgical reprocessing 

cycle designed for EBR-II [6]. It is an alloy containing 2.4 wt% molybdenum (Mo), 1.9 wt% 

ruthenium (Ru), 0.3 wt% rhodium (Rh), 0.2 wt% palladium (Pd), 0.1 wt% zirconium (Zr) and 0.1 

wt% niobium (Nb).  

4.3. Metallic  Fuel Thermo-Physical Properties 

The basic thermos-physical properties for a material of interest in this work are thermal 

conductivity, specific heat and thermal expansion. There are specific correlations for the above 

properties based on various atomic structure of the material in particular temperature ranges until 

the melting point of that material. Below we will look through the basic correlations used for 

metallic uranium, U-10wt.% Zr, U-6wt.%Zr and U-5wt.%Fs.  

1. Thermo-physical property correlations for Metallic Uranium [11] 

a. Thermal conductivity correlations:   

This was formulated at HEMATIC Institute in Obninsk  
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For 300K < T < 1405K (where 1405K is the melting point temperature of metallic 

uranium) , the themal conductivity correlation is given by 

𝑘(𝑇) = 22.356 − 0.0161 ∗ 𝑇 + 0.000123 ∗ 𝑇0 − 1.346 ∗ 1023 ∗ 𝑇4 + 3.756

∗ 10266 ∗ 𝑇7 

Where thermal conductivity units are W/m.K and temperature is in Kelvin 

b. Specific Heat Correlations  

The following correlations are MATPRO recommendations for specific heat 

For 300K < T < 938K 

𝐶9 = 104.82 + 5.3686 ∗ 1024 ∗ 𝑇 + 10.1823 ∗ 102; ∗ 𝑇0 

For 938K < T < 1049K 

𝐶9 = 176.41311 

For 1049K < T < 1405K 

𝐶9 = 156.80756 

Here temperature is in Kelvin and specific heat is in J/kg.K 

c. Linear thermal expansion coefficient correlation 

This correlation was proposed by HEMATIC for the temperature range of 300K to 

1405K  

𝛼= ∗ 10> = 6.82 + 0.04714 ∗ 𝑇 − 8,187 ∗ 102; ∗ 𝑇0 + 6.737 ∗ 102@ ∗ 𝑇4 − 1.929

∗ 10266 ∗ 𝑇7 

Where the linear thermal expansion coefficient has a unit of 1/K and temperature is in 

Kelvin.  

d. Cold Density of metallic uranium [9] 

Cold density at room temperature of metallic uranium is 19050 kg/m3 
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2. Thermo-physical property correlations for U-10wt.%Zr (uranium alloyed with 

zirconium) 

a. Thermal conductivity correlations [12] 

For 293K < T < 1173K 

𝑘(𝑇) = −1.763 + 4.871 ∗ 1020 ∗ 𝑇 − 1.330 ∗ 102; ∗ 𝑇0 

Where thermal conductivity units are W/m.K and temperature is in Kelvin 

b. Specific heat data [13]  

Table 4.3.1 shows specific heat data for various temperatures in units of J/K*mol. To 

convert to J/kg.K any online calculator could be used to find the mass of an alloy based 

on weight percentages. The calculated atomic molar mass calculated or U-10wt.%Zr 

was 208.6amu.  

Table 4.3.1: Specific heat data at various temperatures 

TEMPERATURE (K) SPECIFIC HEAT 
(J/K.mol) 

TEMPERATURE 
(K) 

SPECIFIC 
HEAT (J/K.mol) 

289.35 26.55 958.72 103.43 
588.03 33.42 966.42 51.03 
733.58 40.15 980.33 43.61 
860.76 45.94 990.11 43.52 
906.89 51.37 1007.14 43.78 
936.07 59.13 1215.03 36.96 
952.26 74.85 1289.12 39.97 

 

NOTE: The non-existence of a correlation for specific heat with temperature does not 

pose any issue. This is because the software used in this thesis (CTF) allows an input 

with tabular data for specific heat and thermal conductivity as an alternative to 

correlations coded in the source. 

c. Thermal expansion coefficient correlation [12]  

For 373K<T<923K 

𝛼= ∗ 100 = −0.938 + 4.1 ∗ 1024 ∗ 𝑇 − 5.010 ∗ 102> ∗ 𝑇0 + 3.450 ∗ 102B ∗ 𝑇4 

For 998K<T<1273K 
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𝛼= ∗ 100 = 6.295 − 1.591 ∗ 1020 ∗ 𝑇 + 1.630 ∗ 102; ∗ 𝑇0 − 4.887 ∗ 102B ∗ 𝑇4 

Where temperature T is in Kelvin. 

d. Cold Density 

Cold density of U-10wt.&Zr is found out to be 16g/cm3 [11]. 

3. Thermo-physical property correlations for U-6wt.%Zr (uranium alloyed with 

zirconium) 

a. Thermal conductivity correlations [14] 

For 293K < T < 1173K 

𝑘(𝑇) = 13.795 + 2.672 ∗ 1020 ∗ 𝑇 − 2.492 ∗ 102> ∗ 𝑇0 

Where thermal conductivity units are W/m.K and temperature is in Kelvin 

b. Specific heat correlations [14]  

For 304K < T < 495K 

𝐶9 = 119.66 + 0.095 ∗ 𝑇 − 1.23 ∗ 10> ∗ 𝑇20 

For 495K < T < 1173K 

𝐶9 = −8.61 + 0.258 ∗ 𝑇 + 10.71 ∗ 𝑇20 

Where temperature is in Kelvin and specific heat units are in J/kg.K 

c. Thermal expansion coefficient correlation [14]  

For 373K<T<923K 

𝛼= ∗ 100 = −0.73 + 3.489 ∗ 1024 ∗ 𝑇 − 5.154 ∗ 102> ∗ 𝑇0 + 4.39 ∗ 102B ∗ 𝑇4 

For 998K<T<1173K 

𝛼= ∗ 100 = −25.252 + 6.669 ∗ 1020 ∗ 𝑇 − 5.441 ∗ 102; ∗ 𝑇0 + 1.518 ∗ 102@

∗ 𝑇4 

Where temperature T is in Kelvin. 

d. Cold Density 
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If a given alloy is of the form of A – x% B , where x is weight percentage 

The new density/cold density of the compound can be calculated using the following 

formula 

100
𝑁𝑒𝑤	𝐶𝑜𝑙𝑑	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

100 − 𝑥
𝐶𝑜𝑙𝑑	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝐴 +

𝑥
𝐶𝑜𝑙𝑑	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝐵 

On substituting the values of U-6wt% Zr we get the cold density of U-6wt.%Zr as 

17118.27129 kg/m3.  

4. Thermo-physical property correlations for U-5wt.%Fs (uranium alloyed with 

fissuim/fission products) 

a. Thermal conductivity correlations [15] 

Here solidus temperature of the U-5wt%Fs is defined by Ts which is found to be 1283K 

For T < Ts  

𝑘(𝑇) = 14.1 + 2.98 ∗ 1020𝑇 + 3.01 ∗ 102> ∗ 𝑇0 

For T > Ts  

𝑘(𝑇) = 56.0 

Where thermal conductivity units are W/m.C and temperature is in Celcius 

b. Specific heat correlations [15]  

For 273K < T < 833K 

𝐶9 = 0.13964 − 1.9785 ∗ 102; ∗ 𝑇 + 3.1566 ∗ 1023 ∗ 𝑇0 

For 833K < T < 913K 

𝐶9 = 0.46264 − 2.615 ∗ 1027 ∗ 𝑇 

For 913K < T < 1283K 

𝐶9 = 2.40126 − 3.5126 ∗ 1024 ∗ 𝑇 + 1.4012 ∗ 102> ∗ 𝑇0 

Where temperature is in Kelvin and specific heat units are in kJ/kg.K 

c. Thermal expansion coefficient correlation [15]  
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For 273K<T<823K 

𝛼= =
1.62 ∗ 102; ∗ (𝑇 − 273)

𝑇 − 298  

For 823K<T<913K 

𝛼= =
0.0089 + 5.7 ∗ 102; ∗ (𝑇 − 823)

𝑇 − 298  

For T>913K 

𝛼= =
0.014 + 2.1 ∗ 102; ∗ (𝑇 − 913)

𝑇 − 298  

Where temperature is in Kelvin. 

d. Cold Density of U-5wt.&Fs [15] 

At 300K the reference density or cold density of the fuel alloy is found to be 

18200kg/m3. 
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CHAPTER 5: THE “VIRTUAL DENSITY” THEORY 

Geometry distortions mainly arise from irradiation swelling of fuel throughout the core lifetime, 

thermal swelling of the fuel during steady and transient cases and mechanical oscillations during 

seismic events [16]. All of these geometrical distortions affect the core reactivities. Performing 

comprehensive reactivity analysis of these distortions requires methods for rapidly computing a 

multitude of small shifts. Boundary perturbation theory that was developed to study these 

reactivity effects have never been applied to full core 3D reactor models along with an existence 

of interference between multiple boundaries perturbations.  

“Virtual Density” theory introduced by Reed [16] is a new perturbation method that converts 

geometric perturbations into equivalent material density perturbations, which are far more accurate 

and simpler to evaluate.  

Considering an idealized uniform core swelling in which every material of the reactor swells by 

the same factor. Let the reactor volume be V with any given material atom density of N. If mass is 

conserved, N will vary inversely proportional to V. The neutron mean free path in the core varies 

proportionally to V. The net reactivity will be negative as the mean free path increases during core 

swelling. The negative reactivity effect due to reduced material densities overcomes the positive 

reactivity effect due to increased core size, and so the net effect is increased leakage. To keep 

reactivity constant during a uniform swelling, the neutron mean free path needs to be scaled to be 

proportional to 𝑉
U
V		[16].	 

Thus, if we simultaneously reduce core densities proportional to 𝑉
U
V along with uniform swelling 

of the core volume V, the neutron leakage remains constant.  

Three Axioms to summarize the generic principle of “virtual density” theory for isotropic 

expansions and swelling are as follows [16]. 

Axiom 1: Swelling of all linear dimensions of any reactor by a certain factor while 

simultaneously reducing all material densities by that same factor will result in 

exactly zero change to reactivity and relative flux distributions.  
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Axiom 2: The reactivity and flux distribution effects of a uniform core swelling can be exactly 

replicated by manipulating material densities with no change to core geometry.  

Axiom 3: If any arbitrary dimensional change can be counteracted by a material change, then 

that same dimension change can be replicated by a different material density 

change.  

Swelling is defined as a dimension change with a corresponding material density change that 

conserves mass whereas expansion is defined wherein the mass is not conserved with a change in 

dimension without a change in material density. A swelling or expansion is defined to be isotropic 

if it retains its shape when it enlarges. An anisotropic expansion or swelling is defined to be change 

in dimension only in a few directions or in all directions but not equivalent to one another which 

means an anisotropic swelling of a sphere may turn it into an ellipsoid. An isotropic or anisotropic 

expansion is uniform if it occurs throughout a whole core by the same factor. If it is only in one 

subregion of a core it is termed as non-uniform.  

5.1. Advantages of “Virtual Density” Theory 

The advantages of the “virtual density” theory [17] are listed below.   

1. It is a more efficient method than direct computation. 

2. It does not require an altering of the computational mesh. 

3. Spatial dimensions always need to be discretized, but material densities can have a 

continuous domain. 

4. This method helps to save time and effort. 

5. Material density perturbations are more straightforward than geometry perturbations. 

6. This theory eliminates the need for surface integrals. 

The concept of “virtual density” by Reed was the inspiration behind this work wherein the 

geometry within the code was never changed but the effect of temperature change causing thermal 
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expansion of the metallic fuels was mimicked so as to calculate the new material density. This 

development enhances CTF’s capabilities to model liquid metal cooled reactors by adding an 

additional subroutine to the code.  

5.2. Examples of Applications of the “Virtual Density” Theory  

A few applications of the “virtual density” theory are briefly described in this section.   

1. Numerical equivalence in diffusion, deterministic transport as well as Monte Carlo 

[17] 

For uniform radial core swelling in a 2D sodium fast reactor, the swelling can be defined as a 

uniform increase in pin pitch. Thus, the core swells uniformly in the radial direction but not 

the axial direction. If the core swells from R1 to R2, the homogenized fuel and structure 

densities in each assembly will increase by a factor of (R2/R1)2. As the pin pitch increases, 

sodium flows into the core. Thus, the homogenized sodium density will increase by a factor of 

(R1/R2)2[(R2/R1)2 – F]/(1-F), where F is the initial volume fraction of fuel and structure (with 

swelling F decreases). Reactivity is then compared using the “actual” core swelling using 

various diffusion simulations as that compared to “virtual” core swelling. For diffusion theory, 

virtual density was validated using a virtual mesh method. In this method a slightly perturbed 

fake mesh is created that produces correct first order reactivity and flux shifts due to anisotropic 

swelling or expansion of individual mesh cells. This was validated using MATLAB-PETSc-

SLEPc (MaPs) multi group finite difference diffusion code. Non-uniform anisotropic swelling 

scenarios were also developed for scenarios like axial swelling of assemblies, axial swelling 

of each mesh with fission power and radial core flowering with arbitrary axial dependence. It 

was found that virtual density perturbation theory predicts reactivity coefficients that agree 

with virtual mesh reference cases to within 0.01%. Thus, virtual density perturbation method 

can precisely predict reactivity coefficients due to isotropic or anisotropic uniform or non-

uniform swelling or expansion. 
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2. Quantify reactivity of a reactor core due to geometry changes [18] 

   Due to the existence of some perturbance, the new material density can be calculated to see 

the affected change in cross section value and ultimately to calculate perturbed keff. Two Monte 

Carlo perturbation methods are used which tend to require much less effort. The two methods 

are correlated-sampling (CS) method and the differential-operator sampling (DOS). 

For both the DOS and the CS methods, anisotropic and isotropic expansion as well as swelling 

are considered. In expansion the material density is increased by a factor f whereas in swelling 

the material density is decreased by fn-1, where n denotes dimension. It is assumed that the 

macroscopic cross section changes proportionally to material density but effect of material 

density on microscopic cross section is neglected. Microscopic cross section changes are 

negligible as during a uniform core swelling scenario, the spectrum softens very slightly. Δkeff 

was calculated and compared using the Monte Carlo virtual density theory as compared to axial 

expansion and swelling results for a 3x3 assembly. It was seen that the virtual density theory 

gave results which were almost equal to the actual results. Similar calculations were done 

considering anisotropic expansion and swelling both uniformly and non-uniformly. This is 

mainly done by shrinking the mean free path of neutrons in any one direction of interest.  

3. For fast reactor analysis based on neutron transport calculation [19] 

SARAX (System for Advanced Reactor Analysis at Xi’an Jiao Tong University) is a fast 

reactor analysis code based on the three-dimensional full core neutron transport calculation. 

SARAX-FR is a part of SARAX invoked for core analysis calculation which reads the 

homogenized few-group cross sections from the output of Monte Carlo code OpenMC 

(Romano et al., 2015; Romano and Forget, 2013) or its own cross section generation code 

SARAX-FXS Each hexagonal assembly is divided using 6 triangular meshes.  

Owing to thermal gradients, differential thermal expansion occurs causing differential 

displacement. Generally, axial and radial expansion can be evaluated by calculating eigen 

value but changing geometry and implementing that can get highly complicated. Virtual 

density is based on the first order perturbation and alters the material density accordingly. The 

reactivity change can thereby be obtained by  
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Δρ = ϵL, 

where L is leakage term and  

ϵ = 6
]^
− 1, 

where f is material density ratio. 

If distortion is anisotropic then the reactivity change is obtained as a summation in each 

direction.  

For uniform axial expansion  

Δρ(axial) = c6
]
− 1d Lr. 

For uniform radial expansion  

Δρ(radial) = c6
]^
− 1d Lz +	c6

]
− 1d Lr. 

In the last two equations Lz and Lr are leakage terms in axial and radial directions respectively. 

Considering the density change in each mesh where the assembly displacement takes place the 

following equation can be implemented where subscript f, c and s denote fuel, coolant and 

cladding respectively:- 

Δρ = Σ(ϵ]P] + ϵjPj + ϵkPk). 

Numerical tests were conducted using the BN-600 sodium fast reactor (IAEA,2013) and it was 

seen that virtual density method has good accuracy in modeling geometry distortions.  
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CHAPTER 6: GEOMETRY DISTORTIONS IN METALLIC FUELS 

Geometry distortion in metallic fuels can result in a negative worth and negative reactivity 

feedback. When fast reactors overheat due to a reactivity or temperature transient, the hexagonal 

assemblies tend to bow or flower radially outward from the core center causing an increase in 

leakage [16]. This induces a negative reactivity feedback. Radial and axial swelling coefficients 

are usually uniform but geometry distortions are not. Geometry distortions are non-uniform and 

often localized. It is therefore important to see the effect of the geometrical distortions to 

understand and estimate how the negative reactivity and negative cents are affected.  

Most neutronics calculations map a reactor geometry to a fixed computational mesh, capturing the 

neutronic effects of sinuous assembly shapes and flexuous flowering [16]. This process can be 

extremely intricate and computationally time consuming and expensive. Assembly distortions 

have significant reactivity effects in any reactor but are far more pronounced in metal-fueled fast 

reactors. This is due to the fact that metallic fuels have a higher tendency of swelling and 

undergoing geometric distortions as compared to ceramic fuels. Due to the existence of a very low 

delayed neutron fraction in plutonium-fuel fast reactors, every small change in geometry is crucial 

to evaluate for the worth in reactivity. Distortions in geometry tend to complicate reactor modeling 

and therefore can cause mechanical failure that will end up limiting the operational lifetime of the 

reactor. On the other hand, distortions also provide crucial negative reactivity feedback to ensure 

safety.  

Geometric distortion arises from three main physical phenomena which are irradiation swelling, 

thermal swelling and seismic events.  

1. Irradiation Swelling [16] 

Irradiation swelling usually takes a longer period of time, which is in the scale of years. 

Irradiation swelling is also an irreversible and slow process. Due to its slow nature it can be 

considered as steady state at each instant in the lifetime of the reactor. Irradiation swelling 

causes significant bowing.  

Even though metallic fuels swell more than ceramic fuels, the neutronic desirability of metal 

fuel to achieve an extremely hard spectrum for breeding is often enough to outweigh any 
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adverse effects due to swelling. Metal fueled fast reactors must include extra space between 

fuel and clad to avoid metal clad mechanical interactions between the fuel pellet and clad as 

well as chemical interactions of the pellet and the clad.  

2. Thermal Swelling [16] 

Thermal swelling occurs over very short time scales like seconds during temperature transients. 

Thermal swelling can be considered to be a reversible process as long as the metallic fuel does 

not undergo melting and massive phase change. Thermal swelling isn’t just caused due to 

transient conditions. Thermal swelling can even occur in steady state conditions if an axial 

power profile exists over the rod. Any increment in temperature can cause thermal swelling.  

Core flowering due to thermal swelling is an important negative reactivity feedback 

mechanism in transients and it can also be undesirable in terms of controlling the reactor. Core 

flowering can be restrained through mechanical binding mechanism that clamp assemblies in 

certain axial locations at the core top.  

3. Seismic Events [16] 

Seismic events can also distort the pin geometry and in turn assembly geometry. These 

distortions are an outcome of oscillations in time causing rattling vibrations unlike that seen in 

irradiation swelling and thermal swelling. There has been sufficient work done to determine 

the time dependent mechanical response of core component to seismic oscillations. Very little 

work has been done to determine the neutronic response to seismic oscillations on the metallic 

fuel. Seismic risk is dominated in sodium cooled fast breeder reactors which stems primarily 

from mechanical failure of plant components and not neutronics. Most nuclear reactors are 

clustered in three main regions: eastern North America, Europe and eastern Asia. Two of these 

three regions tend to not have large earthquakes except for eastern Asia which poses significant 

seismic risk. It is thus of importance to analyze the neutronic consequences of seismic events 

on the reactor.  
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CHAPTER 7: THERMAL EXPANSION 

Compared to oxide fuels, when metallic fuels are considered the most predominant quality for 

metallic fuels is their thermal expansion and their high thermal conductivity. Thus, thermal 

expansion is an important property that needs to be taken under consideration for modelling 

metallic fuels as well as understanding various changes associated to thermal expansion.  

Thermal expansion is a phenomenon that is directly linked to the kinetic energy of molecules 

within the material substance. When temperature in any given material rises, the atoms begin 

vibrating at a higher speed and if material structure permits or atomic structure permits, the 

increasing kinetic energy of the atoms leads to an increasing dimension of the material. This is the 

basic physics behind thermal expansion of any material.  

Thermal expansion of any material is calculated by calculating the thermal expansion coefficient 

which shows how the given material changes its dimension with respect to change in temperature. 

The thermal expansion coefficient is mainly divided into three categories which are volumetric 

thermal expansion coefficient, area thermal expansion coefficient and linear thermal expansion 

coefficient. They are defined as follows 

1. Volumetric thermal expansion coefficient 

αm =
6
m
cnm
no
d
p
. 

2. Area thermal expansion coefficient 

αq =
6
q
cnq
no
d
p
. 

3. Linear thermal expansion coefficient 

αr =
6
r
cnr
no
d
p
. 

Where V, A and L are initial condition volumes, areas and lengths respectively and the derivate 

terms calculate the change in volume, area and length with respect to temperature calculated at a 

constant pressure.  
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7.1. Conversion from Volumetric to Linear Thermal Expansion Coefficient  

Considering a cube of initial length Ls	at temperature Ts. Let the temperature increase by ΔT to T 

and let there be a uniform change in length in all directions by ΔL to L. Let the new volume be V 

and initial volume given by Vs = Ls4 . 

The new length is then given by:  

L = Ls ∗ (1 + αrΔT). 

Calculating the new volume using geometry we get:  

V = L4. 

On substituting the new length in L we get:  

V = Ls4 ∗ (1 + αrΔT)4. 

Expanding the brackets and ignoring all higher order terms with any term that has αr0and αr4 we 

get: 

V = Ls4 ∗ (1 + 3 ∗ αrΔT). 

We also know that: 

V = Vs 	∗ (1 + αmΔT). 

Since Vs = Ls4  we get the following correlation: 

αm = 3 ∗ αr. 

A major assumption made was that expansion in all directions is equal and material is isotropic is 

nature giving it the same linear thermal expansion coefficient in all three directions.  

 

Now, doing a similar analysis for a cylinder (fuel rods in reactors have the shape of a slim cylinder)  
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Let the cylinder have an initial height be Hsand the initial radius be rs; thus the initial volume is 

given by Vs = πrs0Hs. 

After a temperature rise of ΔT let the new height be H, new radius be r and new volume be V after 

a change of ΔH, Δr	respectively. 

Assuming coefficient of linear thermal expansion is same in both the radial and axial direction is 

equal, the new height and radius can be given as follows: 

H = Hs ∗ (1 + αrΔT), 

r = rs ∗ (1 + αrΔT). 

Using geometry, we know the new volume is:  

V = πr0H. 

Substituting the new height and radius in the above equation we get: 

V = πrs0Hs ∗ (1 + αrΔT)4. 

Expanding the brackets and ignoring any second or third order term of linear thermal expansion 

coefficient we get: 

V = πrs0Hs ∗ (1 + 3 ∗ αrΔT). 

We know that: 

V = Vs 	∗ (1 + αmΔT), 

which thereby shows that:  

αm = 3 ∗ αr. 
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7.2. The New CTF Source Module for Thermal Expansion 

7.2.1. Challenges with CTF 

This thesis calls for the calculation of the new material density as a result of thermal expansion 

based on temperature change.  If this was to be implemented in such a way that for every change 

in temperature for a given time step, the change in mesh size as a result of thermal expansion  

would need to be communicated back to CTF so as the mesh size is changed with respect to new 

calculations of thermal expansion. It is a highly complicated and intricate process (in CTF) to 

change the geometry after every time step and/or temperature change, because there would be a 

requirement of three-dimensional re-meshing of the geometry for every time step associated with 

a temperature change. This would call for a discretization method that changes the geometry and/or 

mesh size of every axial, radial and azimuthal node for every temperature change. Another 

complication arises due to the way the coolant and fuel rod meshes are defined in CTF. In CTF 

the axial meshes in coolant and the solid conductor pin are identical and interlinked to each other. 

Therefore, if the solid mesh geometry was to be changed every time step owing to thermal 

expansion due to temperature change, then the mesh geometry of adjacent coolant would need to 

be changed as well. This would result in a lot of complicated work and changes in the source code 

for CTF, which is undesirable at this moment 

7.2.2. Logic and Concept behind the New CTF Source Module for Thermal Expansion 

Due to complications in changing mesh in existing subroutines in the source code of CTF, there 

was a requirement to create a new source subroutine that mimics the thermal expansion without 

changing the existing CTF mesh size. Therefore, an external subroutine was included in the source 

code of CTF which was called after temperature profiles were solved for in module HEAT. This 

is so that new temperatures were attained for calculation of thermal expansion. Depending on fuel 

rod material an appropriate correlation is used for volumetric thermal expansion coefficient.  

The following steps are utilized and are depicted in Figure 7.2.2.1 

1. Using temperature for each node, thermal expansion for each node is calculated by 
calculating the change in volume of that node  
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ΔV(i, j, k) = 	αm ∗ (T(i, j, k) − 298K) ∗ V{|{}{~�(i, j, k). 

Here i, j and k denote radial, axial and azimuthal node points. T(I,j,k) is the temperature of 
that particular node and V{|{}{~�is the initial volume.  

2. The total change in volume of one axial cell is calculated by summing up all changes in 
volume for all radial and azimuthal nodes for one axial node 

ΔV(j) = 	∑ ΔV(i, j, k){,� . 

Here i, j and k denote radial, axial and azimuthal nodes.  

3. Based on the total change in volume of the axial node, the new volume is calculated in 
reference to volume of the material at room temperature 

V|��(j) = V{|{}{~�(j) + ΔV(j). 

4. Using the new volume, the new material density is calculated for every axial node 

ρ|��(j) =
�~jj(�)
m���(�)

. 

where ρ denotes density and mass is calculated using inbuilt function inside CTF source 
code and initial volumes are calculated using mass and density of the material at room 
temperature which is known.  

This process is repeated for every time step until convergence is achieved. 

 

 

 

 

 

 

 

 

 

Figure 7.2.2.1: Flow chart representing the working of the new CTF source module. 
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CHAPTER 8: RESULTS AND DISCUSSIONS 

8.1. Mesh Convergence Study 

A convergence study on the axial mesh size was first performed to investigate the required mesh 

fidelity when modeling metallic fuel rods with CTF. To do this the total number of axial nodes 

were varied from a range of 40 to 60. The density was then calculated at a node for the metallic 

uranium fuel rod. The graph in Figure 8.1.1 shows the value of material density for metallic 

uranium in various total axial node divisions. This is done to see the minimum number of nodes 

required to see a convergence in the results. It is seen that from a total axial nodes value change of 

50 to 60, the change in density is almost negligible. Therefore, to save computational time and 

resources mesh convergence is accepted at a value of 50 axial node divisions.  

 

Figure 8.1.1: Mesh Convergence for metallic uranium. 
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8.2. Time Convergence Study  

In CTF, a null-transient has to be simulated until a quasi-steady state solution is achieved. It is 

thereby essential to perform a time convergence study. To do this, a single metallic uranium fuel 

rod is considered and density at the beginning, end and middle of the rod is calculated for various 

total time durations of the simulation. The total time duration for these simulations is varied from 

10 seconds to 50 seconds and the values for those nodes are noted to check for convergence. From 

the graph shown in Figure 8.2.1, it can be seen that after 30 seconds there is no change in the value 

of material density for metallic uranium. Thus, convergence is accepted at a final value of time at 

30 seconds. 

 

Figure 8.2.1: Time Convergence for metallic uranium. 
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8.3. CTF Model 

The CTF model consists of a single rod with four coolant subchannels of molten salt surrounding 

the rod as depicted in Figure 8.3.1. The FLiBE molten salt properties are already inbuilt in CTF 

and are used for performing simulations in this study. The fuel rod, 3.657 m long, is divided into 

fifty axial nodes. The rod diameter is 0.007714 m. In radial direction, the fuel pellet, 0.006472 m 

in diameter, is subdivided into three radial nodes.  

 

 

Figure 8.3.1: Axial cross section of fuel rod surrounded by four coolant channels. 

 

For steady state analysis the coolant inlet and outlet temperature for boundary conditions was fixed 

at 800˚C. A uniform average linear heat rate per rod of 20 kW/m was set for all tests run. Steady 

state is achieved at 30 seconds and therefore all results are noted at a time of 30 seconds.  

The first transient case is a step-wise power increase (power jump) from 10 kW/m to 20 kW/m. 

The geometry details remain the same with one rod surrounded by four coolant channels. The 

graph in figure 9.3.3.1 shows the first transient case. This power jump is applied at 0.5 seconds 

after the steady state is reached (at 30.5 seconds) and the simulations continue till 50 seconds.  

The second transient case is a linear power increase (power ramp) from 10 kW/m to 20 kW/m as 

shown in figure 8.3.2. The ramp is initiated once steady state is achieved (at 30 seconds) and is 

terminated at 60 seconds. At 60 seconds, the average linear heat rate per rod reaches a final ramped 

value of 20 kW/m from an initial average linear heat rate per rod of 10 kW/m. 

 

  



 

35    
 

 

Figure 8.3.2: Transient power jump for metallic uranium. 

 

Figure 8.3.3: Transient ramp for metallic uranium. 
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Three important assumptions were imposed:  

1. Linear thermal expansion in radial, azimuthal and axial direction is the same. 

2. Free expansion is considered, and mechanical stress and strain from contact is ignored.  

3. Coolant properties used for all cases are that of FLiBe (molten salt) that are inbuilt in 

CTF. 

8.4. Results for Metallic Uranium 

The graph in Figure 8.4.1 shows the steady state results for a uniform average linear heat rate per 

rod of 20 kW/m for metallic uranium as found in nature.  

 

Figure 8.4.1: Density of metallic uranium at every axial node. 

 

The graph in Figure 8.4.2 shows the output for the transient power jump from 10 kW/m to 20 

kW/m for metallic uranium.  As described above, the results are reported at steady state (30 
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seconds); immediately after the power jump (31 seconds); and at twice-higher power level (50 

seconds). 

 

Figure 8.4.2: Transient results for metallic uranium for a power jump. 

 

The graph in Figure 8.4.3 shows the results of material density at every axial node for metallic 

uranium during a power ramp of average linear heat rate per rod from 10 kW/m to 20 kW/m. The 

power ramp is added at 30 seconds with the average linear heat rate per rod continually increasing 

up to 60 seconds. Results are reported in intervals of 5 seconds starting at steady state (30 seconds) 

up to 60 seconds.  
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Figure 8.4.3: Transient results for metallic uranium during a power ramp. 

 

8.5. Results for U-6 wt% Zr 

The graph in Figure 8.5.1 shows the steady state results for a uniform average linear heat rate per 

rod of 20 kW/m for U-6 wt% Zr alloy. 

The graph in Figure 8.5.2 shows the output for the transient power jump from 10 kW/m to 20 

kW/m for U-6 wt% Zr. As described above, the results are reported at steady state (30 seconds); 

immediately after the power jump (31 seconds); and at twice-higher power level (50 seconds). 

The graph shown in Figure 8.5.3 shows the results of material density at every axial node for U-6 

wt% Zr during a power ramp of average linear heat rate per rod from 10 kW/m to 20 kW/m. The 

power ramp is added at 30 seconds with the average linear heat rate per rod continually increasing 

up to 60 seconds. Results are reported in intervals of 5 seconds starting at steady state (30 seconds) 

up to 60 seconds. 
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Figure 8.5.1: Density of U-6 wt% Zr at every axial node. 
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Figure 8.5.2: Transient results for U-6 wt% Zr for a power jump. 

 

Figure 8.5.3: Transient results for U-6 wt% Zr during a power ramp. 

 

8.6. Results for U-10 wt% Zr 

The graph in Figure 8.6.1 shows the steady state results for a uniform average linear heat rate per 

rod of 20 kW/m for U-10 wt% Zr alloy. 

The graph in Figure 8.6.2 shows the output for the transient power jump from 10 kW/m to 20 

kW/m for U-10 wt% Zr. As described above, the results are reported at steady state (30 seconds); 

immediately after the power jump (31 seconds); and at twice-higher power level (50 seconds). 

The graph in Figure 8.6.3 shows the results of material density at every axial node for U-10 wt% 

Zr during a power ramp of average linear heat rate per rod from 10 kW/m to 20 kW/m. The power 

ramp is added at 30 seconds with the average linear heat rate per rod continually increasing up to 

60 seconds. Results are reported in intervals of 5 seconds starting at steady state (30 seconds) up 

to 60 seconds.  
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Figure 8.6.1: Density of U-10 wt% Zr at every axial node. 
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Figure 8.6.2: Transient results for U-10 wt% Zr for a power jump. 

 

Figure 8.6.3: Transient results for U-10 wt% Zr during a power ramp 

 

8.7. Results for U-5 wt% Fs 

The graph shown in Figure 8.7.1 shows the steady state results for a uniform average linear heat 

rate per rod of 20 kW/m for U-5 wt% Fs.  

The graph in Figure 8.7.2 shows the output for the transient power jump from 10 kW/m to 20 

kW/m for U-5 wt% Fs. As described above, the results are reported at steady state (30 seconds); 

immediately after the power jump (31 seconds); and at twice-higher power level (50 seconds). 

The graph shown in Figure 8.7.3 shows the results of material density at every axial node for U-5 

wt% Fs during a power ramp of average linear heat rate per rod from 10 kW/m to 20 kW/m. The 

power ramp is added at 30 seconds with the average linear heat rate per rod continually increasing 
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up to 60 seconds. Results are reported in intervals of 5 seconds starting at steady state (30 seconds) 

up to 60 seconds.  

 

Figure 8.7.1: Density of U-5 wt% Fs at every axial node. 
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Figure 8.7.2: Transient results for U-5 wt% Fs for a power jump. 

 

Figure 8.7.3: Transient results for U-5 wt% Fs during a power ramp. 
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8.8. Discussions 

 As seen from the steady state results, the density gradually reduces along the fuel rod length 

following the fuel temperature increase. The increase in temperature along the fuel rod is ascribed 

to the applied uniform heat flux and the high fuel thermal conductivity. This increase in 

temperature results in more thermal expansion and subsequently in a fuel pellet volume increase. 

Since mass is conserved, the increase in volume results in a decrease in the density of the fuel rod. 

This trend is seen in all compositions of alloyed metallic fuel.  

In the transient cases, it can be seen that when the power is increased, either in the ramp case or in 

the jump case; the material density reduces after the transient starts. When the power is increased, 

the fuel rod temperature increases from its initial value after the transient. This increase in 

temperature results in more thermal expansion in the fuel rod due to its high thermal conductivity. 

The increases the volume of the fuel rod which in turn decreases the density of the fuel rod to 

conserve mass. Thus, immediately after the transient hits there is a substantial decrease in density 

due to increase in temperature.  

In the case of a power jump, there is a decrease in density immediately after the transient starts at 

30 seconds. This is due to the immediate effect of increase in temperature after the power/linear 

heat rate is changed to two times its initial value. The simulation is run until it reaches a steady 

state. Until a steady state is achieved, temperature continually increases within the fuel rod. Thus, 

there is a further drop in material densities at 50/60 seconds (50 seconds for all material 

compositions except U-5 wt% Fs) for all fuel rod material compositions. It can be seen that after 

steady state is achieved following the transient jump, the resulting densities in the fuel rod 

coincides precisely with the densities achieved in the first steady state case thereby further proving 

that the solution has converged at 50/60 seconds (50 seconds for all material compositions except 

U-5 wt% Fs) after a transient jump.  

In the case of ramp transient, with every time value progression there is a subsequent decrease in 

the material density due to the continually increase in power after 30 seconds until 60 seconds. 

The continually increasing power/linear heat rate results in a continually increasing temperature 

within the fuel rod. This increasing temperature causes thermal expansion that increase the volume 

at every axial node of the fuel rod. This in turn reduces the material density at every time 
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progression due to a linearly increasing linear heat rate on the fuel rod. This trend is seen in all the 

fuel rod material compositions. 
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CHAPTER 9: CODE VERIFICATION FOR METALLIC URANIUM 

9.1. Verification Test for Metallic Uranium Rod at Linear Heat Rate of 20 kW/m  

For verification of the steady state results achieved for metallic uranium, the density correlations 

shown below were used [8].  

For 273	K ≤ T ≤ 942	K 

ρ �
kg
m4� = 19.36 ∗ 104 − 1.03347 ∗ T	 

For 942	K ≤ T ≤ 1049	K 

ρ �
kg
m4� = 19. .02 ∗ 104 − 0.9807 ∗ T	 

For 1049	K ≤ T ≤ 1405	K 

ρ �
kg
m4� = 18.447 ∗ 104 − 0.5166 ∗ T	 

For the given input conditions, the temperature output was obtained from CTF at the center of the 

fuel rod and at the surface of the fuel rod. Using both these temperatures the densities were 

calculated respectively and then compared with the density results obtained from the new CTF 

source module during steady state results. Figure 9.1.1 shows the comparison of then density 

calculated by the subroutine with the densities calculated from the correlation using the surface 

temperature of the fuel rod and the centerline temperature of the fuel rod as calculated by CTF.  

Figure 9.1.2 shows the error percentage change for the densities obtained via the new source 

module with either the density calculated from the correlation using centerline temperature of the 

fuel rod or the surface temperature of the fuel rod.  
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Figure 9.1.1: Comparison of densities via code verification for 20 kW/m input. 

 

Figure 9.1.2: Error percentage for densities for 20 kW/m input. 
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As we can see, the difference between the densities is rather negligible (less than half of a percent) 

which proves that the results obtained from the subroutine are very close to the results obtained 

from the correlations. The differences can be a result of the assumptions made and inaccuracies 

existing in the correlations for density. The density calculated by the new source module accounts 

for temperature for every individual node in the axial, radial and azimuthal direction. The volume 

changes are then summed up accordingly. While doing the comparison, the temperature at every 

node is not calculated. When using the correlations, every axial node temperature is assumed to 

have a constant same temperature which is equivalent to the either the centerline temperature of 

the fuel rod or the surface temperature of the fuel rod (as calculated by CTF). Due to these reasons, 

there exists a variability between the results obtained from the correlation and the results obtained 

from the subroutine. Another issue that arises is seen in the last few nodes where the temperature 

is very high and close to melting temperature of the metallic uranium fuel rod. This exists due to 

the coolant being molten salt. Molten salt has very a very high Prandtl number and a very low 

value of thermal conductivity that means it doesn’t diffuse heat easily making the temperature in 

the fuel rod extremely high. Since the temperature is greater in the upper nodes, there exists an 

anomaly in the upper nodes due to the temperature coming very close to melting temperature of 

metallic uranium.  

9.2. Verification Test for Metallic Uranium Rod at Linear Heat Rate of 10 kW/m  

There is a decreasing and then increasing nature in the graph for error percentage in first test. This 

is due to the fact that on the upper nodes once the curve starts moving upwards, the temperatures 

are very close to melting point of uranium fuel. Since the correlations for density are only valid 

for temperatures below melting point, the results obtained from correlations are invalid and 

incorrect because the correlation is not valid for any temperature after the melting point 

temperature. To fix this and reduce the temperatures, the average linear heat rate per rod for 

metallic uranium as found in nature is reduced from 20 kW/m to 10 kW/m. Doing this reduces the 

temperature much below melting point and the following results are obtained. Figure 9.2.1 shows 

the comparison of densities as calculated by the correlation using surface temperature and 

centerline temperature with the results obtained from the subroutine based on thermal expansion 

coefficients for metallic uranium.  
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Figure 9.2.2 shows the error percentage change for the densities obtained via the subroutine using 

thermal expansion correlations with either the density calculated from the correlation using 

centerline temperature of the fuel rod or the surface temperature of the fuel rod.  

As seen in the graph above there is no change in the polarity of the slope as compared to the first 

test. In this, the error percentage continually decreases until the last node. There is however an 

existence of an error percentage which can be accounted for by the usage of one value of 

temperature for the entire axial node instead of utilizing temperatures for every existing node. The 

differences can be a result of the assumptions made and inaccuracies existing in the correlations 

for density. The density calculated by the new subroutine accounts for temperature for every 

individual node in the axial, radial and azimuthal direction. The subroutine then sums up the 

volume changes accordingly. While doing the comparison, the temperature at every node is not 

calculated. When using the correlations, every axial node temperature is assumed to have a 

constant same temperature which is equivalent to the either the centerline temperature of the fuel 

rod or the surface temperature of the fuel rod (as calculated by CTF). 

 

Figure 9.2.1: Comparison of densities via code verification using correlation for density of 

metallic uranium for an average linear heat rate per rod of 10 kW/m. 
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Figure 9.2.2: Error percentage for densities for 10 kW/m input. 

9.3. Multiple Rod Case 

The last verification test was performed for a CTF model that consisted of four rods as shown in 

Figure 9.3.1. The purpose was to ensure the code work correctly and the output for multiple rods 

geometry comes out to be equal if all rods have the same heating rates. 

 

Figure 9.3.1: Four rod input for metallic uranium. 

The input deck utilized an average linear heat rate per rod of 10 kW/m and the Figure 9.3.2 shows 

the result. 
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Figure 9.3.2: Material density for metallic uranium at every axial node for four rods. 

 

The Figure 9.3.2 proves that for every rod the temperature output being the same resulted in the 

same material density at every axial node for respective rods. This test thereby just proves a means 

to verify the functioning of the subroutine for multiple rods instead of single rod.  
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK 

With the growing shift to LMFBRs for power applications, there is an increase in the utilization 

of metallic fuels. Metallic fuels have a high thermal conductivity that leads them to have a higher 

thermal expansion as compared to other fuels like oxide fuels. This work successfully attempted 

to capture the effect of thermal expansion on the material density of metallic fuels and its alloys. 

The fuel compositions that were studied were pure metallic uranium as found in nature, U-10 wt% 

Zr, U-6 wt.% Zr and U-5 wt.% Fs.  

To conduct the analysis, the advanced subchannel thermal-hydraulic code CTF was used. The 

effect of thermal expansion was captured by changing the material density without changing the 

geometry of the fuel rod. A new source module added successfully utilized the temperature 

predictions given by CTF and used existing thermal expansion coefficient correlations to calculate 

the new volume at every axial node. The new volume at every axial node was then used to calculate 

the updated material density at every axial node as a result of thermal expansion. This module did 

not make any changes in the existing source code of CTF.  

Various steady state and transient simulations were successfully performed while calculating the 

new material density of the metallic fuels. Transient cases performed included a power jump at a 

particular time and a ramp increase in power after a certain time. For a steady state, the results 

showed that as temperature increased along the length of the fuel rod, the thermal expansion 

increased accordingly. Because of the thermal expansion, the material density decreased along the 

length of the fuel rod. Thus, it was seen that with any increase in temperature there was a 

subsequent decrease in the material density as a result of thermal expansion. These results proved 

the thermal expansion property of metallic fuels when temperature varied. The results also proved 

that when temperature increases with increase in power, the material density further decreases due 

to thermal expansion.  

Lastly, code verification tests were performed successfully. These included comparing results with 

existing density correlations for metallic uranium as well as a multiple rods simulation for metallic 

uranium. The comparison of results with the density correlations proved that the results obtained 

are trustworthy.  
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Future work may consist of more extensive verification and validation work. There is also a need 

of addition of liquid sodium properties to CTF for accurate simulations of LMFBRs. This will give 

more accurate and precise temperature predictions, which will ultimately give more realistic results 

for temperature driven material density changes. 

Future work may also consist of negating free expansion and adding mechanical stress models to 

the source module.  

The final step would be utilizing the new capabilities within coupled multi-physics applications of 

CTF for liquid metal cooled nuclear reactors.   
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Appendix A: Subroutine for calculating new material density of metallic uranium 

!=====================================================================
========== 
!>Return the new density at every axial location due to thermal expansion 
!=====================================================================
========== 
subroutine NewDensity(me) 
class(FuelRod), intent (in out) ::me 
 integer :: i,j,k,surf 
 real :: radfo 
 real,allocatable :: masscold (:), Volumenew(:), Vnet(:),delV(:) 
 real :: T 
 
allocate(masscold(me%jmax),Volumenew(me%jmax),Vnet(me%jmax),delV(me%jm
ax)) 
 
   select type (g => me%geom) 
   type is (WallGeom) 
      surf = g%nnodes 
   type is (TubeGeom) 
      surf = g%nnodes 
   type is (HeaterRodGeom) 
      surf = g%nnodes 
   type is (FuelRodGeom) 
      surf = me%ifuelo 
   end select 
   radfo = me%geom%rb(surf+1) 
 
 
masscold=0.0 
do j=1,me%jmax 
masscold(j) = 0.0 
  do i = 1,me%ifuelo 
    do k=1,me%kmax 
      masscold (j) = masscold (j) + me%calc_mass(me%icrudo,i,j,k) 
       
    end do 
  end do 
  write(993,*)j,masscold(j) 
end do 
write(993,*) 
 
 
!Calculating new volumetric strain 
delV = 0.0 
do j=1,me%jmax 
!delV(j)=0.0 
  do k=1,me%kmax 
    do i=1,me%ifuelo 
      T = F_to_K(me%T(i,j,k)) 
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      delV(j) = delV(j) + ((3.0/1000000.0)*( - 1.929e-11*T**4. + 6.737e-
8*T**3. -8.187e-5*T**2. & 
         &  + 0.04714*T + 6.82)*(T - 298.0))* 
(me%calc_mass(me%icrudo,i,j,k) /Rcold(me%geom%imat(me%ifuelo))) 
    end do 
  end do 
  write(997,*)j,delV(j) 
end do 
write(997,*) 
 
 
! new volume of the fuel pellet at every axial location 
do j=1,me%jmax 
Volumenew(j) = (masscold(j) / (Rcold(me%geom%imat(me%ifuelo)))) + 
delV(j) 
write(995,*)(masscold(j)/Rcold(me%geom%imat(me%ifuelo))) 
end do 
 
!calculating density and converting to SI units 
do j=1,me%jmax 
  me%DensityNew(j) =(masscold (j) / 
Volumenew(j))*(t_lbm_kg/((t_ft_m)**3))  
  write(999,*)me%DensityNew(j) 
end do  
 
end subroutine 
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Appendix B: Subroutine for calculating new density of U-6 wt% Zr 

!=====================================================================
========== 
!>Return the new density at every axial location due to thermal expansion 
!=====================================================================
========== 
subroutine NewDensity(me) 
class(FuelRod), intent (in out) ::me 
 integer :: i,j,k,surf 
 real :: radfo 
 real,allocatable :: masscold (:), Volumenew(:), Vnet(:),delV(:) 
 real :: T 
 
allocate(masscold(me%jmax),Volumenew(me%jmax),Vnet(me%jmax),delV(me%jm
ax)) 
 
   select type (g => me%geom) 
   type is (WallGeom) 
      surf = g%nnodes 
   type is (TubeGeom) 
      surf = g%nnodes 
   type is (HeaterRodGeom) 
      surf = g%nnodes 
   type is (FuelRodGeom) 
      surf = me%ifuelo 
   end select 
   radfo = me%geom%rb(surf+1) 
 
 
masscold=0.0 
do j=1,me%jmax 
masscold(j) = 0.0 
  do i = 1,me%ifuelo 
    do k=1,me%kmax 
      masscold (j) = masscold (j) + me%calc_mass(me%icrudo,i,j,k) 
       
    end do 
  end do 
  write(993,*)j,masscold(j) 
end do 
write(993,*) 
 
 
!Calculating new volumetric strain 
delV = 0.0 
do j=1,me%jmax 
!delV(j)=0.0 
  do k=1,me%kmax 
    do i=1,me%ifuelo 
      T = F_to_K(me%T(i,j,k)) 
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        if (T.ge.373.0 .and. T.le.923.0) then 
            delV(j) = delV(j) + ((3.0/100.0)*( 3.45e-9*T**3. -5.010e-
6*T**2. & 
         &  + 4.1e-3*T -0.938))* (me%calc_mass(me%icrudo,i,j,k) 
/Rcold(me%geom%imat(me%ifuelo))) 
        else 
          delV(j) = delV(j) + ((3.0/100.0)*( -4.887e-9*T**3. +1.63e-
5*T**2. & 
         &  - 1.591e-2*T +6.295))* (me%calc_mass(me%icrudo,i,j,k) 
/Rcold(me%geom%imat(me%ifuelo))) 
        end if     
    end do 
  end do 
  write(997,*)j,delV(j) 
end do 
write(997,*) 
 
 
! new volume of the fuel pellet at every axial location 
do j=1,me%jmax 
Volumenew(j) = (masscold(j) / (Rcold(me%geom%imat(me%ifuelo)))) + 
delV(j) 
write(995,*)(masscold(j)/Rcold(me%geom%imat(me%ifuelo))) 
end do 
 
!calculating density and converting to SI units 
do j=1,me%jmax 
  me%DensityNew(j) =(masscold (j) / 
Volumenew(j))*(t_lbm_kg/((t_ft_m)**3))  
  write(999,*)me%DensityNew(j) 
end do  
 
end subroutine 
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Appendix C: Subroutine for calculating new density for U-10 wt% Zr 

!=====================================================================
========== 
!>Return the new density at every axial location due to thermal expansion 
!=====================================================================
========== 
subroutine NewDensity(me) 
class(FuelRod), intent (in out) ::me 
 integer :: i,j,k,surf 
 real :: radfo 
 real,allocatable :: masscold (:), Volumenew(:), Vnet(:),delV(:) 
 real :: T 
 
allocate(masscold(me%jmax),Volumenew(me%jmax),Vnet(me%jmax),delV(me%jm
ax)) 
 
   select type (g => me%geom) 
   type is (WallGeom) 
      surf = g%nnodes 
   type is (TubeGeom) 
      surf = g%nnodes 
   type is (HeaterRodGeom) 
      surf = g%nnodes 
   type is (FuelRodGeom) 
      surf = me%ifuelo 
   end select 
   radfo = me%geom%rb(surf+1) 
 
 
masscold=0.0 
do j=1,me%jmax 
masscold(j) = 0.0 
  do i = 1,me%ifuelo 
    do k=1,me%kmax 
      masscold (j) = masscold (j) + me%calc_mass(me%icrudo,i,j,k) 
       
    end do 
  end do 
  write(993,*)j,masscold(j) 
end do 
write(993,*) 
 
 
!Calculating new volumetric strain 
delV = 0.0 
do j=1,me%jmax 
!delV(j)=0.0 
  do k=1,me%kmax 
    do i=1,me%ifuelo 
      T = F_to_K(me%T(i,j,k)) 
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        if (T.ge.293.0 .and. T.le.923.0) then 
            delV(j) = delV(j) + ((3.0/100.0)*( 4.39e-9*T**3. -5.154e-
6*T**2. & 
         &  + 3.489e-3*T -0.73))* (me%calc_mass(me%icrudo,i,j,k) 
/Rcold(me%geom%imat(me%ifuelo))) 
         
        else 
          delV(j) = delV(j) + ((3.0/100.0)*( 1.518e-8*T**3. -5.441e-
5*T**2. & 
         &  + 6.669e-2*T -25.252))* (me%calc_mass(me%icrudo,i,j,k) 
/Rcold(me%geom%imat(me%ifuelo))) 
        end if     
    end do 
  end do 
  write(997,*)j,delV(j) 
end do 
write(997,*) 
 
 
! new volume of the fuel pellet at every axial location 
do j=1,me%jmax 
Volumenew(j) = (masscold(j) / (Rcold(me%geom%imat(me%ifuelo)))) + 
delV(j) 
write(995,*)(masscold(j)/Rcold(me%geom%imat(me%ifuelo))) 
end do 
 
!calculating density and converting to SI units 
do j=1,me%jmax 
  me%DensityNew(j) =(masscold (j) / 
Volumenew(j))*(t_lbm_kg/((t_ft_m)**3))  
  write(999,*)me%DensityNew(j) 
end do  
 
end subroutine 
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Appendix D: Subroutine for calculating new density for U-5 wt% Fs 

!=====================================================================
========== 
!>Return the new density at every axial location due to thermal expansion 
!=====================================================================
========== 
subroutine NewDensity(me) 
class(FuelRod), intent (in out) ::me 
 integer :: i,j,k,surf 
 real :: radfo 
 real,allocatable :: masscold (:), Volumenew(:), Vnet(:),delV(:) 
 real :: T 
 
allocate(masscold(me%jmax),Volumenew(me%jmax),Vnet(me%jmax),delV(me%jm
ax)) 
 
   select type (g => me%geom) 
   type is (WallGeom) 
      surf = g%nnodes 
   type is (TubeGeom) 
      surf = g%nnodes 
   type is (HeaterRodGeom) 
      surf = g%nnodes 
   type is (FuelRodGeom) 
      surf = me%ifuelo 
   end select 
   radfo = me%geom%rb(surf+1) 
 
 
masscold=0.0 
do j=1,me%jmax 
masscold(j) = 0.0 
  do i = 1,me%ifuelo 
    do k=1,me%kmax 
      masscold (j) = masscold (j) + me%calc_mass(me%icrudo,i,j,k) 
       
    end do 
  end do 
  write(993,*)j,masscold(j) 
end do 
write(993,*) 
 
 
!Calculating new volumetric strain 
delV = 0.0 
do j=1,me%jmax 
!delV(j)=0.0 
  do k=1,me%kmax 
    do i=1,me%ifuelo 
      T = F_to_K(me%T(i,j,k)) 
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      if (T.le.823.0) then  
      delV(j) = delV(j) + ((3.0)*(1.62e-5*(T-273.)))* 
(me%calc_mass(me%icrudo,i,j,k) /Rcold(me%geom%imat(me%ifuelo))) 
      else if (T.gt.823.0 .and. T.le.913.0) then 
      delV(j) = delV(j) + ((3.0)*(0.0089 + 5.7e-5*(T-823.)))* 
(me%calc_mass(me%icrudo,i,j,k) /Rcold(me%geom%imat(me%ifuelo)))   
      else 
      delV(j) = delV(j) + ((3.0)*(0.014 + 2.1e-5*(T-273.)))* 
(me%calc_mass(me%icrudo,i,j,k) /Rcold(me%geom%imat(me%ifuelo)))   
      end if         
     
    end do 
  end do 
  write(997,*)j,delV(j) 
end do 
write(997,*) 
 
! new volume of the fuel pellet at every axial location 
do j=1,me%jmax 
Volumenew(j) = (masscold(j) / (Rcold(me%geom%imat(me%ifuelo)))) + 
delV(j) 
write(995,*)(masscold(j)/Rcold(me%geom%imat(me%ifuelo))) 
end do 
 
!calculating density and converting to SI units 
do j=1,me%jmax 
  me%DensityNew(j) =(masscold (j) / 
Volumenew(j))*(t_lbm_kg/((t_ft_m)**3))  
  write(999,*)me%DensityNew(j) 
end do  
 
end subroutine 
 

 

 

 


