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Summary 

The main objective of the work presented in this thesis is to simulate the melting and 

relocation of annular, mixed oxide ((U-Pu)-O2) nuclear fuel during unprotected transient overpower 

accidents in sodium-cooled fast reactors (SFR). The study emphasizes on a physically consistent 

resolution of the underlying fluid dynamics, and on the dynamic coupling between melt relocation 

and reactor neutronics. As a first step, a multi-phase core thermal hydraulic model is developed with 

advanced features that can capture the rate of fuel melting as well as the interaction between the 

hydrodynamic effects of gravity, pressure, melt freezing, surface tension, liquid thermal expansion, 

and inter-phase momentum exchange. The complete set of governing equations are solved with an 

explicit finite difference method, and the resultant numerical algorithm is employed towards the 

simulation of the CABRI-E9bis (in-pile) transient overpower test. The simulation results are 

compared with experimental findings, and the agreement is found to be excellent. As a second 

illustration, the model is extended towards typical fast reactor conditions to predict the practically 

relevant fluid flow and relocation behaviour. It is found that there is a net relocation of molten fuel 

from high neutron density region (core-mid plane) to relatively low neutron density region (top and 

bottom of fissile column), which averts an undesirable increase in fuel mass near the core mid-plane. 

Therefore, the relocation is found to be advantageous towards the inherent safety of fast reactors. 

To investigate the propagation of fuel melting throughout the reactor core and to determine 

its impact on SFR safety, a dynamic (neutronic/hydrodynamic) coupling algorithm is developed with 

the help of in-house reactor dynamics code, PREDIS. An optimization of the developed algorithm is 

carried out to minimize the computational costs. Subsequently, whole core simulations of unprotected 

transient overpower accidents (UTOP) in both equilibrium and beginning-of-life (BOL) core 

conditions are carried out with best and conservative estimates of the external reactivity insertion. 

Estimates of the propagation of melting inside the SFR core, the resultant relocation feedback, major 
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controlling parameters, and the impact on the accident scenario are presented. A comparison of the 

results with de-coupled, equivalent UTOP simulations reveals the impact on the safety margin of 

SFR. A thermodynamic assessment of molten fuel is also carried out to address the possibility of fuel 

vaporisation at high temperatures during UTOP.  

For a physically consistent representation of the microstructural gas release processes 

involved in the pressurization of molten fuel, a dedicated fission gas release solver (FGR) is 

subsequently developed and coupled with the multi-phase flow model. Extensive validation of the 

resultant algorithm (MITRA) is carried out against the results of steady-state experiments, FEAST-

OXIDE code and the CABRI-2 transient overpower tests. The algorithm is subsequently utilized to 

investigate the realistic impact of fission gas pressurization on melt motion. Results show that 

regardless of the burnup level, the fission gas release-induced pressurization force is unable to 

influence the melt motion significantly, and the agglomerated melt column remains constrained by 

the effects of solidification. Effects of the modelling improvements on the accident outcome are 

examined through a consolidated, whole-core, conservative simulation of UTOP. 

To investigate the possibility of a highly advantageous fuel relocation out of the active core 

through suitable design modifications, a bulk freezing model is incorporated with the modelling 

framework. The algorithm is subsequently employed towards the simulation of melt motion in 

alternative fuel pin geometries consisting of completely annular and partially annular axial blanket 

columns. It is found that the melt relocates out of the active core once a threshold amount of melting 

is breached, and the amount of fuel relocated out of the active core is a function of the melt mass 

fraction. The provision of a minimal number of annular blanket pellets (~ 5–15) situated next to the 

annular fuel pellets can be an effective and optimal choice for obtaining the highly advantageous fuel 

relocation out of the active core. The study has highlighted the utility of annular axial blanket designs 

as one of the viable means for enhancing the safety margins of current and future fast reactors. 
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Chapter 1 

Introduction 

 

Sodium-cooled fast reactors have demonstrated remarkable operational 

performance with high uranium utilization and thermal efficiencies of up to 45 %, while 

simultaneously breeding fissile material. It was a fast reactor that illuminated four 200-

watt light bulbs and marked the world’s first electrical power generation through 

nuclear fission. More than 400 reactor years of operational experience have been 

accrued, with a particularly satisfactory in-service performance during the previous two 

decades [1]. Unlike thermal reactors, fast reactors are not designed in their most reactive 

configuration, and hence their potential for a core disruptive accident poses a major 

safety concern [2]. Consequently, avoidance of large-scale core disruption is one the 

most important objectives in the design of fast reactors. Accordingly, diverse safety 

shutdown and passive decay heat removal systems are incorporated in fast reactor 

design, which practically eliminate the chances of severe core damage [3]. Nevertheless, 

the absolute elimination of accidents can never be guaranteed in any safety system. 

Therefore, events with an extremely low probability of occurrence, which might lead to 

conditions more severe than those considered in the plant design (beyond design basis), 

are also studied to manage their course and eliminate major radiological consequences 

[4]. The safety analysis of such a beyond design basis event for current and future fast 

reactors forms the background of the research presented in this thesis. 

1.1 Overview of sodium cooled fast reactors 

The long-term goal of India’s nuclear power programme is to develop an 

advanced Thorium (Th232)-Uranium (U233) fuel cycle and utilize the abundant natural 

reserves of Thorium to meet the country’s growing energy needs [5]. Pressurized Heavy 
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Water Reactors (PHWR) and Light Water Reactors (LWR) based on Uranium (U235) 

form the first stage of the programme. Fissile Plutonium (Pu239) is a by-product of these 

reactors. Sodium-cooled fast reactors (SFR) based on Pu239 with the blanket around the 

core consisting of depleted Uranium (primarily U238) from PHWR and Thorium form 

the second stage of the programme. The aim of the second stage is to convert fertile 

nuclei (U238, Th232) into additional fissile nuclei (Pu239, U233) for the sustainable growth 

of India’s nuclear power capacity. A Prototype Fast Breeder Reactor (PFBR) with 500 

MWe capacity is currently under commissioning in Kalpakkam [6]. Six more SFR with 

similar capacity are envisaged in future [7].  

 
Figure 1.1: Schematic layout of a liquid sodium cooled, pool-type fast reactor. 

  

Consider the basic layout of an SFR (Refer Fig. 1.1). Heat generated from nuclear 

fission inside the reactor core is extracted by the primary sodium circuit and supplied 

to the secondary sodium circuit through an intermediate heat exchanger (IHX). The 

secondary sodium circuit transfers heat to the power generating steam circuit through a 
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steam generator. Through the steam circuit, thermal energy is supplied to steam turbines, 

leading to electrical power generation. SFR can be categorized among the ‘loop’ and 

‘pool’ type designs. The loop type design (for e.g., India’s FBTR [8], Japan’s MONJU 

[9]) refers to an SFR in which the IHX and primary sodium pumps (PSP) are installed 

in a hot cell adjacent to the reactor vessel. Sodium flows from the reactor vessel to the 

hot cell through piping. The pool-type SFR refers to a system in which the IHX and 

PSP are installed within the reactor vessel itself (for e.g., Britain’s PFR [10]). The latter 

design practically eliminates the ‘loss-of-coolant’ scenario typically considered in the 

safety analysis of thermal reactors.  

SFR fuel is generally designed in the form of cylindrical pellets, which are stacked 

together inside stainless-steel cladding tubes (Refer Fig. 1.2). The stack of fuel pellets 

is called the ‘fuel column’. Stacks of fertile blanket pellets, called blanket columns, are 

normally positioned both above and below the fuel column. Fission gas plenum, 

designed to accommodate the gaseous fission products released from fuel, are provided 

either above the top blanket or below the bottom blanket columns. A helical spring is 

typically installed in the top plenum to ensure that the pellets remain fixed in their 

intended position during transport and handling. Top and bottom plugs seal the pellets 

from the environment outside the cladding. This assembly is called a ‘fuel pin’. A bond 

gas (Helium) with high thermal conductivity is filled inside the pin before sealing, to 

decrease the thermal resistance of the pellet-cladding gap. Fig. 1.2 shows the presence 

of a cavity inside the fuel column. Such a cavity is either formed by fuel restructuring, 

or can be introduced during fabrication [11]. Fuel pellets designed with central cavities 

are known as ‘annular’ pellets, and the pins housing such pellets are called annular fuel 

pins. Annular pellets offer considerable advantages over conventional solid pellets in 
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terms of fuel-clad mechanical interaction and total achievable energy extraction [12]. 

PFBR, European Sodium Fast Reactor (ESFR) and the Indian FBR-1 will be utilizing 

the annular pin design [6,13,14]. 

 

Figure 1.2: Typical SFR fuel subassembly and fuel pin. 

  

The fuel pins are arranged in the form of bundles inside hexagonal, stainless steel 

units called fuel subassemblies (Refer Fig. 1.2). Each subassembly contains several fuel 
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pins, which are typically installed with helical spacer wires to support the pin bundle 

and to assist in inter-channel coolant mixing [15]. Liquid sodium within the cold pool 

enters the subassemblies through the entry slots located near the foot and flows through 

the pin bundle, extracting heat from the clad outer surface. It exits through the head of 

the subassemblies into the hot pool and loses its thermal energy in the IHX. 

An SFR core loaded for the first time with un-irradiated or fresh fuel, in 

preparation for its first-core cycle, is said to be in the ‘beginning-of-life’ condition [16]. 

Irradiation results in the fission of heavy nuclei and a corresponding decrease in the 

heavy atom number density. The loss of fissile nuclei is quantified in terms of the fuel 

burnup, which is defined as the percentage of fissile nuclei that have undergone fission 

(atom percent). At the end of each fuel cycle, a fraction of fuel subassemblies is replaced 

with fresh fuel subassemblies. After a few cycles, the core reaches the ‘equilibrium’ 

condition, in which the configuration of the reactor core at the start of any cycle is 

identical to the configuration at the start of the previous cycle. Both the fuel, absorber 

material, and structural material undergo several thermo-mechanical and chemical 

changes during irradiation. For e.g., the fuel-cladding gap, which is open for fresh fuel, 

gets closed after a short time under irradiation due to fuel cracking, swelling and 

differential thermal expansion of fuel and clad [17]. Gap closure decreases the thermal 

resistance to heat flow and thereby influences the fuel temperature. Hence, safety 

studies are generally carried out with due consideration to both the above-described 

core conditions.  

Prominent safety features incorporated in modern SFR systems consist of two 

diverse and independent decay heat removal systems, two independent, diverse, and 

fast-acting safety shutdown mechanisms, a core catcher plate, and a reactor containment 
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building [13]. The decay heat removal systems maintain the core at a safe temperature 

during planned shutdown periods and station blackout incidents [18]. The two diverse 

shutdown mechanisms are designed to terminate any untoward incident well before 

initiation of damage in the reactor core [19]. A schematic diagram of a typical control 

rod subassembly used in the shutdown mechanisms is presented in Fig. 1.3. The 

subassembly consists of a stationary sheath and a mobile control and safety rod (CSR). 

Multiple absorber pins containing neutron absorber (for e.g., B4C) pellets are housed 

inside the CSR. 

 
Figure 1.3: Schematic diagram of a typical CSR subassembly (PFBR [19]). 

  

The shutdown systems of most SFR are equipped with interlocks to prevent the 

withdrawal of two or more rods simultaneously. A small, maximum speed of 
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withdrawal (typically ~ 2 mm/s) is purposely designed into the system to prevent any 

rapid increase in the rate of fission. Each safety provision has been subjected to 

extensive testing and scrutiny over decades of technological development and is backed 

up by considerable operational experience. Hence, modern SFR systems have rendered 

core disruptive accidents to extremely low levels of probability. 

1.2 Beyond design basis events in SFR systems 

Beyond Design Basis Events (BDBE) are hypothetical accidents that are assumed 

to occur in case of a complete breach of the safety envelope of the reactor design. Under 

BDBE analysis, it is assumed that an accident initiating event, typically within the 

purview of the reactor safety envelope, occurs, in response to which, both the primary 

and secondary shutdown systems fail to bring the reactor to a safe state [4]. The 

hypothetical and simultaneous failure of multiple safety systems falls outside the single-

fault criterion for design basis events (DBE). Despite the extremely low probability of 

occurrence, these events could pose a major public health hazard, if the radioactive 

material within the reactor vessel is not confined adequately. The international nuclear 

safety advisory group (INSAG), in its report on the basic safety principles for nuclear 

power plants, highlights the importance of incorporating BDBE in safety analysis to 

ensure the mitigation of radiological consequences [4]. With the introduction of a new 

event categorization system, BDBE are now split in two components: Design Extension 

Condition-A (without core melting), and Design Extension Condition-B (with core 

melting) [20]. The International Atomic Energy Agency (IAEA), in its safety guidelines, 

recommends the analysis of those DEC (B) that can challenge the integrity of the 

containment, to provide inputs for the design of containment and other safety provisions. 

For SFR systems, three types of perturbations can upset the steady-state operation [21]: 



8  

(a) change in the reactivity, (b) change in the coolant flow rate, and (c) change in the 

coolant inlet temperature. Accordingly, the three enveloping severe accident conditions 

in SFR safety analysis are as follows: 

(i) Unprotected Loss of Heat Sink (ULOHS): An unexpected failure of the 

normal heat removal system, accompanied by the simultaneous failure of all 

safety shutdown systems. 

(ii) Unprotected Transient Over-power (UTOP): An unexpected withdrawal of 

a CSR, or the passage of a large bubble through the core, accompanied by 

the simultaneous failure of all the safety shutdown systems. 

(iii) Unprotected Loss of Flow (ULOF): A sudden and complete failure of the 

primary coolant flow system, accompanied by the simultaneous failure of 

all the safety shutdown systems. 

Over the decades, considerable research efforts have led to the identification of 

‘inherent safety mechanisms’, some of which are unique to SFR systems and can be 

incorporated into the reactor design to mitigate the consequences of the above outlined 

accidents passively. The mechanisms relevant to the present work are briefly introduced 

as follows. 

1.3 Inherent safety features of SFR 

For a nuclear reactor to generate the desired power at a constant rate, the rate of 

neutron production through fission reactions must be equal to the rate of neutron losses 

caused by absorption and leakage. A deviation from this condition leads to a time 

dependence of the neutron population, and consequently the rate of heat generation. An 

effective neutron multiplication factor (𝐾𝑒𝑓𝑓) represents the time dependence in terms 

of the ratio of number of neutrons in one generation to that in the preceding generation. 
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Another useful parameter to represent the rise or fall of the reactor power is the 

reactivity (𝜌), which is defined as the fractional change in the effective multiplication 

factor (
𝑘𝑒𝑓𝑓−1

𝑘𝑒𝑓𝑓
). Common terminologies used to express 𝜌 are percent milli or pcm 

(10−5), percent or cent (10−2) and Dollar ($). One Dollar is defined as the threshold 

between a critical or stable state (𝜌 = 0) and a prompt-critical state (𝜌 = β), where 𝛽 

represents the fraction of delayed neutrons in the total neutron population. Delayed 

neutrons are produced in a small fraction by ‘delayed neutron precursors’, which are 

fission products with excitation energies high enough to make possible the emission of 

a neutron.  

Reactivity is a function of macroscopic cross sections, which involve the atomic 

number densities of materials in the system. As the neutron reaction cross-sections and 

number densities of materials depend on temperature, a change in reactor power can 

influence the core temperature and hence the reactivity. Spatial movement of material 

can also disturb the number densities, thereby influencing the reactivity. Such variations 

in the reactivity can affect the inherent stability of a nuclear reactor during upset 

conditions. Mathematically, these variations are incorporated by splitting the reactivity 

in two components (𝜌 = 𝛿𝜌𝑒𝑥𝑡 + 𝛿𝜌𝑓𝑒𝑒𝑑). The external influences, such as the insertion 

of positive reactivity via a control rod, are represented by  𝛿𝜌𝑒𝑥𝑡 , whereas the 

temperature and movement related influences are represented by the so-called 

‘feedback reactivity’ (𝛿𝜌𝑓𝑒𝑒𝑑). As outlined above, research has led to the recognition of 

beneficial inherent safety features in SFR systems. Each feature is represented in the 

reactor kinetics calculations through a respective δ𝜌𝑓𝑒𝑒𝑑 . Prominent reactivity 

feedbacks identified for SFR systems, and their associated impact on reactor safety are 

briefly introduced as follows [22]: 
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(a) Fuel Doppler: The resonance peaks in the neutron absorption cross-sections undergo 

the so-called ‘Doppler broadening’ with rise in temperature. The result is an 

increase in the reaction rates for both fissile and fertile nuclei. However, temperature 

rise of the principal fertile nuclei (U238) results in a relatively larger increase in the 

effective rate of parasitic capture, which generates a beneficial negative reactivity 

feedback. The fuel Doppler feedback provides a crucial, negative temperature 

coefficient, particularly in mixed-oxide fuel based SFR.  

(b) Fuel axial expansion: The rise in fuel temperature under an upset condition leads to 

the expansion of fuel pellets in both the radial and axial directions. The radial 

expansion of fuel pellets does not influence the radial expansion of the core itself, 

since it is accommodated either by the gap between fuel pellets and cladding, or by 

the elasticity of the cladding steel. However, the axial expansion of fuel pellets 

effectively increases the height of the core. The increased height results in an 

increased neutron leakage through the radial border of the core, which generates a 

beneficial, negative reactivity feedback. This feedback is an important inherent 

safety mechanism for both oxide and metal fuel based SFR systems. 

(c) Control rod driveline expansion feedback: The CSR drive mechanism is generally 

immersed partially within the hot pool. An increase in the core outlet temperature 

results in a corresponding increase in the hot pool and the CSR drive mechanism 

temperatures. The thermal expansion of the CSR drive mechanism leads to an 

effective insertion of CSR in the reactor core, which generates a negative reactivity 

feedback. 

(d) Core radial expansion: Rise in the overall core temperature leads to radial thermal 

expansion of structural components of the core. A minor increase in the effective 
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diameter of the core increases the space between the fuel subassemblies, which 

leads to a corresponding negative reactivity feedback. 

(e) Sodium thermal expansion and boiling: Liquid metals such as sodium are weak 

neutron moderators, i.e., they tend to decrease the speed of fast neutrons slightly. A 

change in the core temperature affects the density and mass of liquid sodium, which 

influences the reactivity. The nature of this feedback is exceedingly space dependent 

[23]. For e.g., the occurrence of coolant boiling near the top of the active core 

increases the neutron leakage, whereas the corresponding reduction in coolant 

density reduces the neutron moderation. The increased leakage tends to dominate 

the decrease in moderation, leading to a negative reactivity feedback. However, 

boiling in the central region of the core reduces moderation without a significant 

rise in neutron leakage. Therefore, large-scale loss of coolant generates a positive 

reactivity feedback in commercial sized, ((U-Pu)-O2) fuel, homogeneous core SFR 

[16]. For small-sized SFR (for e.g., EBR-II), neutron leakage is much more 

dominant. ULOF and ULOHS tests conducted in EBR-II have demonstrated passive 

shutdown without damage to the reactor core, based on the negative reactivity 

feedbacks associated with rise in coolant, fuel and structural temperatures [24]. 

(f) Fuel compaction: One of the crucial safety related aspects of SFR systems is that 

the compaction of fuel in the event of a core meltdown can generate a large positive 

reactivity feedback [2]. The coolant, stainless steel cladding and fuel pellets situated 

within the highest neutron density regions are most susceptible to 

degradation/phase-change during severe accidents. In case of cladding and fuel 

pellets, phase-change results in the formation of molten fluid in a localized region. 

Due to the tendency of fluids to undergo deformation readily in the presence of 
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shear stresses, the molten material flows under the influence of hydrodynamic 

forces. The resultant relocation of material results in a corresponding reactivity 

feedback. The magnitude and nature of this feedback (positive or negative) 

generally depends upon: (a) the fluid dynamics of the molten material under 

consideration, (b) material mass involved in relocation, and (c) location of melting 

within the core. If the molten material collapses downwards under the influence of 

gravity, a large, positive reactivity feedback can arise. The phenomenon is 

commonly referred to as ‘fuel slumping’ or ‘fuel compaction’, and is utilized in 

conservative safety studies [22]. 

(g) Molten fuel relocation: A striking feature of SFR discovered in UTOP related 

experiments is the dispersive flow of molten fuel in the axial direction of the core, 

both before and after the failure of cladding. The movement within the pin before 

clad-failure is commonly known as ‘fuel squirting’ [22]. The movement outside the 

pin after clad-failure is called ‘fuel sweep-out’. Fuel squirting is a rapid, 

hydrodynamic movement of molten fuel inside the cavity of fuel pellets. It typically 

occurs at high velocities of the order of 40 m/s inside the fuel column [25], and leads 

to the relocation of molten fuel from the active core to either the fertile blanket [26], 

or the gas plena. Both fuel squirting and fuel sweep-out remove molten fuel from 

the vicinity of the active core. The loss of fissile nuclei from the core generates a 

negative reactivity feedback [22].  

If somehow the negative reactivity feedback mechanisms fail to mitigate the 

severe accident, the reactor may undergo large-scale meltdown and attain an uncoolable 

configuration. Under such circumstances, if the core collapses and becomes prompt-

critical (𝜌 = 1 $), a rapid power excursion and core material vapourization may occur 
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[2]. Due to significantly high material vapour pressures, such a power rise will 

ultimately be terminated by the physical disassembly of the core material. Conservative 

safety studies of the physical disassembly are normally carried out to identify the 

uppermost limit of threat to the containment [3]. The severe accident phenomenology 

prior to the attainment of an un-coolable configuration is broadly categorized as the 

‘pre-disassembly phase’ of a core disruptive accident [27]. The desired outcome of 

inherent safety is the complete neutronic shutdown of the reactor within the pre-

disassembly phase in a relatively benign manner. In this context, it is important to 

examine the fuel squirting feedback, which is expected to mitigate UTOP even prior to 

clad failure.  

1.4 Role of fuel squirting in SFR safety 

In general, the above reactivity feedbacks are well established and intrinsic to the 

safety envelope of all modern SFR designs. However, the same cannot be unanimously 

stated for fuel squirting, despite several experimental demonstrations of its 

effectiveness. Squirting was first established as an accident mitigating mechanism 

through experiments conducted in the TREAT reactor [25]. Thereafter, multiple 

experimental studies further established the utility of the mechanism for UTOP 

mitigation [26,28,29]. Based on the widespread evidence, squirting was utilized as a 

prominent negative reactivity feedback in the safety assessment of India’s PFBR [3]. 

However, the assessment was further extended to include the control rod driveline 

expansion feedback, in order to demonstrate inherent safety of PFBR against UTOP 

even without the squirting feedback [30]. 

Findings that contested the above approach first emerged from the UTOP 

experiments conducted in the EBR-II reactor. It was found that although squirting took 
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place in solid fuel pins, it did not occur in annular fuel pins [31]. Further evidence to 

dispute the established fuel squirting hypothesis arrived from the experiments 

conducted in the CABRI reactor, located in Cadarache (France) [32]. In a number of 

UTOP tests performed with annular fuel pins, squirting remained absent [33]. Instead, 

a new type of relocation mechanism, termed ‘in-pin fuel motion’ was reported for the 

first time. The main difference between squirting and in-pin fuel motion was that while 

squirting led to a rapid removal of melt from the active core, in-pin fuel motion led to a 

relatively much slower relocation within the confinement of the annular pellet cavity 

(Refer Fig. 1.2). Studies showed that in-pin fuel motion failed to disperse fuel away 

from the active core, except in certain uncommon circumstances, such as the 

fragmentation of blanket pellets prior to the test [33], or excessively high rise in reactor 

power [34]. Based on these experimental findings, Papin, in a book chapter on the 

behavior of fast reactor fuel under accident conditions, discounted fuel squirting as an 

accident mitigating mechanism during UTOP [35]. Similar views were also expressed 

by the Argonne National Laboratory (ANL) in their technical report on severe accident 

mitigation in fast reactors [36].  

A significant disagreement in the approaches adopted towards fuel squirting and 

its impact on SFR safety is evident. A deeper exploration of literature is needed to: (a) 

highlight the reasons for the disagreement, (b) identify experimental findings of 

maximum relevance towards India’s SFR program, and (c) examine the available 

theoretical models of fuel squirting for their utility in safety analysis. First, a short 

description of the experimental facilities used to study fuel squirting is provided. 

Second, the major challenges in mathematical modeling of molten fuel relocation are 
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discussed. Subsequently, a compact and thorough literature review is carried out to 

fulfill the above highlighted goals. 

1.5 Specialized test reactors 

1.5.1 TREAT reactor 

The Transient Reactor Test (or TREAT) facility is an air-cooled, graphite 

moderated, thermal-spectrum test reactor located in Idaho National Laboratory, USA 

[37]. The purpose of the facility is to evaluate different types of fuel designs under 

accident conditions by generating transient neutron fluxes. The facility is equipped with 

a hodoscope, which can monitor the axial fuel motion in space-time [38]. The 

underlying principle of this device is the detection of fast fission neutrons which escape 

through an opening in the biological shield, amid a background of thermal neutrons and 

gamma radiation. 

1.5.2 EBR-II reactor 

Experimental Breeder Reactor-II (EBR-II) is a sodium fast reactor constructed by 

Argonne National Laboratory in Idaho, USA [39]. The objectives of this reactor were 

to demonstrate the feasibility of fast reactors as power plants and to demonstrate on-site 

recycling of spent fuel [40]. Later, it proved to be a remarkably effective test reactor 

due to the presence of fast neutron spectrum and capability of creating slow transients. 

1.5.3 CABRI reactor 

Located in Cadarache (France), CABRI is an experimental, thermal neutron 

spectrum based research reactor built for testing nuclear fuel under severe accident 

conditions [41]. Some of the studies performed in this reactor are important for this 

thesis. For clarity in the subsequent review, the main features of the reactor are briefly 

introduced as follows:  
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CABRI is a pool-type, light water moderated reactor with a maximum steady-

state power level of 25 MW. A picture of the reactor core taken from above shows the 

major core components and their positions (Refer Fig. 1.4). The driver core consists of: 

(a) Six percent enriched, UO2 based fuel rods with 80 cm fissile length, (b) Six control 

rod subassemblies with tubes containing Hafnium (23 each), (c) Four transient rod 

subassemblies with tubes containing 3He (24 each), (d) graphite reflector and (e) light 

water coolant at a pressure of ~ 1.2 atm.  

 
Figure 1.4: View of the CABRI reactor from above. Major components are: 1: 

Experimental test loop, 2: Hodoscope channel, 3: Control rods, 4: Transient rods, 5: 

Driver fuel subassemblies. [42] 
 

  

Figure 1.5 presents a schematic diagram of the reactor core and the experimental sodium 

loop. The loop is made up of both in-pile and out-of-pile components. The test section 

is inserted into the in-pile part (fixed at the core centre) before conducting experiments. 

The test pin is housed inside a 12 mm diameter Niobium tube at the radial centre of the 
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core. Liquid sodium flows through the annular channel in between the fuel pin and the 

tube. The tube is thermally insulated at its outer surface with Argon (white space outside 

test channel) and a Molybdenum reflector. 

 
Figure 1.5: Schematic layout of CABRI reactor core. 
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Sodium inlet and by-pass flow systems ensure the desired mass flow rate within 

the test channel (concentric sodium rings outside Argon insulation). The entire sodium 

loop is kept in a vacuum environment inside the test section (white space outside sodium 

channels). A detailed schematic of the test section is presented by Flores et al. [43]. A 

reactivity injection system allows the realization of overpower by depressurization of 

3He from the transient rods situated among the driver fuel subassemblies. The rods are 

connected to an out-of-pile discharge tank through a set of fast-acting and control valves 

[35]. The rate of reactivity insertion is controlled by regulating the rate of 3He discharge 

from the transient rods. The system is capable of injecting reactivity of up to 4 $/s in a 

duration less than 0.01 s, by opening the fast-acting valves [44]. For slower rates of 

reactivity insertion, the valves are opened sequentially [45]. The external reactivity 

insertion is countered by the Doppler Effect and other delayed feedbacks until a new 

equilibrium is reached. The control rods are completely dropped at the end of the 

transient to regulate the total energy deposited in the test pin. The parameters of the 

reactivity injection system are the initial absorber pressure, control valve aperture, 

control rod drop instant, steady-state temperature and power [45]. A heat balance 

method is used to evaluate the steady-state core power, by measuring the rise in coolant 

temperature for an accurately monitored flow rate [44]. Boron-lined ionization 

chambers are calibrated to correspond to the steady-state power measured by the heat 

balance method. Cobalt and gold disk and wire dosimeters are used to measure the axial 

flux profile in both the driver subassemblies and the experimental test section. 

1.6 Major challenges in modelling molten fuel relocation 

 Theoretical treatment of material relocation in the reactor core requires the 

prescription of hydrodynamic forces acting on the molten mass within the available 
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flow space. In case of fuel relocation within the annular fuel pin, this space is the inner 

cavity of fuel pellets. The characteristic length (or inner diameter of pellet) is small (~ 

2 mm), while the length is of the order of one meter. Besides gravity (body force), the 

surface-acting forces are: (a) Capillary, (b) Viscous, (c) Inter-phase momentum 

exchange (drag, virtual mass), and (d) Pressure forces. The flow is also affected by a 

temperature gradient along the length of the flow space, which may solidify molten fuel. 

This may lead to increased inter-molecular cohesive forces, leading to rise in fluid 

viscosity by several orders of magnitude [46]. Solidified fuel can also choke the melt 

cavity. Inter-phase momentum exchange occurs due to the presence of two fluids in the 

flow space (Fluid 1- Molten fuel, Fluid 2- fission gas mixture). [47]. Pressure forces are 

generated by the release of fission gases, that were originally trapped inside the fuel 

microstructure [48]. The relative dominance of one force over the other dictates the 

hydrodynamics. Naturally, the flow behaviour reported in experimental literature 

differs vastly [25,31,33]. Any computational modelling effort must take the above 

challenges in account to represent the physics of molten fuel relocation appropriately. 

1.7 Literature review 

Nuclear fuel rods (or pins) have a simple geometrical design and straight forward 

application, i.e., heat generation and radioactivity containment. The underlying physics, 

however, is not simple. From the beginning to the end of its life, the pin undergoes 

several thermo-mechanical and chemical changes. Therefore, in accidents, the melting 

and relocation of fuel and cladding become a function of these changes (for e.g., burnup, 

swelling, irradiation history) along with the conditions of the upset event. To predict 

the phase-change, relocation and resultant reactivity feedbacks, the scientific 

community relies on (a) specialized test reactors (for e.g., TREAT, CABRI) and (b) 
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comprehensive computational tools with experimental validation. Finally, reactor 

safety assessments are carried out based on the collected information to categorize the 

impact of each mechanism. This review therefore addresses the available literature in 

three parts, viz., experimental studies, computational tools, and reactor safety 

assessment studies.  

1.7.1 Experimental studies 

Tests were performed in the TREAT reactor (Section 1.5.1) to evaluate the fuel-

clad mechanical interaction for ceramic fuel during a sudden, large reactivity insertion. 

In one of these tests (C3C), an expulsion of molten fuel out of the active zone was 

noticed for the first time [49]. It was found that fuel had escaped out of the test pin (in 

molten state) at such a high velocity that it even penetrated a capillary tube (0.8 mm 

diameter) outside the pin. This expulsion was attributed to a large pressure force caused 

by the release of fission gases from the molten fuel microstructure. Based on the 

hypothesis that the expulsion could provide an advantageous negative reactivity 

feedback, a series of tests were carried out [25,50,51]. It was found that a fast insertion 

of external reactivity (~ 5 $/s) resulted in a large expulsion of fuel before the steel 

cladding could fail [25]. In the report of one such test (PINEX-2), the term ‘fuel 

squirting’ was used for the first time. Molten fuel was squirted out of the fissile column 

at a high speed (~ 30-40 m/s) up to the fission gas plenum. This movement could 

mitigate a sudden reactivity insertion in SFR systems. Some concerns about the 

applicability of squirting towards commercial SFR remained unaddressed: 

(a) The tests were carried out with fuel pins specifically designed to promote squirting. 

The fuel, insulator, and reflector pellets were designed with annular geometry to 

create an internal flow channel between the fuel pellet cavity and at least one (upper 
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or lower) gas plenum. However, typical SFR fuel pins have solid blanket pellets, 

which confine the internal flow channel within the fissile column. 

(b) The reactivity insertion rate (5 $/s) was unrealistic with regards to UTOP in SFR 

systems. Safety provisions in modern SFR ensure that the rate of reactivity insertion 

remains small (few ₵/s) [35]. 

(c) The test pin did not include axial blanket columns, which are generally present in 

SFR fuel pins [52].  

Out of the above, concern (c) was addressed with follow-up experimental studies 

[50][26]. Three types of blanket and plenum geometries were tested to determine the 

optimal design for squirting: (Design I) solid bottom blanket, annular top blanket; 

(Design II) annular bottom blanket, solid top blanket; and (Design III) annular bottom 

blanket, annular top blanket. All the pins had a direct pathway between the fuel column 

and at least one gas plenum. The reactivity insertion rate was fixed at 3 $/s. It was found 

that in the presence of axial blanket pellets, molten fuel could not enter the gas plena in 

any of the three tests. Instead, it froze in the blanket column, choking the flow channel. 

Maximum squirting occurred in Design 1, followed by Design 2 and Design 3. It was 

theorized that in Design 1, molten fuel temperature must have been highest at the time 

of entry in the top blanket. It therefore penetrated the greatest distance, leading to 

maximum squirting.  

A series of five tests were conducted in EBR-II (Section 1.5.2) with mixed oxide 

fuel and different fuel pin designs to address the above concerns [31]. Each test was 

conducted on a different type of fuel (aggressive (high smear density, thin clad), 

moderate and advanced (annular fuel) design). Nineteen pre-irradiated fuel pins were 

used in each test. Pins with aggressive parameters failed. Pins with moderate and 
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advanced parameters did not fail up to 100 % over-power. Fuel-clad mechanical 

interaction was the dominant failure mechanism. Molten cavity pressurization and melt 

thermal expansion played an important role in failure. It was found that under typical 

UTOP conditions in modern SFR, the probability of failure was not a function of the 

rate of power rise. Annular fuel design mitigated fuel-clad mechanical interaction very 

effectively by letting fission gases escape to the plenum and providing space for thermal 

expansion of molten fuel. In some solid fuel pins, a squirting distinct from the PINEX 

tests was observed. The mechanism is briefly described as follows: 

Fuel melting in solid pins leads to the formation of a melt cavity enclosed by solid 

fuel from all sides. With further rise in power, this cavity grows in the axial and radial 

directions. If sufficient melting occurs, the cavity grows up to TFC. Here, high cavity 

pressure forces the blanket pellets upwards, resulting in the relocation of some molten 

fuel mass and solid fuel pellet fragments from the fissile to fertile column. For clarity 

in subsequent discussion, this squirting is hereafter referred to as solid fuel squirting. 

None of the annular fuel pins exhibited squirting involving melt relocation from the 

fissile to the fertile region.  

The first test series carried out in the CABRI reactor (called CABRI-1) involved 

‘fast’ transients, i.e., large reactivity insertion within a few hundred mile-seconds [32]. 

UTOP in SFR systems typically involves a small rate of unexpected reactivity insertion 

(few ₵/s) due to the safety provisions incorporated in the reactor design [35]. Doppler 

and axial expansion feedbacks counter the external reactivity insertion. The net result 

of these kinetic mechanisms is a slow rise in SFR power (~ 1–3 % Pn/s) [35]. Therefore, 

beginning in the late nineties, a new series of tests (CABRI-2) was taken up to test the 

behaviour of SFR fuel under such conditions [33,53]. Subsequently, CABRI-FAST 
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series was taken up to establish the fuel-clad mechanical interaction (FCMI), margin-

to-failure and power-to-melt for annular pins with improved cladding (SCARABIX; 

15-15 Ti CW clad) [34]. To simulate UTOP conditions in the test reactor, the transient 

rods were depressurized at a slow rate. A uniform rate of power rise (~ 1 % Pn/s) was 

therefore achieved in all the tests. The annular MOX fuel pins had inner and outer pellet 

diameters of ~ 2 mm and 7.27 mm, respectively. Fissile length for each pin was 75 cm. 

Despite the significantly high transient power levels achieved in the E9 (134.7 kW/m, 

223 % Pn/s), E9bis (107,5 kW/m, 181 % Pn/s), PF1 (88.3 kW/m, 213 % Pn/s) and MF2 

(124.7 kW/m, 315 % Pn/s) tests, none of the annular fuel pins underwent failure. Results 

relevant to the melting, relocation, and squirting behaviour of MOX based, annular fuel 

pins, which are to be utilized in India’s upcoming SFR, are outlined as follows: 

Charpenel et. al. [33] have presented detailed experimental results on fuel melting 

and relocation during UTOP. Based on the neutron radiographs and axial cuts of test 

pins, as well as the hodoscope readings, it is reported that annular fuel exhibits a 

relocation mechanism distinctly different from the conventionally understood fuel 

squirting. This motion, known as ‘in-pin fuel motion’, can result in the relocation of 

molten fuel up to the top of the fissile column, if significant rise in power and melting 

occur. Based on the segregation of metallic fission products from the melt, it is 

concluded that the movement is slow in nature. In-pin fuel motion has been 

unanimously observed in all the UTOP tests with annular fuel pins. If the blanket pellets 

are completely intact prior to the accident, the melt can remain confined inside the fissile 

length despite a significantly high rise in power and substantial melting. Therefore, with 

in-pin fuel motion, the probability of fuel removal from the active core is quite small 

under typical UTOP conditions.  
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Charpenel et. al. [33] have also shown that a small amount of fuel can penetrate 

the top blanket column, if the top blanket pellets are fractured a-priori (E9bis test). Fuel 

melting in this test began in less than thirty seconds. After a substantial amount of 

melting, a few grams of fuel were relocated from the fissile column to the gaps present 

between the fragmented top blanket pellets. Based on the hodoscope readings, the time 

of relocation was determined to be between sixty-five to sixty-nine seconds. The test 

proved that even with in-pin fuel motion, fuel removal from the active core is possible. 

However, due to sensitivity constraints of the motion measuring device (hodoscope), a 

clear picture of the fuel motion within the fissile column remains unavailable. 

A significantly large resistance to failure of annular MOX fuel pin during UTOP 

was established. Even at exceedingly high transient power levels, the pins did not 

undergo failure. In one of the tests (E9bis), a notch was introduced in the cladding steel 

at the peak power node. Furthermore, a partial reduction in the coolant flow rate was 

implemented to initiate failure. Despite the imposition of such severe conditions, the 

pin resisted failure successfully. However, the imposition of UTOP on a solid MOX pin 

resulted in failure at a relatively much lower power level. Therefore, annular MOX fuel 

pins were found to provide a strong advantage over solid fuel pins with regards to 

resistance towards failure under UTOP. Consequently, the potential for pre-failure fuel 

melting and relocation in annular fuel pins is immense and must be taken in account in 

the safety studies.  

Fukano et. al [34] have reported squirting in annular fuel pins during UTOP, 

under an excessively high rise in power. In the MF2 test, fuel squirted through a melt 

cavity in the blanket pellets up to a distance of ~ 3 cm from the top of fissile column 

(TFC). Squirted fuel came in direct contact with the cladding steel at TFC. The blanket 
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pellets of the test pin were completely solid by design, and literature does not reveal the 

presence of any prior fragmentation. The radius of the melt cavity (~ 0.45 mm) created 

within the blanket pellets was smaller in comparison with the prefabricated cavity inside 

fuel pellets (1.015 mm). Localized coolant boiling (near TFC) was also observed at the 

instant of squirting. It was reported that coolant boiling, and molten fuel-clad contact 

were inter-connected events. However, the sequence of events is unknown, i.e., whether 

boiling resulted in molten fuel-clad contact, or whether fuel squirting led to clad heat-

up and coolant boiling. It may be noted that the coolant flow rate (0.11 𝑘𝑔/𝑠) was much 

smaller as compared to E9 (0.153 𝑘𝑔/𝑠), which may have caused localized boiling and 

squirting in this test. The mass of fuel squirted out of the fissile column is unavailable. 

From the radiographic images, this mass appears to be a few grams. These results show 

that in annular fuel pins, a few grams can be squirted out of the fissile column at 

excessively high-power levels during UTOP. Such squirting may occur simultaneously 

with coolant boiling. However, if a vacant space is available in the top blanket pellets 

prior to the accident, fuel can be relocated out of the fissile column at a relatively lower 

power level without coolant boiling [33]. 

1.7.2 Computational tools 

1.7.2.1 Available mathematical models 

Chen et al. [54] developed a 1-D enthalpy formulation based model for capturing 

the phase-change heat transfer in nuclear fuel rods. Shrivastava et al. [55] developed a 

model to capture the natural convection in molten fuel trapped inside the fuel rods. 

McCord et al. [56] et al. developed analytical solutions for melting driven by internal 

heat generation. Kamiyama et. al [57] developed a fuel freezing model for calculating 

the distance of penetration in cold channels. These studies did not consider the 
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challenges associated with modelling phase-change in annular pellet geometry. The 

problem domain was considered completely solid prior to the start of melting. Therefore, 

the presence of gas phase was neglected. Molten fuel was either considered stationary 

[54] or assumed to occupy the fluid flow domain entirely. Furthermore, the effects of 

fission gas release induced pressurization and melt freezing in cold regions were not 

addressed. These assumptions rendered the above mathematical models unsuitable for 

application towards annular fuel pins. 

Manchon et. al [58] studied the vaporisation of molten fuel during a core 

disruptive accident. Total core melt-down was assumed to have occurred prior to fuel 

vapour expansion, thus exposing fuel to the coolant ambient pressure. In UTOP, molten 

fuel is contained inside the fuel pin with high internal pressure until cladding failure. 

The vapour saturation temperature for a high-pressure environment is significantly 

greater in comparison with the corresponding temperature for the coolant ambient 

pressure. Studies focused on molten fuel vaporization under such pre-failure conditions 

are scarce in literature. 

Multi-phase flow models can become ill-posed for certain ranges of independent 

variables. An ill-posed model generates divergences in the numerical solution. A 

method of characteristics analysis has revealed the regions of real and complex 

characteristics with regards to the 1-D multi-phase flow equations of the RELAP5 code 

[59]. A linear stability analysis has further revealed the ill-posed regions and the growth 

rates of numerical disturbances [60]. Sodium thermophysical properties have also been 

incorporated in the RELAP5 code framework to enable its utilization in SFR thermal 

hydraulics analysis [61]. An uncertainty analysis of RELAP5 has also been carried out 

[62]. However, the code architecture does not address the modelling challenges specific 
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to annular pellet geometry. For instance, the mass source terms in RELAP5 are derived 

from liquid-vapour phase change, whereas the mass source terms needed for the present 

study involve solid/liquid phase change. Another challenge that arises in the simulation 

of fuel squirting through RELAP5 is the transient variation in the flow geometry, which 

must be accommodated in both the heat-transfer and multi-phase flow models. 

Furthermore, flow blockage caused by the solidification of molten fuel requires a 

dedicated solidification module. The above challenges need to be addressed before the 

application of RELAP5 towards fuel squirting. 

1.7.2.2 Tools for fuel squirting 

Modelling efforts for capturing fuel squirting began in the late 1970s, soon after 

its discovery. The first such code, PINEX-AR [63], was developed for analysis of 

squirting observed in the PINEX-2 test (Section 1.7.1). The code assumed slug flow as 

the dominant flow regime [64]. To calculate the slug velocity, pressure drop between 

the melt cavity and fission gas plena was calculated, since an internal flow channel was 

created in the test [25]. PINEX-AR was integrated in the UK whole core accident code, 

FRAX [65]. A major limitation of this tool is that its validation is confined to PINEX 

tests, which do not represent typical UTOP conditions and fuel specifications.  

The FUMO-E code [66] was also validated with the PINEX-2 and PINEX-3 

experiments. Studies with this code were able to conclude that (a) In case of a relatively 

slower transient (~ 50 cents/s), even if an open pathway was available to the plenum, 

the melt was more likely to freeze in the annular blanket/reflector pellets and (b) Melt 

freezing and plugging were dominated by crust-build up instead of a bulk freezing 

process. This code was integrated in the MELT-IIIB code system [67]. The validation 

was not extended to slow rate of reactivity insertion (~ 1–3 cents/s) since such tests had 
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not been carried out at that time. Mathematical framework of FUMO-E was not 

published in available literature. 

Experimental reports of a new type of squirting (solid fuel squirting, Refer 

Section 1.7.1), led to a shift in code development towards solid fuel pins [68]. 

PINACLE, built as a part of the SAS-4A code, could predict squirting in metallic and 

oxide fuelled solid pins (Section 1.7.1). However, its validation with the melt motion 

data of annular fuel pins (CABRI-E9, E9bis) may not be possible since it assumes a 

homogenous flow model [69]. This is appropriate for solid fuel, wherein the melt and 

fission gases are locked inside a small volume and their movements are intricately 

coupled. However, this is not the case with annular fuel. 

1.7.2.3 Tools for in-pin fuel motion 

The ASTEC-Na code system is a pre-disassembly phase simulation tool for 

analysis of protected and unprotected accidents in SFR [70]. It derives its thermo-

mechanical models from the LWR code SCANAIR [71] as well as the ICARE models 

of the ASTEC V2 integral code system [70]. Improvements such as the development of 

cladding mechanics, fission gas release and sodium boiling models suited to SFR, 

experimental validation and inter-code verifications have been achieved [72] [73]. 

Validation database includes UTOP, transient under-cooling and overpower and ULOF 

experiments [43]. With regards to in-pin fuel motion, a model ‘FOAM’ is incorporated. 

Based on the ‘EJECT’ model of the SAS-SFR code [74], FOAM calculates fuel melting, 

gas release, axial motion, melt freezing and heat transfer between relocated and solid 

fuel. Validation of FOAM is performed against the E7, E9 and LT2 tests, among which 

only E9 [33]is relevant to the Indian SFR UTOP analysis [30], due to its slow power 

ramp. Results such as transient fission gas release and melt radius are validated with 
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experimental data. With regards to in-pin fuel motion (E9) and fuel squirting (LT2), 

evolution of the fuel inner radius at the peak power node is detailed. The state of the 

fuel column during the transient is detailed (LT2). A rare instance of fuel escape to the 

plena is described (LT2). Results are compared with the predictions of SAS-SFR code 

[75], descended from the SAS4A safety analysis code system. SAS-SFR is considered 

as the reference code for analysis of the pre-disassembly phase of severe accidents in 

SFR [76]. Further validation of ASTEC-Na is reported to be under progress [72]. 

Experimental validation of both the codes against the melt motion behaviour during 

slow rates of reactivity insertion, for e.g., E9, as well as the clearly recorded blanket 

penetration in E9bis [33], is currently unavailable. Mathematical modelling involved in 

these codes, that may be applicable for India’s current and future SFR, is not published 

in available literature. Furthermore, India does not have the license to use these codes.  

A preliminary melting and multi-phase flow model was previously developed for 

melt motion inside annular fast reactor fuel pins [77]. The model could represent nuclear 

fuel melting and the resultant multi-phase flow using conventional macro-channel 

closure laws. Validation of the model was carried out against the thermal parameters of 

the CABRI-E9 test. However, challenges associated with modelling molten fuel 

relocation (outlined in Section 1.6) were not addressed appropriately (for e.g., small 

hydraulic diameter, melt freezing on colder pellet surfaces, increase in viscosity of 

partially solidified melt). As a preliminary benchmarking exercise, the model was 

employed to simulate the CABRI-E9bis test, in which fragmented top blanket pellets 

were penetrated by molten fuel between 65-69 s [33]. With this model, as soon as 

melting began, the melt travelled rapidly to the bottom-most node of the cavity and 

solidified, despite the experimental observations regarding slow motion [77]. 
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Furthermore, the penetration of the top-most fuel node did not take place at all. Hence, 

the available model gave inconsistent results with regards to the benchmark in-pin fuel 

motion data. It is evident that there is a need to develop an advanced multi-phase flow 

model which can address the modelling challenges and generate results consistent with 

the benchmark in-pin fuel motion data.  

1.7.3 Reactor safety studies 

The Argonne National Laboratory (ANL) has evaluated the effectiveness of in-

pin fuel motion for reactor safety [36]. The report states that the effectiveness of in-pin 

fuel motion as a safety feedback (during UTOP) may be limited due to freezing of fuel 

in the colder regions (particularly for annular, mixed-oxide fuel pins, which are to be 

used in Indian fast reactors). Freezing may lead to blockage of the internal flow pathway, 

whereas easy escape of fission gases may prevent strong pressure forces. In a 

comprehensive summary of the CABRI-2 tests, Papin states that no significant 

reactivity feedback is expected in annular fuel pins [35]. This is true based on two pre-

conditions: (a) the melt remains limited to the fissile height of the pin and (b) the melt 

mass remains small. However, if these conditions are violated and a significant amount 

of melting takes place, the impact of in-pin fuel motion on SFR safety cannot be 

neglected. In fact, it is experimentally proven that given sufficient melting, the melt can 

relocate: (a) as far as the top of the active region (E9) (b) beyond the active region 

(E9bis) [33]. Since the relocation is dynamically coupled with its reactivity feedback, 

it will affect the core reactivity, and must be taken in account. Computation of the 

relocation reactivity feedback requires analysis of the whole core of SFR to determine 

the extent of propagation of melting and the consequential fuel relocation in each core 

channel. SFR safety studies that incorporate the mechanics of in-pin fuel motion in the 
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safety paradigm are scarce in literature. Furthermore, studies have not addressed the 

experimentally proven relocation of fuel beyond the active region, despite the 

possibility of a strong, negative reactivity feedback. 

From the perspective of Indian SFR safety studies, an earlier reactor safety 

assessment utilized the fuel squirting feedback for the mitigation of UTOP accident [3]. 

The study was based on an ample evidence of squirting in solid fuel pins at low rates of 

reactivity insertion [29]. It was theorized that since the resistance to fuel squirting was 

greatest in solid fuel pins and comparatively smaller in annular fuel pins, the likelihood 

of squirting was greater in case of the latter. However, data obtained from CABRI-2 

and CABRI-FAST test series has proven that the dominant relocation mechanism in 

annular fuel pins under UTOP is in-pin fuel motion. Fuel ejection from the active core 

is severely constrained and is only possible under exceptional circumstances, such as: 

(a) if the top blanket pellets are fragmented a-priori and significant melting occurs [33], 

or (b) if there is an excessively high rise in reactor power ((315 % 𝑃𝑛) accompanied 

with coolant boiling [34]. Even under such conditions, the mass of fuel squirted out of 

the fissile column appears to be small. In view of such experimental evidence, the 

methodology of Indian SFR safety assessment needs to be updated. 

 Sathiyasheela et. al. [30] have demonstrated the effectiveness of inherent safety 

features of a medium-sized SFR (500 MWe) towards UTOP mitigation using the 

indigenously developed code ‘PREDIS’. It is reported that negative reactivity feedbacks 

(control rod driveline expansion, fuel Doppler and axial expansion) eliminate the 

external reactivity insertion and bring the reactor to a safe state, without extensive core 

damage. The study neglected the fuel squirting feedback. However, in the absence of a 

fuel relocation tool, it was assumed that molten fuel remained stationary. Since fuel 
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relocation influences the overall fuel temperature distribution, it also influences the fuel 

Doppler and axial expansion feedbacks. Therefore, India’s SFR safety analysis codes 

require a computational tool dedicated to pre-failure molten fuel relocation to 

incorporate its practical impact on SFR accident kinetics. 

1.7.4 Summary and gap areas 

Previous experimental studies have revealed three broad categories of pre-failure 

fuel relocation, viz., annular fuel squirting [25], solid fuel squirting [28] and in-pin fuel 

motion [33,34]. From the perspective of contemporary fast breeder reactors (for e.g., 

India’s PFBR [13], FBR-600 [6]) in-pin fuel motion is the most important category of 

displacement, due to: (a) associated test parameters (1-5 ₵/s and annular fuel pellet 

design), which are also expected during UTOP, and (b) high failure threshold of annular 

fuel pins under UTOP, which ensures significant in-pin fuel motion prior to clad failure. 

Experimental test series conducted in the CABRI reactor have provided the most 

detailed and relevant information on the characteristics of in-pin fuel motion [33,34]. 

In particular, the E9bis test has revealed the transient time at which molten fuel 

penetrates the gaps between the fragments of the top blanket pellets [33]. However, the 

fast neutron detection device (hodoscope) is unable to generate a clear picture of the 

melt motion as a function of time due to sensitivity constraints.  

The available thermal models [54,55] on nuclear fuel melting are confined to solid 

pellet geometry. The challenges associated with annular pellet geometry (for e.g., axial 

relocation of melt, presence of fission gases) are not addressed with these models (Refer 

Section 1.6). Pressure forces generated by transient fission gas release are hypothesized 

as the main driver behind both annular fuel squirting [25] and solid fuel squirting [28]. 

However, the available thermal models omit the effect of transient fission gas release. 
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Therefore, these models cannot be applied towards the simulation of fuel relocation in 

annular fuel pins. Furthermore, most fuel vaporization studies are focused on the 

phenomena after clad failure, and do not address the vaporization concerns before clad 

failure [58]. 

Previous computational tools dedicated to fuel relocation in fast reactor fuel pins 

are confined to annular fuel squirting and solid fuel squirting [66,68]. Therefore, their 

direct application towards India’s SFR safety analysis is not possible. Present safety 

assessment codes with dedicated computational tools for in-pin fuel motion are 

ASTEC-Na (FOAM) [72], and SAS-SFR [75]. Both codes are experimentally validated 

against the thermal and fission gas release data of benchmark experiments [53]. 

However, validation of their in-pin fuel motion tools with the corresponding benchmark 

data, which is most relevant for India’s SFR safety requirements, is unavailable. Their 

corresponding mathematical models are not published in open literature. A melting and 

multiphase flow model intended for in-pin fuel motion in annual fuel pins is previously 

published [77]. However, this model is unable to generate relocation predictions that 

are consistent with the benchmark in-pin fuel motion data. 

Previous reactor safety studies have neglected the reactivity feedback of in-pin 

fuel motion based on the assumptions of limited melting, fuel freezing and confinement 

of melt mass inside the fissile height [35,36]. On the contrary, a safety study of PFBR 

has cited fuel squirting as the dominant accident mitigation mechanism in UTOP [3], 

based on the experimental evidence of squirting in solid fuel pins. Sathiyasheela et. al 

[30] have demonstrated the inherent safety of an SFR system similar to the Indian PFBR 

[13], by using the control rod driveline expansion feedback. However, molten fuel has 

been assumed to remain stationary due to the absence of a dedicated computational tool. 
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Experimental studies have clearly shown that if extensive melting does occur, in-

pin fuel motion can relocate the melt up to the top of the fissile column [33]. Significant 

variations exist in the axial power profile within the fuel column. Therefore, even if the 

melt remains trapped inside the fuel column, it can undergo relocation from a high 

neutron density region (for e.g., core mid-plane), to a low neutron density region (for 

e.g., top/bottom of fuel column). Such a relocation will give rise to a negative reactivity 

feedback. Conversely, if fuel is relocated from the top-most region of the active core to 

the core mid-plane (due to gravity), the resultant reactivity feedback will be positive. 

Such a relocation can result in severe consequences. SFR safety studies that address the 

neutronics effects of in-pin fuel motion are scarce. Whole-core investigations of UTOP 

in modern SFR systems that utilize computational tools dedicated to in-pin fuel motion 

[72,75] are unavailable.  

Benchmark experiments have also proven that fuel relocation out of the active 

core region is possible with annular fuel pins even under slow reactivity insertion rates 

[33,34]. Such a relocation can be highly advantageous towards SFR safety. Particularly, 

the presence of small gaps in the top blanket pellets has been shown to remove melt out 

of the active core at a reasonably moderate level of power rise. Computational tools 

capable of simulating this phenomenon are scarce in literature. 

From the review, the following gap areas in literature are revealed: 

❖ An adequate theoretical description of the fluid dynamics of in-pin fuel motion 

continues to pose a challenge in the field of nuclear reactor thermal hydraulics. A 

need is felt to develop an advanced mathematical model which can represent the 

underlying physical phenomena appropriately and generate flow predictions in 

consistence with experimental findings. The model should be able to bring out a 
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clear picture of the pre-failure molten fuel relocation behaviour and supplement the 

limitations of previous experimental results. 

❖ A dedicated computational tool is required to investigate the fluid dynamics of in-

pin fuel motion under modern SFR conditions and to determine the basic nature of 

relocation, i.e., whether melt is relocated away the core mid-plane or towards it. For 

its reliability, the tool should be comprised of well-benchmarked mathematical 

models, particularly for melt relocation.  

❖ For a realistic assessment of the consequences of in-pin fuel motion on SFR safety, 

it is necessary to address the intrinsic coupling between the hydrodynamics and 

reactor neutronics. It is also necessary to extend the computational analysis to the 

whole core to estimate the practical magnitude of the relocation reactivity feedback 

and its controlling parameters. 

❖ There is a need to address the likelihood of molten fuel vaporisation prior to clad 

failure in modern SFR systems. A basic study can be carried out using the above-

described computational tool by comparing the peak temperature of molten fuel 

with the corresponding saturation vapour temperature. 

❖ Due to the importance of fission gas release induced pressure forces in both annular 

fuel squirting and solid fuel squirting, it is essential to develop mathematical models 

that can represent the physics of these forces appropriately in case of in-pin fuel 

motion. Since the magnitude of these forces is largely dependent on the transient 

rate of gas release from molten fuel, there is a need to develop a robust model for 

the same, which can then be coupled with the advanced multi-phase flow and 

thermal models. The consolidated computational tool, comprising of all the models, 

can be used to assess the importance of pressure forces in modern SFR during UTOP.  
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❖ From the experimental results, a scope for significant improvement in the inherent 

safety of future SFR systems is identified. The scope calls for computational 

investigations of melt relocation inside alternative fuel pin designs, which may 

facilitate early removal of molten fuel from the active core region. Such an 

investigation requires a dedicated computational tool that can simulate the physics 

of melt penetration in the blanket pellets appropriately.  

1.8 Major challenges and motivation 

From the diverse set of gap areas, a dedicated computational tool has emerged as 

the primary requirement for a physically appropriate integration of pre-failure molten 

fuel motion in the reactor safety assessment of India’s upcoming fast reactors. The code 

should be able to (a): resolve the important hydrodynamic effects, (b) generate 

predictions that are consistent with the benchmark in-pin fuel motion data, and (c) 

couple the reactor neutronics aspects of fuel relocation with its hydrodynamics, to 

resolve the dynamically coupled nature of the problem. The computer codes that have 

been developed for the numerical prediction of pre-failure molten fuel motion in SFR 

can be listed as follows: PINEX-AR, FUMO-E, PINACLE, ASTEC-Na (FOAM) and 

SAS-SFR [63,66,68,72,75]. The PINEX-AR and FUMO-E codes are based on the 

experimental database of the PINEX test series. Their scope is limited to rapid reactivity 

insertion rates, which are not applicable to UTOP conditions in modern SFR. The 

PINACLE module is a part of the SAS4A code system [76]. Although it is an 

appropriate model for melt relocation inside completely solid fuel pins, its framework 

is unsuitable for annular fuel pins due to the assumption of homogeneous multi-phase 

flow [69]. The FOAM model of the ASTEC-Na code system and the SAS-SFR code 

are relevant tools for studying the pre-failure fuel relocation in India’s current and future 
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SFR. However, validation of both tools with the benchmark in-pin fuel motion data for 

annular, MOX fuel pins under postulated UTOP conditions (1-5 ₵/s) in modern SFR 

systems is not published [72]. This benchmarking is essential for a reliable assessment 

of the pre-failure molten fuel relocation reactivity feedback, which is required for the 

safety analysis of India’s future SFR. Furthermore, India does not have the license to 

use the above-described code systems. A model for melting and multiphase flow inside 

annular fuel pins has been previously published [77]. However, the model is unable to 

generate motion predictions that are consistent with the benchmark in-pin fuel motion 

data. Hence a long-standing need has been identified as the development of a dedicated 

computational tool for integrating the pre-failure molten fuel relocation in the safety 

assessment of India’s current and future fast reactors. The necessity of developing such 

a computational tool and its utilization in reactor safety analysis is the primary 

motivation of the present work.  

1.9 Aim of the present work: outline of the thesis 

Motivated by the above considerations, the main objective of the work presented 

in this thesis is to develop a computational tool for the simulation of mixed oxide ((U-

Pu)-O2) fuel melting and relocation in sodium-cooled fast breeder reactors during 

unprotected transient overpower accidents. The study emphasizes on capturing the 

complex interplay of hydrodynamic forces, including the pressure forces generated by 

transient fission gas release, as well as addressing the dynamic coupling between melt 

hydrodynamics and reactor neutronics. The required computational tool must be able to 

resolve the hydrodynamics of fuel relocation appropriately and generate results that are 

consistent with the benchmark experimental data. Consistent with the challenges and 

gap areas outlined above, following topics are investigated in this thesis: 
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❖ Development of an Advanced Multi-phase Thermal Hydraulic Model and 

Investigation of Melt Relocation in Fast Reactors: An advanced mathematical model 

is developed with the following modelling efforts: (a) Crust formation model is 

developed to simulate the solidification of molten fuel in relatively cooler regions. 

(b) Particle viscosity model is developed to simulate the increase in cohesive forces 

between the molecules of partially solidified fuel (c) A smear density formulation is 

added to represent the thermal expansion of molten fuel at high temperatures. (d) A 

free volume model is added to represent the escape of fission gases through inter-

pellet gaps to the fission gas plena. (e) Based on a dimensional analysis, mini-

channel flow regime constraints are incorporated in the closure laws of multiphase 

flow to represent the effects of surface tension. The resultant set of governing 

equations involving energy conservation in fuel, clad and coolant as well as multi-

phase flow (mass, momentum, and energy conservation) are solved following an 

explicit finite difference numerical scheme. 

Based on the above unified approach of melting and multi-phase flow modelling, an 

advanced numerical algorithm is devised that can capture the rate of fuel melting and 

resolve the hydrodynamic effects of gravity, pressure (due to fission gas release), 

viscosity (due to solidification), drag, virtual mass and surface tension. Numerical 

simulations are performed for the CABRI-E9bis test. The corresponding results are 

compared with the experimental data quoted in literature, leading to successful 

validation of the algorithm. Subsequently, the benchmarked model is extended to 

predict the melt motion characteristics expected in a single fuel pin of a typical, 

medium-sized (500 MWe), pool-type, liquid-sodium cooled fast breeder reactor 

(FBR-500) [3]. The sensitivity of the relocation towards burnup is assessed by 
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comparative analysis of equilibrium and BOL fuel pins. Numerical simulations of 

the transient power rise typical to UTOP in modern SFR are carried out for both fuel 

pins. Furthermore, the effect of fission gas escape to the plenum is analysed. Finally, 

a mass relocation analysis is carried out to study the effect of in-pin fuel motion on 

the axial distribution of fuel mass. The present study is aimed at developing novel 

predictions of the fluid dynamics of in-pin fuel motion expected in fast breeder 

reactors. The study is also aimed at addressing the concerns of severe consequences 

due to melt relocation towards high neutron density regions (for e.g., core mid-plane). 

❖ Reactor Dynamics Investigation of In-pin fuel motion during Unprotected Transient 

Overpower Accidents: As apparent from the intrinsic coupling between the 

hydrodynamics and the reactor dynamics of melt relocation, realistic assessment of 

the impact of in-pin fuel motion on severe accidents requires that appropriate 

attention be given to both aspects. Furthermore, fuel melting may propagate radially 

from the central subassembly towards outer fuel subassemblies, depending upon the 

reactor over-power level and radial power distribution in the core. Therefore, the 

benchmark-proven numerical algorithm is utilized for the development of an inter-

disciplinary computational algorithm with the help of the in-house point kinetics 

code, PREDIS. A simple and robust parallel processing technique is developed to 

extend the numerical algorithm to the entire SFR core and to address the above-

mentioned intrinsic coupling. An optimization study is carried out to enhance the 

efficiency of the coupled system. Subsequently, coupled hydrodynamic/neutronic 

simulations of UTOP are carried out for FBR-500 reactor core. In view of the 

sensitivity of melt displacement towards core condition, the simulations are carried 

out for both BOL and equilibrium core conditions. Best estimate as well as 
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conservative simulations of each core are carried out to address the uncertainties in 

the control rod withdrawal worth, fuel Doppler and material removal worth. The 

propagation of melting in the reactor core and the associated reactor dynamics are 

studied for each case. Comparative analysis of UTOP with and without in-pin fuel 

motion feedback is carried out to address the impact of in-pin fuel motion on the 

inherent safety of SFR. A thermodynamic analysis of molten fuel is carried out to 

investigate the potential of fuel vaporisation prior to clad failure. Finally, the effects 

of core condition and reactivity insertion rate on the melt propagation and relocation 

feedback are studied. The aim of the present study is to investigate the propagation 

of melting in the BOL and equilibrium cores of fast reactors during UTOP with due 

consideration of the neutronics aspects of melt relocation. The study is also aimed at 

developing realistic estimates of the reactor neutronics impact of in-pin fuel motion 

on the severe accident progression. 

❖ Development of a Fission Gas Release Solver and Investigation of Melt Relocation 

in Alternative Axial Blanket Designs: In response to the finding of appreciable 

sensitivity in the fluid flow, fuel mass relocation and progression of UTOP towards 

the core configuration, a dedicated steady-state and transient fission gas release 

solver (FGR) is subsequently developed and integrated with the benchmark-proven 

numerical algorithm. Emphasis is placed on the mechanistic representation of the 

micro-scale gas release mechanisms at the intra-granular, inter-granular and transient 

gas release levels. First, steady-state validation of FGR solver is performed using 

isothermal gas release data, FBTR mixed-oxide fuel irradiation test and the results 

of the FEAST-OXIDE code, whereas transient validation is performed against the 

E9 test conducted in CABRI reactor. The resultant Multi-phase In-pin Thermal 
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hydraulic Relocation Algorithm (MITRA) is also verified against the E9bis melting 

and displacement data for the sake of experimental consistency. 

With appropriate representation of the micro-scale fission gas release processes, 

investigation of the transient gas release in a single fuel pin is carried out with the 

consolidated computational tool, MITRA. Next, the realistic effect of burnup 

dependent transient fission gas release on fuel melting and relocation behaviour is 

investigated. Next, a consolidated whole-core simulation of UTOP in equilibrium 

core (conservative case) is carried out with MITRA to determine the effects of 

modelling improvements on the accident progression. The aim of the present study 

is to investigate the realistic impact of fission gas release on melting, relocation, and 

progression of UTOP accident. Finally, to investigate a highly desirable fuel 

relocation out of the active core through suitable fuel pin design modifications, 

MITRA is augmented further to simulate multi-phase flow in annular blanket pellets 

and the fission gas plena. To achieve this, the previously developed crust formation 

model is replaced with a bulk freezing model, which can capture the breakage of 

solidified crust and further penetration of fuel in the blanket column. Subsequently, 

numerical simulations of UTOP with geometrically modified fuel pin designs are 

carried out. The study is aimed at investigating the potential for improvement in the 

inherent safety features of current and future SFR.  

1.10 Closure 

The chapter presents a brief academic background of this thesis. The role of fuel 

squirting in safety analysis of SFR is described. Major modelling challenges are 

discussed in brief. From a thorough review, gap areas in the current literature are 

highlighted, and the finally the main motivation, aim and scope of work are brought out 
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clearly. The next chapter describes the computational methodologies adopted towards 

severe accident simulation in terms of system specifications and reactor neutronics, as 

well as a working description of an indigenously developed computational tool MITRA. 
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Chapter 2 

Computational Methodology 

 

In this chapter, the methodologies used to simulate the unprotected transient 

overpower accident, viz., fast reactor system specification, reactor neutronics modelling, 

experimental benchmark data, and salient features of the indigenously developed code 

MITRA are detailed. The chapter begins with the technical specification of the SFR 

system utilized for severe accident simulation. Thereafter, various computational 

terminologies needed to describe molten fuel relocation are discussed. This is followed 

by reactor neutronics data needed for severe accident simulation and reactor kinetics 

methodology. Experimental results utilized for code benchmarking are discussed. 

Finally, salient features of MITRA code are described in short to illustrate its working 

methodology. 

2.1 System specifications 

2.1.1 Brief outline of reactor core 

The present study utilizes a 500 MWe, pool-type, liquid sodium cooled, fast 

breeder reactor for the simulations of the unprotected transient overpower accident. The 

specifications of this system are similar to a medium-sized, mixed-oxide ((U-Pu)-O2) 

fuelled SFR system (for e.g., PFBR [13]). A schematic diagram of the selected SFR 

(hereafter FBR-500) core presents the arrangement of fuel, blanket, control safety rod 

(CSR), diverse safety rod (DSR) and reflector subassemblies (Refer Fig. 2.1). The fuel 

subassemblies are grouped between the inner and outer core regions, based on their Pu-

239 enrichment. Table 2.1 presents the basic parameters of the core. Primary and 

backup shutdown systems consist of 9 CSR and 3 DSR, respectively. Radial blanket 

subassemblies containing depleted UO2 pins are provided outside the outer core region. 
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Figure 2.1: Configuration of FBR-500 core at beginning of equilibrium cycle [15]. 

 

Table 2.1: FBR-500 core parameters (dual data represents inner/outer core region 

values). 

Parameter Value 

Total heat generation (MW)  1250  

Fuel type ((U-Pu)-O2) 

Core enrichment (Pu/(U+Pu)), % 20.7/27.7 

Fissile length, L (m) 1 

Number of pins per fuel subassembly 217 

Number of pins per blanket subassembly 61 

Number of CSR rods 9 

Number of DSR rods 3 

Inlet coolant temperature, 𝑇𝑐𝑡,𝑖𝑛 (℃) 397 

 

The equilibrium core configuration is arrived from the beginning-of-life 

configuration after two fuel cycles of 180 effective full power days [78]. Table 2.2 
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presents the core averaged burnup levels, fuel phase-change temperatures [79] and 

number of subassemblies for both core configurations. Both the radial and axial power 

profiles become flatter as the reactor core transitions from BOL to equilibrium 

configuration. Hence, the maximum linear heat rating (𝑋𝑚𝑎𝑥 ), defined as the heat 

generation per unit length of a fuel pin (located in the highest power region), at its peak 

power elevation, is greater in case of BOL core. Core enrichment levels and inlet 

coolant temperatures are equivalent for the two cores.  

Table 2.2: Relevant parameters of BOL and equilibrium cores (inner/outer core) 

[79,80]. 

Parameter BOL Equilibrium 

𝑋𝑚𝑎𝑥 (kW/m) 45 41 

𝐵𝑢𝑎𝑣𝑔 (atom percent) 0 3 

𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 (K) 2998/2962 2983/2947 

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠(K) 3038/3010 3023/2995 

No. of fuel subassemblies 88/90 85/96 

No. of blanket subassemblies 114 120 

 

All fuel and blanket subassemblies in the core are connected hydraulically with a 

common inlet and outlet coolant plenum, i.e., all subassemblies experience equivalent 

inlet and outlet pressures. Coolant flow zones applicable to FBR-500 are prescribed 

based on the core radial power profile [15]. Orifice plates with different flow resistances 

are built into the foot of the subassemblies to ensure that the flow rate is proportional to 

the power generation, so that the steady-state clad hotspot temperatures remain below 

the design threshold in all the subassemblies [81]. Accordingly, the FBR-500 core is 

divided in four inner-core, three outer-core, and three radial blanket channels for safety 

studies [82] (Refer Table 2.3). 
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Table 2.3: Fuel subassembly grouping for FBR-500 (�̇�𝒄𝒕= coolant mass flow rate in 1 

subassembly) [15,80]. 

Zone No. of sub-assemblies 
(% 𝑿𝒎𝒂𝒙/𝑿𝒎𝒂𝒙,𝑰) �̇�𝒄𝒍𝒏𝒕 (kg/s) 

BOL Equilibrium 

I 1 100 100 35.8 

II 30 94.3 94.8 35.8 

III 24 85.3 86.6 31.4 

IV 30 77.9 79.9 28.8 

V 30 86.7 90.2 34.1 

VI 42 69 72.7 28.8 

VII 24 52.1 55.3 20.8 

 

Maximum power generation occurs in Zone-1 (central subassembly), followed by 

Zone-2 (thirty subassemblies) and Zone-5 (thirty subassemblies at the beginning of 

outer core). The radial power variation is defined as the ratio of zone-wise peak LHR 

(𝑋𝑚𝑎𝑥) and Zone-I peak LHR (𝑋𝑚𝑎𝑥,𝐼). The power is greater in Zone-V as compared to 

Zones-III and IV, due to relatively higher enrichment in the outer-core (Refer Table 

2.3). Flattening of the radial power profile during the transition from BOL to 

equilibrium configuration is evident from the data. Similarly, flattening of the axial 

power profile is evident from the axial peak factor for the equilibrium core (~1.241, 

Zone-I) as opposed to the BOL core (~ 1.246, Zone-I). 

2.1.2 Fuel subassembly and pin parameters  

The study is focused on annular fuel pellet design, which is to be employed in 

current and future SFR, such as PFBR, European Sodium Fast Reactor (ESFR [14]), 

and FBR-600 [6]. Schematic diagrams of the fuel subassembly, fuel pin and their cross-

sectional views are presented in Fig. 2.2. The prefabricated cavity present inside the 
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fuel pellets is closed by solid blanket pellets at its axial boundaries. A helical spacer 

wire supports the pin and promotes cross-channel mixing of liquid sodium.  

 
Figure 2.2: Schematic diagram of FBR-500 fuel subassembly and fuel pin [52,83]. 
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Table 2.4: FBR-500 fuel specifications (I: inner core region; O: outer core region) 

[79,84,85]. 

 

The pin bundle arrangement within a hexagonal, stainless-steel wrapper is visible 

in Fig. 2.2 (Cross-sectional view E-E). Multiple slots in the foot of the subassembly act 

as coolant inlet points. Orifice plates can be seen above these entry points. Geometrical 

and thermo-physical specifications of the fuel pin are detailed in Table 2.4. The data is 

published in the Appendix-A of ‘Fast Spectrum Reactors’ [84]. Theoretical fuel density 

Parameter  Sign Value 

Fuel inner radius, mm  RI 0.9 

Fuel outer radius, mm  RO 2.775 

Inner clad radius, mm  RCI 2.85 

Outer clad radius, mm  RCO 3.3 

Fuel column length, m  L 1 

Top blanket length, m  LTB 0.3 

Bottom blanket length, m  LBB 0.3 

Deviation from stoichiometry  x 0.02 

Theoretical fuel density (kg/m3)  TD 11063/11097 

Fuel pellet density (kg/m3)  𝜌𝑠𝑜𝑙 10565 (I), 10598 (O) 

Smeared density (% TD)  - 90 

Mass of fuel per pin (kg)  - 0.225 

Length of upper plenum  LUP 0.2 

Length of lower plenum  LLP 0.71 

Clad material  - D9 
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is derived from well-established property correlations [79]. Fuel densities presented in 

Table 2.4 are defined below.  

2.2 Computational terminologies 

(i) Melting point 

The melting points of mixed-oxide fuel are the solidus (𝑇𝑠𝑜𝑙) and liquidus (𝑇𝑙𝑖𝑞) 

temperatures, which indicate the beginning and completion of melting respectively [79]. 

Therefore, phase-change in MOX fuel is characterized by a mushy layer instead of a 

sharp melt interface [86]. Latent heat absorption occurs simultaneously with sensible 

heating within this zone. For modelling, the mushy layer is generally represented by a 

single melting point (𝑇𝑖𝑛𝑡 = (1 − 𝑜)𝑇𝑠𝑜𝑙 + 𝑜𝑇𝑙𝑖𝑞 ) based on a linear interpolation 

between the solidus and liquidus points. An average melting point is used in the present 

work ( 𝑜 = 0.5 ). Appendix-A details the associated thermophysical property 

correlations.  

(ii) Melt interface radius 

The melt interface radius (𝑟𝑖𝑛𝑡) denotes the approximate position of the mushy 

layer within the fuel pellet. Computationally, it is defined as follows: 

𝑟𝑖𝑛𝑡 = (
𝑟𝑖+1−𝑟𝑖

𝑇𝑖+1−𝑇𝑖
) (𝑇𝑖𝑛𝑡 − 𝑇𝑖) + 𝑟𝑖, 𝑇𝑖 > 𝑇𝑖𝑛𝑡 > 𝑇𝑖+1            ... (2.1) 

 In the above equation, 𝑇𝑖+1  and 𝑇𝑖  are temperatures ( °𝐶 ) of two radially 

consecutive fuel nodes situated at 𝑟𝑖+1 and 𝑟𝑖.  

(iii) Solidus radius 

The solidus radius is analogous to the melt interface radius, except that it denotes 

the location of start of phase-change: 

𝑟𝑠𝑜𝑙 = (
𝑟𝑖+1−𝑟𝑖

𝑇𝑖+1−𝑇𝑖
) (𝑇𝑠𝑜𝑙 − 𝑇𝑖 − 273) + 𝑟𝑖, 𝑇𝑖 > 𝑇𝑠𝑜𝑙 > 𝑇𝑖+1                                      ... (2.2) 
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The above radius indicates the outermost extent of the phase-change phenomena 

and is used to calculate the normalized radial melt extent (% 𝑅𝑠𝑜𝑙/𝑅𝑜).  

(iv) Melt mass fraction 

It is used to quantify the amount of fuel melting for a single fuel pin. It is defined 

as the ratio of mass of fuel with temperature greater than (or equal to) the solidus 

temperature (𝑇𝑠𝑜𝑙), to the total fuel mass present inside a fuel pin at a given instant.  

𝑀𝑀𝐹 (%) =
100∫ (𝑅𝑜

2−𝑅𝑠𝑜𝑙
2 )𝑑𝑧

𝑍𝑡
𝑍𝑏

(𝑅𝑜
2−𝑅𝑖

2)(𝑍𝑏−𝑍𝑡)
                                                                                 ... (2.3) 

In the above equation, 𝑅𝑖, 𝑅𝑜 are the pellet inner and outer surface radii, 𝑍𝑏 , 𝑍𝑡 

are the elevations at BFC and TFC, respectively. To quantify the amount of melting in 

the entire reactor core, a core averaged melt mass fraction is defined as follows: 

𝑀𝑀𝐹𝑐𝑜𝑟𝑒  (%) =
∑ 𝑁𝐹𝑆𝐴,𝑗𝑀𝑀𝐹𝑗 (%)
𝑗=7
𝑗=1

∑ 𝑁𝐹𝑆𝐴,𝑗
𝑗=7
𝑗=1

                                                                         ... (2.4) 

In the above equation, 𝑀𝑀𝐹𝑗(%),𝑁𝐹𝑆𝐴,𝑗 are the zone-wise melt mass fraction and 

number of fuel subassemblies respectively (Refer Table 2.3). 

(v) Reactor over-power 

It is generally defined as the percentage excess in reactor power with respect to 

the nominal power (
𝑃(𝑡)−𝑃(𝑡=0)

𝑃(𝑡=0)
 %). Here, steady-state power (also denoted as nominal 

power (𝑃𝑛)) exists at the start of the transient (𝑡 = 0). In the present work, to avoid 

confusion, the excess power definition is not used. Instead, the reactor over-power is 

simply represented by the ratio of the transient and nominal power levels (%𝑃(𝑡) 𝑃𝑛⁄  ).  

(vi) Fuel density 

The theoretical density of nuclear fuel (TD) is generally defined at the standard 

operating temperature and pressure (STP) based on experimental correlations [79]. 
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During fabrication, in-built porosity is introduced in the fuel pellets to improve the 

irradiation performance. Therefore, the physical density of fuel pellets (𝜌𝑠𝑜𝑙) is denoted 

as a fraction of the theoretical density (𝜌𝑠𝑜𝑙 = 𝑇𝐷(1 − 𝑝)), where 𝑝 represents the 

fraction of in-built porosity. The liquid fuel density (simply 𝜌𝑓) does not involve in-

built porosities and is hence evaluated directly from the thermophysical property 

correlations. Another parameter of interest for reactor neutronics is the smeared density 

of nuclear fuel, which is mathematically defined as follows: 

𝜌𝑠𝑚𝑒𝑎𝑟(% 𝑇𝐷) =  (
100(𝑅𝑜

2−𝑅𝑖
2)(1−𝑝)

𝑅𝑜
2 )                                                                       ... (2.5) 

The density data associated with the FBR-500 pin is detailed in Table 2.4. 

Corresponding thermophysical property correlations are presented in Appendix-A. 

2.3 Reactor neutronics methodology 

2.3.1 Necessary perturbation worth data 

The reactivity effects of any change in the core configuration (for e.g., material 

relocation, sodium voiding) are calculated with a perturbation analysis of the neutron 

multiplication factor [87]. A first order approximation of the perturbation theory is 

utilized based on the assumption that the perturbation being studied is so small that the 

difference between the perturbed and unperturbed neutron flux is negligible [88]. The 

technique is well established with multiple applications in safety studies of medium-

sized SFR [30,82]. Change in reactivity caused by any perturbation is quantified in 

terms of a reactivity ‘worth’ (pcm/kg). For the present study, material removal worth 

data for fuel, coolant, and cladding steel is derived from literature (Refer Table 2.5). 

The fuel void worth is required to compute the fuel relocation feedback (Section 2.3.4). 

Normalized axial profiles of the fuel void worth for Zone-I (central subassembly) of 
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both BOL and equilibrium core configurations are presented in Fig. 2.3. Normalization 

is with respect to the maximum fuel mass removal worth of each configuration (𝑊𝑚𝑎𝑥 =

−41 𝑝𝑐𝑚, BOL; 𝑊𝑚𝑎𝑥 = −39 𝑝𝑐𝑚, equilibrium). Table 2.6 presents the distribution 

of the fuel void worth among the inner-core and outer-core channels.  

Table 2.5: Material void worth data for FBR-500 equilibrium core [82]. 

Material Void worth (pcm) 

Fuel (inner core) −18,908 

Fuel (outer core) −16,671 

Fuel (axial blanket) −10 

Fuel (radial blanket) −187 

Coolant +620 

Steel +3181 

 

 
 

Figure 2.3: Axial profile of fuel void worth [89]. 
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Removal of entire fuel mass from Zone-1 (central fuel subassembly) results in a 

negative reactivity feedback of −298 pcm (BOL) and −287 pcm (equilibrium) [82]. 

Removal of all fuel from Zone-2 subassemblies results in a negative feedback of -7931 

pcm (BOL) and -7736 pcm (equilibrium). The relative impact of fuel removal for each 

zone depends upon the respective number of fuel subassemblies (Refer Table 2.3). 

Since Zone-1 consists of a single subassembly, the negative reactivity feedback 

generated due to fuel voiding is much smaller as compared to the other fuel zones. The 

delayed neutron fraction for both BOL and equilibrium cores is ~ 355 pcm [82]. 

Table 2.6: Zone-wise fuel void worth distribution (% 𝑊𝑓/∑𝑊𝑓) [82,89]. 

Zone BOL core Equilibrium core 

I 0.8 0.8 

II 22.2 21.2 

III 14.3 13.9 

IV 15.6 15.4 

V 19.4 19.8 

VI 19.9 20.6 

VII 7.8 8.1 

 

In the present work, external reactivity insertion (𝜌𝑒𝑥𝑡)  due to unexpected 

withdrawal of a single CSR with the simultaneous failure of the plant protection system 

is studied. The rate of insertion (
𝑑𝜌𝑒𝑥𝑡

𝑑𝑡
) is a function of the differential worth of the CSR 

as well as the speed of withdrawal. A typical, slow speed of withdrawal (2 mm/s) is 

considered, based on the CSR design of a 500 MWe SFR [90]. The differential as well 

as integral worth of CSR are derived from the results of Devan et. al [91]. The CSR 

design consists of 65 % enriched B4C in the centre (0.71 m) and natural B4C (0.2 m) at 
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both the top and bottom ends (Refer Fig. 1.3). The differential and integral worth of the 

CSR are presented in Fig. 2.4. Typical banking depths of CSR for FBR-500 are between 

0.3-0.4 m. For conservative analysis of UTOP, the errant CSR is withdrawn from a 

deeper location. Case-wise accident parameters for whole-core simulations are detailed 

in Chapter 4. Parameters for single pin studies are detailed in Section 2.3.3. 

 
Figure 2.4: Single CSR withdrawal worth data utilized in UTOP simulations. (a) 

Differential worth profile (b) Integral worth profile [91]. 

 

2.3.2 PREDIS: pre-disassembly phase analysis code system 

PREDIS is an in-house code for studying the dynamics of fast reactors during the 

pre-disassembly phase of core disruptive accidents [92]. It utilizes a 2-D cylindrical (r 

× z) model of the reactor core [30]. The core is divided into ten radial channels to 

represent the seven fuel and three blanket zones of FBR-500 (Refer Table 2.3). The 

code uses a representative single pin model for each radial zone to compute the transient 

phenomena in the corresponding group of fuel and blanket subassemblies. Axially, the 

core is divided in fourteen segments, among which ten uniform-sized divisions are 

created in the fissile column and two larger, uniform-sized divisions are created in both 

the top and bottom axial columns (Refer Fig 2.5). Within each mesh, ten cylindrical 
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divisions are further provided in the fuel pellet geometry to evaluate the radial 

temperature distribution, which is used to evaluate the fuel Doppler and fuel axial 

expansion feedbacks. Nodes for clad and coolant are provided in each mesh to evaluate 

the corresponding transient temperature changes, which are also used to evaluate 

reactivity feedbacks. Experimental validation studies of PREDIS are carried out against 

the European LOFA benchmark problem and up to onset of sodium boiling in the 

BN800 benchmark exercise [82]. 

 

Figure 2.5: Schematic diagram of 2-D (r-z) grid utilized in PREDIS for FBR-500 

computations [30]. 

 

For a 500 MWe fast reactor core (for e.g., PFBR), Eigen value separation between 

the fundamental mode and the first mode is greater than 5000 pcm, which indicates that 

the use of point kinetics model is justified [93]. The governing equations are as follows 

[23,92]:  

𝑑𝑃(𝑡)

𝑑𝑡
= (

𝜌−β

Λ 
)P(t) + ∑ λjCj

j=6
j=1 (𝑡), 𝑗 = 1,2, … 6                                                    ... (2.6) 

𝑑𝐶𝑗(𝑡)

𝑑𝑡
=

𝛽𝑗

Λ
P(t) − λjCj(t), 𝑗 = 1,2, …6                                                                  ... (2.7) 
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𝜌 = 𝜌𝑒𝑥𝑡 + 𝜌𝑓𝑒𝑒𝑑                                                                                                      ... (2.8) 

𝜌𝑓𝑒𝑒𝑑 = 𝜌𝐷𝑜𝑝 + 𝜌𝑓,𝑎𝑥𝑒𝑥𝑝 + 𝜌𝑐,𝑎𝑥𝑒𝑥𝑝 + 𝜌𝑐𝑡 + 𝜌𝑟𝑎𝑑 + 𝜌𝑐𝑟 + 𝜌𝑣𝑒𝑠 + 𝜌𝑠𝑙                  ... (2.9) 

In the above equations, 𝑃(𝑡) is the total neutronic power (Watt), 𝜌  is the net 

reactivity, 𝛽  is the total delayed neutron fraction ( 𝛽 = ∑ β
j

j=6
j=1 ), Λ  is the prompt 

neutron generation time (Λ =
1

𝐾𝑒𝑓𝑓
(𝑠)), λj  is the decay constant of the 𝑗𝑡ℎ  precursor 

(𝑠−1), Cj is the delayed neutron precursor concentration of the 𝑗𝑡ℎ group (Watt), 𝜌𝑒𝑥𝑡 is 

the external reactivity insertion, and 𝜌𝑓𝑒𝑒𝑑 is the total reactivity feedback. Reactivity 

feedbacks due to fuel Doppler (𝜌𝐷𝑜𝑝 ), fuel axial expansion (𝜌𝑓,𝑎𝑥𝑒𝑥𝑝 ), clad axial 

expansion ( 𝜌𝑐,𝑎𝑥𝑒𝑥𝑝 ), combined coolant expansion and voiding feedback ( 𝜌𝑐𝑡 =

𝜌𝑐𝑡,𝑒𝑥𝑝 + 𝜌𝑐𝑡,𝑣𝑜𝑖𝑑), core radial expansion (𝜌𝑟𝑎𝑑), control rod driveline expansion (𝜌𝑐𝑟), 

vessel expansion (𝜌𝑣𝑒𝑠) and fuel slumping (𝜌𝑠𝑙) are incorporated in 𝜌𝑓𝑒𝑒𝑑 depending 

upon their significance in a given accident scenario. The core radial expansion feedback 

consists of the expansion effects of the grid plate and flowering of fuel subassemblies. 

Doppler coefficient in the present study is derived from the work of Harish et. al [82]. 

Feedback calculation procedure is derived from the work of Sathiyasheela et. al [30].  

Simulation starts with the evaluation of core temperature distribution at a steady, 

nominal power level and a secondary, higher power level. The temperature and power 

coefficients, defined as the change in reactivity resulting from an increase in 

temperature and core power level respectively [11], are determined by the differences 

in temperature corresponding to the two power levels. The steady state data serves as 

input for the transient computation. Time march from the moment of accident initiation 

(𝑡 = 0 𝑠) begins with iterations of the point kinetics and thermal hydraulics models. 

External reactivity is introduced in the point kinetics model through Eq. (2.8). Change 
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in power, evaluated through Eq. (2.6), results in a change in core temperature. Total 

feedback reactivity (𝜌𝑓𝑒𝑒𝑑) is evaluated through Eq. (2.9), for which each feedback 

magnitude relevant to the accident scenario is calculated. PREDIS stops the transient 

computations if: (a) the core becomes prompt-critical (𝜌 = 𝛽), (b) localized boiling of 

fuel initiates at the peak power region, or (c) the core attains a stable state and remains 

in it for a long enough period to permit operator action in practical situations (𝑡 >

500 𝑠). In case of the first two outcomes, PREDIS additionally prepares input files for 

the disassembly phase analysis code VENUS [94].  

2.3.3 UTOP specification (single pin models) 

Table 2.7 presents the accident parameters utilized for studying fuel behaviour 

with single pin models. The parameters are based on the reactor kinetics of an 

unexpected CSR withdrawal from a banking depth of 50 cm. Associated differential 

CSR worth data and speed of withdrawal are described earlier in Section 2.3.1.  

Table 2.7: UTOP parameters for single fuel pin study. 

Parameter Value 

Ramp rate (% Pn/s) 1 

Transient time (s) 120 

Maximum power level (% Pn) 220 

 

Simulation of CSR withdrawal in FBR-500 with PREDIS results in an initial 

reactivity insertion rate of ~3.5 pcm/s, which decreases to ~0.7 pcm/s towards the 

completion of withdrawal. Four inherent reactivity feedbacks 

(𝜌𝐷𝑜𝑝, 𝜌𝑓,𝑎𝑥𝑒𝑥𝑝, 𝜌𝑐𝑡,𝑒𝑥𝑝, 𝜌𝑐,𝑎𝑥𝑒𝑥𝑝) are activated, while the other feedbacks are neglected 

for the purpose of conservatism. Consequently, the rate of power rise ranges between 

1.17 % Pn/s (𝑡 = 148 𝑠) to 0.3 % Pn/s (𝑡 = 250 𝑠). Therefore, a generalized, nominal 
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rate of power rise (1 % Pn/s) is selected for studying fuel behaviour with single pin 

models. Such a slow rate is typically postulated for most modern SFR systems [35]. The 

maximum power level (220 %) is applicable for both BOL and equilibrium fuel pins. 

The purpose is to generate a substantial amount of melting in both fuel pins and study 

the entire range of fuel relocation behaviour from the start of melting up to the complete 

occupation of pellet cavity. 

2.3.4 Molten fuel relocation feedback 

In the present work, an additional reactivity feedback (𝜌𝑟𝑒𝑙) is added to the 

feedback reactivity defined in Eq. (2.9). The definition of 𝜌𝑟𝑒𝑙 is as follows: 

𝜌𝑟𝑒𝑙 = ∑
(𝑀𝑠𝑡𝑒𝑎𝑑𝑦−𝑀𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡)

𝑀𝑠𝑡𝑒𝑎𝑑𝑦
(𝑊𝑘)                                                                          ... (2.10) 

𝑀𝑠𝑡𝑒𝑎𝑑𝑦 = (𝑀𝑠 +𝑀𝑙)|𝑡=0                                                                                     ... (2.11) 

𝑀𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 = (𝑀𝑠 +𝑀𝑙)|𝑡>0                                                                                   ... (2.12) 

𝑀𝑠𝑜𝑙 = 𝜋(𝑅𝑜
2 − 𝑅𝑖𝑛𝑡

2 )∆𝑧 ∙ 𝜌𝑓,𝑠                                                                                 ... (2.13) 

𝑀𝑙𝑖𝑞 = 𝛼𝑓 ∙ 𝜋𝑅𝑖𝑛𝑡
2 ∆𝑧 ∙ 𝜌𝑓,𝑙                                                                                     ... (2.14) 

In the above equations, 𝑀𝑠 , 𝑀𝑙 , 𝑀𝑠𝑡𝑒𝑎𝑑𝑦 , 𝑀𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 are the local fuel masses for 

solid state, liquid state, original state (𝑡 = 0 𝑠) and transient state (𝑡 = 0 𝑠). The product 

of change in local fuel mass during transient (𝑀𝑠𝑡𝑒𝑎𝑑𝑦 −𝑀𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡) and fuel void worth 

per kg fuel (
𝑊𝑘

𝑀𝑠𝑡𝑒𝑎𝑑𝑦
) is summed from the bottom of lower blanket (𝑧𝑙) to the top of upper 

blanket (𝑧𝑢) to obtain the total fuel relocation feedback. The fuel outer pellet radius (𝑅𝑜) 

is defined in Table 2.4, whereas the melt interface radius (𝑅𝑖𝑛𝑡) is defined in Section 

2.2. Fuel densities (𝜌𝑓,𝑠, 𝜌𝑓,𝑙) for solid and liquid states are defined in Appendix-A 

(thermo-physical properties). The inclusion of blanket columns in the summation 

ensures that even if fuel is somehow entrained inside the blanket pellets, the effect is 
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duly accounted in the calculation. The above definition accounts for the pre-failure fuel 

relocation observed in the benchmark experiments, wherein molten fuel remains 

trapped within the fissile column throughout. Fuel mass removal from a given location 

generates a negative reactivity perturbation in Eq. (2.10). Addition of the same mass to 

a different location generates a positive reactivity perturbation. If the relocation is from 

a relatively low fuel void worth (for e.g., axial ends of the fuel column) to a high fuel 

void worth (for e.g., core mid-plane), the net 𝜌𝑟𝑒𝑙 is positive. Similarly, relocation from 

the core mid-plane to the axial ends generates a negative reactivity feedback.  

2.4 Experimental benchmark data 

Emphasis is placed on comprehensive experimental validation of the developed 

models for consolidating the reliability of the computational tool. Benchmarking studies 

have been carried out against the results of the CABRI reactor in subsequent chapters. 

The studies require a description of the experimental methodology and the various test 

parameters. Main features of the test reactor have been presented earlier in Chapter 1 

(Section 1.5.3). Benchmark experiments and their outcomes are presented as follows:  

2.4.1 E9 test 

The objective was to evaluate the margin to failure of an annular mixed oxide fuel 

pin under UTOP conditions. It was conducted using an OPHELIE-6 fuel pin (annular 

fuel; solid blanket; SS316 CW clad) irradiated in the Phénix reactor [95] (Refer Table 

2.8 for fuel specification). The test conditions are briefly summarized in Table 2.9. 

During UTOP, the presence of negative feedbacks (fuel Doppler, fuel axial expansion) 

leads to an approximately linear rise in power. To reproduce the same, a uniform power 

ramp of 1.1 % Pn/s (𝑃𝑛 = 60.3 𝑘𝑊 𝑚⁄ , 𝑡 = 0 𝑠) was implemented over the pin until the 

power level reached 234 % (𝑃𝑚𝑎𝑥 = 134.7 𝑘𝑊 𝑚⁄ , 𝑡 = 119 𝑠). A constant coolant 
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mass flow rate was maintained throughout (�̇�𝑐𝑡 = 0.153𝑚
3 𝑘𝑔⁄ ). Thermal spectrum 

resulted in power depression along the radius of the fuel pellets (
𝑋𝑖

𝑋𝑜
= 0.45). This is a 

departure from fast reactor conditions. It was minimized by establishing a high steady 

state power (𝑋𝑡=0 = 60.3 𝑘𝑊/𝑚 ), which led to significantly higher fuel temperature 

as compared to End of Life (EOL) conditions. 

Table 2.8: Annular fuel specifications for CABRI-2 test series. (Gen: generation, ret 

retention) [33,34] 

*Bottom blanket pellets are fully solid; at least one top blanket pellet is fragmented. 

Parameter E9 E9bis 

Fuel pin OPHELIE-6 OPHELIE-6 

Fuel pellet Annular Annular 

Blanket pellet Solid UO2 Solid UO2* 

Inner radius of pellet (m) 1.0 × 10−3 1.0 × 10−3 

Outer radius of pellet (m) 3.635 × 10−3 3.635 × 10−3 

Outer radius of clad (m) 4.325 × 10−3 4.325 × 10−3 

Inner radius of clad (m) 3.75 × 10−3 3.75 × 10−3 

Plutonium mole-fraction (%) 0.145 0.14 

Length of fuel column (m) 0.75 0.75 

Length of upper blanket (m) 0.2 0.2 

Length of lower blanket (m) 0.2 0.2 

Maximum burnup (at. %) 4.9 4.73 

Upper plenum volume (m3) 8.1 × 10−6 8.1 × 10−6 

Lower plenum volume (m3) 30.13 × 10−6 30.13 × 10−6 

Fuel porosity (%) 4.5 4.5 

Plenum pressure (MPa, 400°C) 1.2 1.2 

EOL peak power (kW/m) 30.5 30.5 

(𝑋𝑒 + 𝐾𝑟) Gen. (mm3 STP g−1) 1014 1014** 
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** Data taken for OPHELIE-6 pin; E9bis specific data unavailable. 

Table 2.9: CABRI-2 annular fuel pin test conditions. (Transient undercooling and 

maximum power hold-up conditions are applicable only for E9bis) [33,34,72] 

*flow rate = ((0.643 m3/kg)/3600) *857.71 (𝜌𝑐𝑡) 

**flow rate based on E9 due to approximately equal steady state power  

Fuel melting was first detected at an LHR of ~ 73 kW/m. Post-irradiation analysis 

revealed a maximum melt fraction of 57 %. At the peak power node, only a 500 µm 

thick layer of solid fuel remained between the melt and cladding steel. The melt extent 

(% 𝑅/𝑅𝑂) was found to be 86.2 %. In the lower portion, melting extended almost up to 

BFC (𝑧𝑚𝑒𝑙𝑡,𝑏 = 0.016 𝑚 ), while in the upper portion, melting did not reach TFC 

(𝑧𝑚𝑒𝑙𝑡,𝑡 = 0.69 𝑚, 𝑧𝑡 = 0.75 𝑚).  

Neutron radiographs and axial cuts of the test pin provided information on the 

fuel relocation behaviour. The main characteristics were as follows: Molten fuel 

relocated up to the top of the fuel column, where it was stopped by the solid blanket 

Parameter E9 E9bis 

Fuel pin OPHELIE-6 OPHELIE-6 

Rate of power rise (% 𝑃𝑛/𝑠) 1.1 0.95 

𝑋𝑚𝑎𝑥,𝑡=0(𝑘𝑊 𝑚⁄ ) 60.3 59.4 

𝑋𝑚𝑎𝑥,𝑡=𝑡𝑚𝑎𝑥(𝑘𝑊 𝑚⁄ ) 134.7 107.5 

Radial depression (𝑋𝐼 𝑋𝑜⁄ ) 0.45 0.45 

∆𝑇𝑁𝑎,𝑡=0(°𝐶) 180 180 

𝑡𝑚𝑎𝑥 (𝑠) 118 88 

∆𝑡ℎ𝑜𝑙𝑑 (𝑠) - 195.1 

�̇�𝑐𝑡,𝑡=0(𝑘𝑔 𝑠⁄ ) 0.153* 0.153** 

∆𝑡𝑇𝑈𝐶  (𝑠) - 28.4 

∆�̇�𝑐𝑡,𝑓𝑖𝑛𝑎𝑙(𝑘𝑔 𝑠⁄ ) - 0.092 
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pellets. Metallic fission products did not accumulate at the top of the fuel column, 

despite relocation up to this level. This showed that the duration of the motion was long 

enough to allow segregation of metallic products from liquid fuel. This segregation was 

not observed in the CABRI-1 tests, indicating that the motion in E9 test was much 

slower in comparison. Hence, annular fuel squirting, typical to rapid reactivity insertion 

(for e.g., PINEX-2 [25]), did not occur. Natural convection of molten fuel was 

concluded to be insignificant, since post-irradiation analyses showed multiple bubbles 

distributed throughout the melt. If natural convection had been significant, then the 

bubbles would have agglomerated into a single bubble (by their buoyancy). 

Large amount of transient gas release took place ( 𝐹𝑡=0 = 53.6 % ,𝐹𝑡𝑚𝑎𝑥 =

82.6 %). Fission gases were liberated completely out of the molten fuel, and partially 

from fuel that did not melt. The pin did not fail despite high level of power (223 %) and 

melting (57 %). Fuel-clad mechanical interaction was insignificant despite the large 

amount of melting (since no significant change was observed in the clad diameter). 

2.4.2 E9bis test 

The objective was to investigate the possibility of molten fuel ejection in case of 

adventitious failure of annular fuel pin. An OPHELIE-6 pin (Refer Table 2.8 for 

specifications) was deliberately weakened by creating a notch at the peak power 

location. A unique (and fortunate) feature of this pin was the presence of fragmented 

pellets in the top blanket prior to the test [33]. Central node power at steady state was 

kept much higher than EOL level at Phénix to negate the effect of thermal neutron 

spectrum (𝑋𝑡=0 = 59.4 𝑘𝑊 𝑚⁄ ). The pin was subjected to a uniform power ramp of 

0.95 % (Pn/s) until the power reached its maxima (𝑋𝑡𝑚𝑎𝑥 = 107.5 𝑘𝑊 𝑚⁄ , Refer Fig. 

2.6). Thereafter, the power was held constant for a period (∆𝑡ℎ𝑜𝑙𝑑 = 195.1 𝑠). In the 
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last 28.4 𝑠 of this period, transient under-cooling, and over-power (TUCOP) condition 

was imposed to increase the possibility of clad failure. The flow was linearly reduced 

up to 60 % of its steady state level. However, the cladding steel did not fail. 

 
Figure 2.6: Power trace and flow rate conditions for the CABRI-E9bis test [33]. 

 

Major results of the test are as follows: 

Fuel melting was detected when the highest power node reached a linear power ≈ 

73 kW/m. Post-irradiation analysis revealed a maximum melt mass fraction between 

40-50 %.The exact magnitude could not be determined due to the relocation of fuel 

from the fissile to fertile region. The maximum melt extent (% 𝑅/𝑅𝑂) was 82 ± 2 %. 

The lower and upper melt extents were 0.095 m (𝑧𝑚𝑒𝑙𝑡,𝑏) and 0.635 m (𝑧𝑚𝑒𝑙𝑡,𝑡).  

There were wide gaps present between the fragments of the top blanket pellets 

(unlike E9). Between (𝑡 = 65 − 69 𝑠), large spikes were observed in the hodoscope 

readings. These spikes could only be explained by the entrance of molten fuel in the 

gaps of the top blanket (confirmed in post-irradiation analysis). Hence the timing of 

melt penetration into the upper blanket pellets was recorded. Other motion 
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characteristics were analogous to E9. Instead of squirting, a slow in-pin fuel motion 

occurred. The motion-detecting device (hodoscope) could detect the loss of fuel upon 

melting at any axial location within the fuel column. Because of the sensitivity of the 

device towards neutron self-shielding effect, the corresponding gains caused by fuel 

relocation could not be detected. Therefore, significant loss of fuel in the upper portion 

of the fuel column was detected at 90 𝑘𝑊𝑚−1, and the corresponding area of gain could 

not be identified. Consequently, a clear picture of the melt motion within the fuel 

column was not obtained. 

Subjecting the pin to the maximum power level for an extensive hold-up period 

and initiating a partial loss of flow towards the end of this period resulted in a 

considerable rise in outer fuel temperature. It is known that there is an extensive release 

of intra-granular gases to the grain boundaries at high temperatures during transients 

[96]. Consequently, a significant amount of transient fission gas release occurred in the 

outer pellet regions which did not undergo melting [33]. In the regions where melting 

occurred, the fission gases were liberated completely (𝐹𝑡=0 = 53.6 %,𝐹𝑡𝑚𝑎𝑥 = 81 %). 

Despite the extreme conditions, the stainless-steel cladding (SS316-CW) did not fail. A 

practically relevant change in the measurement of the clad outer diameter before and 

after the test was not found. No significant FCMI occurred during the test [33]. 

2.5 Salient working description of MITRA code 

A robust code is developed to integrate the pre-failure melting and relocation 

behaviour of mixed-oxide ((U-Pu)-O2) nuclear fuel in the safety assessment of India’s 

current and future fast reactors. Mathematical models of heat transfer, multi-phase flow 

and fission gas release are developed and implemented into a code named ‘MITRA’ 

(Multi-phase In-pin Thermal hydraulic Relocation Algorithm).  
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Figure 2.7: Salient working description of MITRA code. 

 

The code is written in FORTRAN-95 programming language. A block diagram 

of the code shows the basic working methodology and salient features (Refer Fig. 2.7). 

In-depth investigations of pre-failure fuel relocation and whole-core melt propagation 

during UTOP are carried out using this code [89,97–100]. Basic input requirements are 

technical specifications of the SFR system under study and transient parameters (for 

e.g., reactor power, coolant mass flow rate). Transient input required by each model is 

provided by the other two models through a dynamic coupling within the code 

framework. A user instruction manual presents the input/output file system and 

necessary guidelines to use the code (Refer Appendix-B). 
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Heat transfer- Geometrical and thermo-physical parameters of fuel pin, transient 

changes in reactor power, coolant flow rate, multi-phase flow data (for e.g., axial 

distribution of melt volume fraction, melt temperature) and gas release data (for e.g., 

moles of Xenon, Krypton and Helium) are required as input. The model tracks the 

solid/liquid melt interface, modifies the computational grid based on the interface 

movement and numerical stability requirements, and generates source terms for 

introduction in the multi-phase flow equations.  

Multi-phase flow- Computational grid modifications and fluid mass source terms 

calculated in the heat-transfer model, and fission gas release data (steady state fission 

gas release, fission gas retention within fuel pellet microstructure) are the required 

inputs. Emphasis is placed on addressing the major modelling challenges associated 

with pre-failure molten fuel relocation, outlined earlier in Chapter 1 (Section 1.6), and 

validation against benchmark experimental data. Salient features of this model are 

highlighted in Fig. 2.7. Basic methodology of melt freezing is crust formation combined 

with the enhancement in viscosity of partially solidified melt. A much simpler approach, 

i.e., bulk freezing, is also introduced to simulate melt penetration in fertile blanket 

columns. 

Fission gas release- The model is built for both steady-state irradiation and transient 

simulations. Both model versions use the fuel temperature distribution data as input and 

are therefore coupled with the heat transfer model. Melt interface radius is an input for 

the transient version. A salient feature is the capability to provide both radial and axial 

variations in fission gas retention within the fuel pellet microstructure to the multi-phase 

flow model. Mole fractions of gaseous fission products are utilized in the gap 
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conductance calculations of the heat-transfer model. The model is built as a subroutine 

within the MITRA framework.  

Experimental benchmarking of the above models is carried out in subsequent 

chapters. With the combined computational results, a consolidated database on pre-

failure fuel melting, in-pin fuel motion and transient fission gas release behaviour is 

generated for SFR safety applications. In the present work, the database has been used 

to evaluate the molten fuel relocation feedback ( 𝜌𝑟𝑒𝑙 , Refer Section 2.3.4) for 

integration with the reactor neutronics computations. Fuel void worth data is an 

additional input required for the same (Refer Section 2.3.1).  

2.6 Closure 

Specifications of SFR system, core configuration and fuel design parameters 

utilized for severe accident simulation are detailed. Basic mathematical terminologies 

used in the present work are defined. Perturbation theory-based fuel void worth data 

and CSR worth data essential for reactor neutronics computations is presented. 

Methodology of reactor kinetics modelling with in-house code PREDIS, reactivity 

feedback calculations and UTOP parameters for single pin models are briefly explained. 

Definition of melt relocation reactivity feedback is laid down. Working methodology 

and salient features of the indigenously developed in-pin fuel motion code MITRA are 

briefly described. The next chapter presents the development of a multi-phase core 

thermal hydraulic model with advanced features as a first step towards the fulfilment of 

the objectives of this thesis. 
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Chapter 3 

Development of an Advanced Multi-phase Thermal 

Hydraulic Model and Investigation of Melt Relocation in 

Fast Reactors 

 

In this chapter, a transient, thermal hydraulic model is developed for numerical 

simulation of mixed oxide ((U-Pu)-O2), nuclear fuel melting and motion in a multi-

phase environment, with particular emphasis on appropriate representation of the 

underlying physical mechanisms. As a first step, a 2-D mathematical model for heat 

transfer and melting of nuclear fuel is integrated with a 1-D multi-phase flow model, 

which consists of separate, volume averaged equations for two fluids (Fluid 1: - molten 

fuel, Fluid 2:- gaseous fission products). Subsequently, the combined melting and 

multiphase flow model is developed further by the inclusions of: (a) mini-channel flow 

regimes based on dimensional analysis of the flow, (b) smear density formulation to 

represent the thermal expansion of molten fuel at high temperatures, (c) crust formation 

model to simulate solidification in relatively cooler regions, (d) particle viscosity model 

to simulate the rise of inter-molecular cohesive forces in partially solidified fuel, and (e) 

free volume model to represent the escape of fission gases through inter-pellet gaps to 

the fission gas plena. The complete set of governing equations involving energy 

conservation in fuel, clad and coolant as well as multi-phase flow (mass, momentum, 

and energy conservation) are solved following an explicit finite difference numerical 

scheme. Based on the above unified approach of melting and multi-phase flow 

modelling, an advanced numerical algorithm is devised that can capture the rate of fuel 

melting and resolve the hydrodynamic effects of gravity, pressure (due to fission gas 

release), viscosity (due to solidification), cavity blockage, drag, virtual mass and surface 
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tension. Numerical simulations are performed for the CABRI-E9bis test, and the results 

are compared with the experimental data quoted in literature. 

As a second illustration, the benchmark-proven algorithm is extended to capture 

the fluid flow as well as fuel mass relocation characteristics expected in fast breeder 

reactor conditions. To achieve the above goals, the following specific tasks are carried 

out: 

(i) Optimization of the free volume gas escape model 

(ii) Investigation of melt motion under typical fast breeder reactor conditions 

(Equilibrium and Beginning-of-life fuel). 

(iii)Fuel mass relocation analysis to determine the possibility of an undesirable increase 

in fuel mass near the core mid-plane during UTOP. 

3.1 Mathematical modelling of the problem 

3.1.1 The physical problem 

The present work investigates the melting and associated multi-phase flow of 

mixed-oxide nuclear fuel inside a cylindrical geometry bounded radially by annular fuel 

pellets and axially by solid blanket pellets (Refer Fig. 3.1). Fuel column consisting of 

annular pellets is placed between upper and lower blanket columns consisting of solid 

pellets. The fuel-cladding gap is visible between pellets and cladding. Maximum heat 

generation occurs in the fuel pellets. The coolant (sodium) extracts heat from the clad 

surface through forced convection. Consequently, all the fuel pellets attain the highest 

and lowest temperatures at their inner and outer surfaces, respectively. The gap between 

fuel and clad can be opened or closed, depending upon the thermal expansion, and 

swelling of pellets and steel cladding. The free volume of the pin consists of upper and 
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lower plena, pellet cavity, and fuel-clad gap. A helical spring usually occupies the upper 

plenum volume partially. 

 

Figure 3.1: General schematic of the problem domain. 

 

3.1.2 Phase-change heat transfer 

The transient, cylindrical heat diffusion equation can be solved to simulate the 

heat-up during upset conditions in nuclear fuel elements, if the target substances do not 

undergo a change of state [101]: 
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The above governing equation can be suitably simplified based on the following 

assumptions [77]: 

i. The heat transfer is axisymmetric with respect to the azimuthal coordinate, i.e., 

𝑇 ≠ 𝑓(𝜙). 

ii. The axial heat diffusion in the steel cladding is negligible compared to the radial 

heat diffusion. 
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While the axisymmetric condition in the azimuthal coordinate is justified based 

on geometry, the second boundary condition is based on: (a) small area for heat transfer 

in axial direction due to the thin geometry of the steel cladding and (b) significant heat 

extraction by forced convection at the outer surface of cladding, resulting in maximum 

heat diffusion in the radial direction. To derive the governing equation for energy 

conservation in the coolant, the following elemental form can be derived from the 

Reynold’s transport theorem [102]: 
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Simplifications can be carried out with the help of the following assumptions: 

iii. The coolant channel is approximated as an annular flow area located 

concentrically outside the cladding steel. The area of this channel (2𝜋𝑅𝑐𝑜∆𝑟) is 

equivalent to the average coolant flow area per fuel pin in the subassembly. 

iv. The heat transfer is approximately uniform for all fuel pins in a single fuel 

subassembly.  

Integrating Eq. (3.2) along the radial coordinate, and substituting the above 

defined boundary conditions, results in the following 1-D governing equation for 

coolant energy conservation: 

 𝜌𝑐𝑡𝐴𝑐𝑡𝐶𝑐𝑡
𝜕𝑇𝑐𝑡

𝜕𝑡
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𝜕

𝜕𝑧
(𝐾𝑐𝑡

𝜕𝑇𝑐𝑡

𝜕𝑧
).. (3.3) 

For further simplification, the following assumptions are considered: 

v. The coolant channels in a fuel subassembly have approximately equal 

temperature distributions along the z-axis. 

vi. The axial, diffusive, heat flux in the coolant channel is negligible in comparison 

to the axial, convective heat flux.  
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The boundary condition (v) is aimed at simplifying the problem domain to tackle 

the complexities of multi-phase flow. Using this assumption, an adiabatic boundary 

condition can be considered on the outer surface of the coolant channel 

(|
𝜕𝑇𝑐𝑡

𝜕𝑟
|
𝑟=𝑅𝑐𝑜+∆𝑟

= 0). Finally, the boundary condition (vi) follows from the high coolant 

flow velocity (~7 𝑚 · 𝑠−1 ) during UTOP, which renders the diffusive heat flux 

negligible in comparison to the advective heat flux. This condition is limited to UTOP 

and cannot be applied in severe accident scenarios involving loss of coolant flow. The 

above-described assumptions lead to the following simplified energy conservation 

equations in the fuel/blanket pellets, clad and coolant: 
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                                      ... (3.6) 

In problems involving phase-change, it is more suitable to change the dependent 

variable to specific enthalpy (𝐻𝑓). This technique is known as the enthalpy method 

[54,103]. Now, the transient heat conduction equation easily accommodates the 

rejection or absorption of latent heat at the phase-change interface [104]. The difficulty 

arises when, upon melting, the liquid undergoes displacement due to hydrodynamic 

forces, leaving the original site of melting. To accommodate frequent removal or 

addition of the liquid fuel, the model utilizes a grid modification mechanism [77]. This 

mechanism ensures that one node remains positioned continually on the melt interface 

as it travels, while neighboring nodes are created or destroyed, depending upon the 

presence or absence of liquid phase, and numerical stability constraints. These 

modifications result in the final energy conservation equations as follows [89]: 
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𝜕𝑡
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                                        ... (3.9) 

In the above equations, 𝜌𝑓 , 𝐻𝑓 , 𝑇𝑓 , 𝐾𝑓 are the density, enthalpy, temperature, and 

thermal conductivity of nuclear fuel, �̇�  is the volumetric rate of heat generation; 

𝜌𝑐 , 𝐶𝑐, 𝑇𝑐, 𝐾𝑐  are the clad density, specific heat, temperature and thermal conductivity, 

𝑅𝑜 , 𝑅𝑐𝑖, 𝑅𝑐𝑜  are the radii of fuel outer surface, clad inner and clad outer surface 

respectively, 𝑅𝑚 =
(𝑅𝑜+𝑅𝑐𝑖)

2
, 𝑅ℎ𝑡  is the inner radii of heat conduction domain, 

𝜌𝑐𝑡, 𝐴𝑐𝑡 , 𝐻𝑐𝑡, 𝑇𝑐𝑡, 𝑉𝑐𝑡 are the coolant density, effective flow area, enthalpy, temperature 

and velocity. Note that in Eq. (3.9), the heat-transfer from clad to coolant is represented 

by a convective term, which is physically equivalent to the radial heat diffusion term in 

Eq. (3.6). The definitions of fuel enthalpy (𝐻𝑓 ), solidus and liquidus temperatures 

(𝑇𝑠𝑜𝑙 , 𝑇𝑙𝑖𝑞) are detailed in Appendix-A (Eq. (A4-A10)) for the purpose of brevity. Figure 

A1 displays the enthalpy-temperature plot for ((U-Pu)-O2) based on these equations. 

The boundary conditions of the model are defined as follows: 
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The top and bottom surfaces of the respective upper and lower blanket stacks are 

justifiably adiabatic (
𝜕𝑇𝑓

𝜕𝑧
|
𝑧=𝑍𝑙

=
𝜕𝑇𝑓

𝜕𝑧
|
𝑧=𝑍𝑙

= 0). The contact area (𝐴𝑤,𝑖) represents the 

direct contact between a fluid-phase ( 𝑖)  and the solid fuel surrounding it. It is 

proportional to the fluid volume fraction (𝐴𝑤,𝑖 = 𝛼𝑖2𝜋𝑅𝑖𝑛𝑡, where 𝑅𝑖𝑛𝑡 = melt interface 

radius). This ensures smooth transition between multi-phase flow regimes and avoids 

numerical instability. As an initial condition, the fuel, blanket, clad and coolant domains 

are given a uniform temperature distribution, equivalent to the coolant inlet temperature 

(𝑇𝑐𝑡,𝑖𝑛𝑙𝑒𝑡 ≅ 390 − 400 °𝐶). 

3.1.3 Multi-phase flow 

Melting first starts at the inner edge of those fuel pellets which experience highest 

neutron flux (Figure 3.2). As the melt interface travels radially outwards, both the melt 

and fission gases enter the cavity. The local pressure (𝑃𝑐𝑎𝑣) depends on the gas phase 

density (𝜌𝑔 ), constant (𝑅𝑔 ) and temperature (𝑇𝑔 ). Now, the movement of the melt 

depends on the force resultant, which can be determined by integrating the Navier-

Stokes’s equations over the melt volume. Such an approach becomes difficult in case 

of complex flows, since, it requires accurate knowledge of the liquid-gas interface [105]. 

The problem can be simplified by attempting to formulate equations, which govern 

volume averaged fluid quantities. A generalized statement for the conservation of an 

extensive, vectoral or scalar, physical property 𝐹𝑖  (𝐹𝑖 = 𝜌𝑖𝑓𝑖𝑑𝑉𝑖 ) pertaining to the 

matter which constitutes phase 𝑖, in a volume 𝑉𝑖, can be written as follows [47]: 

𝜕

𝜕𝑡
∫ 𝜌𝑖𝑓𝑖𝑑𝑉𝑖𝑉𝑖

= ∫ (−𝜌𝑖𝑓𝑖𝑢𝑖 + 𝜙𝑖)𝑛𝑖𝑑𝑆𝑖𝑆𝑖
+ ∫ (−𝜌𝑖𝑓𝑖(𝑢𝑖 − 𝑤) + 𝜙𝑖)𝑛𝑖𝑑𝑆𝑖𝑛𝑡𝑆𝑖𝑛𝑡

+

∫ 𝜌𝑖𝜃𝑖𝑑𝑉𝑖𝑉𝑖
                                                                                                              ... (3.15) 
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Figure 3.2: Schematic diagram of in-pin fuel motion in annular mixed oxide fuel pins 

during UTOP. Multi-phase fluid refers to molten fuel and fission gas mixture. 

 

The above equation reduces to 1-D multi-phase conservation equations for mass, 

momentum and energy using a volume averaging technique in the radial and azimuthal 

coordinates. Accordingly, 1-D multi-phase conservation equations in a molten 

environment have been proscribed [48]: 

𝜕

𝜕𝑡
(𝛼𝑖𝐴𝜌𝑖) +

𝜕

𝜕𝑧
(𝛼𝑖𝐴𝜌𝑖𝑉𝑖) = 𝛼𝑖𝐴𝑆𝑖                                                                        ... (3.16) 

𝜕

𝜕𝑡
(𝛼𝑖𝐴𝜌𝑖𝑉𝑖) +

𝜕

𝜕𝑧
(𝛼𝑖𝐴𝜌𝑖𝑉𝑖

2) = 𝛼𝑖𝐴𝑆𝑖𝑉𝑠,𝑖 −
𝜕

𝜕𝑧
(𝛼𝑖𝐴𝑃) + 𝑝

𝜕

𝜕𝑧
(𝛼𝑖𝐴) − 𝛼𝑖𝐴𝜌𝑖𝑔 −

𝐴𝜏𝑓𝑟,𝑖 − 𝑑𝑟𝑎𝑔𝑖                                                                                                        ... (3.17) 

𝜕

𝜕𝑡
(𝛼𝑖𝐴𝜌𝑖𝐻𝑖) +

𝜕

𝜕𝑧
(𝛼𝑖𝐴𝜌𝑖𝐻𝑖𝑉𝑖) = 𝛼𝑖𝐴𝑆𝑖 (𝑒𝑠,𝑖 +

1

2
(𝑉𝑠,𝑖 − 𝑉𝑖)

2
 ) + 𝛼𝑖𝐴

𝐷𝑃

𝐷𝑡
−

𝜕

𝜕𝑧
(𝛼𝑖𝐴𝑞𝑖) + 𝛼𝑖𝐴𝜌𝑖𝑞�̇� + 𝑉𝑖(𝐴𝜏𝑓𝑟,𝑖 + 𝑑𝑟𝑎𝑔𝑖)                                                          ... (3.18) 

Eq. (3.18) is derived through the procedure described in literature [48]. Using the 

above equations as a framework, certain modifications were carried out [77]. Evaluation 
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of the resultant model indicated the need for development of an advanced multi-phase 

thermal hydraulic model which would predict melt motion in consistence with 

experimental results (Refer Section 1.7.2.3). The present study attempts to derive such 

a model. Effort is directed at the development of improved closure laws which represent 

the underlying physical mechanisms appropriately. These efforts are detailed in the 

subsequent sections.  

3.1.4 Dimensional analysis and flow regimes 

To determine the dominant hydrodynamic effects, the various non-dimensional 

groups involved in the flow are derived using Buckingham's pie theorem [106]:  

𝐹(𝑉𝑓 , 𝑉𝑔, 𝑡, 𝜌𝑓 , 𝜇𝑓 , 𝑔, 𝐷, 𝑑, ∆𝑃, 𝜎, 𝜌𝑔) = 0                                                                ... (3.19) 

Here, 𝜇𝑓 ,  𝜎 ,  𝜌𝑓  are the viscosity, surface tension and density of molten fuel 

respectively, 𝐷 is the diameter of fuel cavity, 𝑑𝑑 is the characteristic diameter of the 

disperse phase, ∆𝑃 is the time averaged pressure difference (over the time scale, 𝑡), 

and 𝜌𝑔 is the density of gas phase (mixture of bond gas with fission gases). Considering 

𝐷, 𝜇𝑓 , 𝜌𝑓 as the repeating variables (since n = 3), the following non-dimensional groups 

are obtained [89]: 

𝜋1 =
𝜌𝑓𝑉𝑓𝐷

𝜇𝑓
, 𝜋2 =

𝜌𝑓𝑉𝑔𝐷

𝜇𝑓
, 𝜋3 =

𝜌𝑓
2𝑑3𝑔

𝜇𝑓
2 , 𝜋4 =

𝜇𝑓𝑡

𝜌𝑓𝐷
2
, 𝜋5 =

𝑑

𝐷
, 𝜋6 =

𝜌𝑓𝐷
2∆𝑃

𝜇𝑓
2 , 𝜋7 =

𝜌𝑔

𝜌𝑓
, 𝜋8 =

𝜌𝑓𝐷𝜎

𝜇𝑓
2                                                                                                         ... (3.20) 

While 𝜋1  clearly represents the molten fuel Reynolds number (𝑅𝑒𝑓 ), further 

familiar groups may be derived by inter-multiplication of the other 𝜋 groups as follows: 

𝐸𝑜 =  
(𝜌𝑓−𝜌𝑔)𝐷

2𝑔

𝜎
, 𝐹𝑟 =  

𝑉𝑓
2

𝑔𝐷
, 𝐸𝑢 =  

∆𝑃

𝜌𝑓𝑉𝑓
2 𝑅𝑒𝑏𝑢 =

𝜌𝑓𝑉𝑟𝑑

𝜇𝑓
, 𝛼𝑑 =

𝑑2

𝐷2
                   ... (3.21) 
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Here, 𝐸𝑜, 𝐹𝑟, 𝐸𝑢 are the Eotvos, Froude and Euler numbers respectively, 𝑅𝑒𝑏𝑢 is 

the bubble Reynolds number, 𝛼𝑑 is the volume fraction of the disperse phase and 𝑉𝑟 is 

the inter-phase relative velocity. Using the melt displacement data of the CABRI-E9bis 

test, orders of the system velocity and time scales are obtained [33]. Details of the test 

are compiled in Chapter 2 (Section 2.4.2). Considering the time between melt initiation 

(𝑡 = 26 𝑠) and upper blanket penetration (𝑡 = 65 − 69 𝑠), the flow time scale can be 

fixed (~40 𝑠). The hydraulic diameter of the flow is equivalent to the pellet inner 

diameter (𝐷𝐼 = 0.002 𝑚). Molten fuel density at the melting temperature is 8800 𝑘𝑔 ∙

𝑚−3 (Refer Eq. A (12–15)), whereas the gas phase density within the cavity is much 

smaller (𝜌𝑔~5 − 6 𝑘𝑔 ∙ 𝑚
−3 ) [33]. Surface tension at the melting temperature is 

~0.513 𝑁 ∙ 𝑚−1 [107]. Using the above data, the order of magnitude of the Eotvos 

number can be determined (~ 0.67). The Eotvos number criteria for identifying small 

conduit flows is given by Brauner, who has reported that in case of 𝐸𝑜 ≤ 2𝜋, surface 

tension is dominant and the flow regimes differ from regular channel regimes [108]. 

The dominance of surface tension in the hydrodynamics results in the so called ‘mini-

channel’ flow regimes. Experimental study for gas-liquid flow in vertical mini-channels 

shows the existence of the following flow regimes [109]:  

(a) Annular flow: Gas phase occupies maximum volume. Gas travels in a single, 

mostly continuous stream. The liquid phase forms a film between the solid 

boundary and the gas phase. Both the liquid and gas phases are continuous. 

(b) Intermittent (or slug) flow: Gas phase forms slugs which travel inside the liquid 

film. The space between two consecutive slugs is occupied by the liquid phase. 

Since the gas phase travels in the form of slugs, the liquid phase is continuous. 
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(c) Dispersed bubble flow: Gas phase travels in the form of bubbles which are 

dispersed throughout a continuous liquid phase. The liquid phase occupies 

maximum volume. This regime only exists at low gas volume fractions. 

These flow regimes are incorporated in the present multi-phase flow model. Note 

that a dispersed droplet flow is not included above, since at low fuel volume fraction, 

the liquid phase assumes the shape of a film under the annular flow regime. Therefore, 

the liquid phase remains in contact with the solid wall in all the above regimes. To 

ensure the same mathematically: (a) melt flow is constrained within locations where the 

melt volume fraction is greater than a nominal value (𝛼𝑓 > 0.02) and (b) the contact 

area between the melt and the solid fuel boundary is never allowed to become zero. 

Combined, these steps avoid dispersed droplet flow and ensure that the melt behaves 

like a continuous phase, which is consistent with experimental data for vertical mini 

channels. Due to the absence of these constraints, an earlier developed model predicted 

near instantaneous entrainment of the melt in the bottom-most fuel pellets of E9bis, 

which is erroneous (Refer Section 1.7.2.3 for details).  

3.1.5 Molten fuel thermal expansion 

The heat generated inside molten fuel is diffused radially across the solid/liquid 

interface (𝑅𝑖𝑛𝑡)  because of forced convection heat transfer between the clad outer 

surface and the coolant. In the absence of melting, at a given location, the heat generated 

within molten fuel is diffused across the pellet inner surface (𝑅𝐼). In the former case, 

the boundary temperature is high (𝑇𝑖𝑛𝑡 ≅ 2730°𝐶 ). Consequently, the molten fuel 

attains even higher temperatures, particularly near the peak power region ( 𝑇𝑓 >

3500°𝐶). Since molten fuel is free to expand in the annular pellet cavity at least until a 

significant amount of melting has taken place, its density decreases significantly (𝜌𝑓,𝑙 =
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8252 𝑘𝑔 ∙ 𝑚−3 ) [110]. Therefore, a need was felt to accommodate the liquid fuel 

thermal expansion in the multi-phase flow equations. To fulfill this need, an attempt is 

made to introduce an alternative dependent variable, known as smeared density of 

molten fuel, in the conservation equations. The smeared density is defined as the 

product of the physical density and the volume fraction (𝐺𝑓 = 𝛼𝑓𝜌𝑓). In the Eq. (3.16), 

the dependent parameter is 𝛼𝑓. Through this modification, the dependent parameter is 

changed to 𝐺𝑓: 

𝜕

𝜕𝑡
(𝐺𝑓𝐴) +

𝜕

𝜕𝑧
(𝐺𝑓𝐴𝑉𝑖) = 𝛼𝑖𝐴𝑆𝑖                                                                              ... (3.22) 

In the above equation, the variation in 𝜌𝑓  is accommodated through 

corresponding changes in 𝛼𝑓 , while simultaneously maintaining the conservation of 

mass. All the flux terms are changed accordingly, leading to a flexible formulation in 

which the fuel volume fraction is not fixed from the start of the solution. Through the 

energy conservation equation, the molten fuel temperature is evaluated and utilized in 

Eq. (A.14-A.15) to calculate the melt density ( 𝜌𝑓,𝑙 ). In an explicit manner, the 

magnitude of 𝜌𝑓,𝑙  is updated in the next time-step, after the solution of fuel mass 

conservation equation. This results in the evaluation of a modified 𝛼𝑓 , which is 

consistent with the change in density. The importance of the present modification is 

evident in the experimental benchmarking detailed in Section 3.3.3.  

3.1.6 Crust solidification model 

Axial variation in the neutron density results in a cosine power profile within the 

fuel column, with the maxima situated close to the core mid-plane. Furthermore, the 

dominance of surface tension ensures that upon melting, the melt remains in contact 

with the inner surface of fuel pellets continuously (Refer Section 3.1.4). Consequently, 
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as melting begins near the core mid-plane, molten fuel rapidly encounters adjacent, 

relatively cooler fuel pellets which are yet to undergo melting. Therefore, freezing 

begins immediately adjacent to the peak power region. On the other hand, the addition 

of excess fuel mass at the inner surface of adjacent fuel pellet increases the overall heat 

generation in the corresponding axial plane. Consequently, as further fuel is deposited 

at the inner surface, the temperature of the frozen fuel also increases. Additionally, 

continued power rise during UTOP also increases the local heat generation. Ultimately, 

the temperature at the innermost surface of the frozen fuel breaches the melt interface 

temperature, resulting in initiation of melting at this location. Now, the melt again 

encounters an unmolten surface and undergoes the same process. The result of such a 

continuous melting and freezing phenomena is a gradual, trickling motion from the peak 

power region towards the bottom of the fissile column. Mathematical representation of 

the above phenomena requires the evaluation of heat diffusion in an annular pellet with 

added frozen fuel mass. Furthermore, the frozen fuel must be removed from the multi-

phase conservation equations. Once melting begins at the frozen surface, the reverse 

process must be carried out. An expression representing the mass transfer between the 

heat diffusion and multi-phase flow domains is derived as follows: 

𝜌𝑓,𝑠𝑜𝑙
𝜕𝐴𝑐𝑎𝑣

𝜕𝑡
=

𝜕(𝛼𝑓𝜌𝑓𝐴𝑐𝑎𝑣)

𝜕𝑡
                                                                                                 ... (3.23) 

In the above equation, the molten mass is transferred to the inner surface of the 

annular fuel pellet, based on the following prior conditions: (a) Both the molten fuel 

(𝑇𝑓,𝑙) and pellet inner surface (𝑇𝑤𝑎𝑙𝑙) temperatures must be lower than 98 % of the 

solidus temperature (𝑇𝑠𝑜𝑙), (b) the molten fuel volume fraction must be within a range 

( 10−3 < 𝛼𝑓 < 0.2 ). These conditions ensure that freezing is carried out only at 

locations where it is physically feasible, while simultaneously maintaining 
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computational stability. The upper limit of 𝛼𝑓is rarely encountered in the computations 

since freezing is found to occur prominently near the lower limit. The rate of decrease 

of pellet cavity area is proportional to the rate of arrival of molten fuel mass from an 

adjacent axial location. A discretized formulation of the above mechanism is detailed 

for further clarity: 

𝐴𝑐𝑎𝑣
𝑡+∆𝑡 = 𝐴𝑐𝑎𝑣

𝑡 (1 −
𝛼𝑓
𝑡𝜌𝑓,𝑙

𝑡

𝜌𝑠,𝑓
)                                                                                       ... (3.24)  

In the above equation, the molten fuel mass at the end of time step (∆𝑡) is deleted, 

while the cavity’s cross-sectional area (𝐴𝑐𝑎𝑣) is reduced in proportion to the mass frozen 

within the time-step. Prior to the beginning of solidification, the interface radius (𝑅𝑖𝑛𝑡) 

is kept fixed at the pellet inner radius (𝑅𝐼). The index marker (𝐷𝑖𝑛𝑡), which identifies 

the interface node in the 2-D arrays, for e.g., temperature, is accordingly fixed (𝐷𝑖𝑛𝑡 =

𝑁𝑐𝑎𝑣 + 1 + 1). The number of radial nodes within the cavity are 𝑁𝑐𝑎𝑣 + 1. As long as 

the thickness of frozen fuel remains less than the radial grid size (∆𝑟), the interface 

radius is simply shifted to the new pellet inner radius, while 𝐷𝑖𝑛𝑡 is left unchanged. 

However, once thickness of frozen fuel breaches ∆𝑟, a new radial node is created at 

𝑅𝑖𝑛𝑡. In doing so, 𝐷𝑖𝑛𝑡 is reduced by one digit. Now, the new, inner-most fuel node 

consists of a thickness greater than ∆𝑟. Such a grid (greater than ∆𝑟) does not create 

numerical instabilities.  

The discretized form of the enthalpy formulation ensures that these geometrical 

changes are accounted for in the computations (Refer Eq. (B.1)). Finally, once 𝑅𝑖𝑛𝑡 

decreases sufficiently to warrant a second node creation at a nominal position, the above 

process is repeated, if 𝐴𝑐𝑎𝑣 remains greater than 4 % of the initial area (𝜋𝑅𝑖
2). Once this 

condition is also breached, the corresponding axial node is considered as choked with 
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frozen fuel. This condition ensures the prevention of numerical instabilities in the multi-

phase conservation equations. In case of such a flow blockage, the axial boundary of 

the multi-phase flow domain (𝑍𝑏𝑠) is changed to the choked location (𝑍𝑘). Numerically, 

the bottom surface index (𝐿𝑏𝑠) is changed to the choked node.  

3.1.7 Particle viscosity model 

Once a small amount of melting has occurred, the molten fuel stops freezing 

completely. Instead, it either attains higher temperature due to internal heat generation, 

or undergoes partial solidification, i.e., its temperature is greater than 𝑇𝑠𝑜𝑙 but lower 

than 𝑇𝑙𝑖𝑞. In such a state, there is an appreciable rise in viscosity of the melt due to 

increased intermolecular cohesive forces [111]. In the absence of this enhancement, the 

earlier developed model predicted immediate relocation to the bottom of the pellet 

cavity at a high speed (Refer Section 1.7.2.3). The results of CABRI-2 test series have 

shown that this is a physically unrealistic result [33]. Therefore, the rise in viscosity is 

duly accounted through the integration of the particle viscosity model [112]. 

 𝜇𝑓 = {
𝜇𝑓|𝑇𝑙𝑖𝑞

{(1−𝛼𝑝)+
𝑓𝛼𝑝,𝑚𝑎𝑥𝛼𝑝

𝛼𝑝,𝑚𝑎𝑥−𝛼𝑝
},𝛼𝑝=

𝑇𝑙𝑖𝑞−𝑇𝑓

𝑇𝑙𝑖𝑞−𝑇𝑠𝑜𝑙 
 (𝑇𝑠𝑜𝑙≤𝑇𝑓≤𝑇𝑙𝑖𝑞)

0.000988𝑒
4620𝑇𝑓

−1
                                                          (𝑇𝑓>𝑇𝑙𝑖𝑞)

}                                        ... (3.25) 

In the above equation, the dynamic viscosity of fuel (𝜇𝑓 ) depends on the 

temperature (𝑇𝑓), the fraction of solid particles in the melt (𝛼𝑝) and a fitting parameter 

(𝑓). The particle viscosity model predicts near infinite viscosity for particle fractions 

greater than 0.62 (𝛼𝑝,𝑚𝑎𝑥), which is intended to render the melt mass immovable [57]. 

To incorporate the same in the multi-phase flow model and avoid numerical instabilities 

simultaneously, a high finite viscosity is used under these conditions. A sensitivity 

analysis of the magnitude shows that the movement of molten fuel in the upward 
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direction is significantly slowed down if the coefficient 𝐶𝑉𝐹1 in Eq. (B.10) is updated 

with the particle viscosity.  

While the crust formation model simulates the downward trickling movement of 

molten fuel, the particle viscosity model ensures a slow upward movement, which is in 

consistence with experimental observations of the CABRI-2 tests. This upward 

movement is fundamentally driven by liquid fuel thermal expansion. In the numerical 

model, mass conservation residuals are produced at the sites of high viscosity since the 

melt expands while remaining immobile at the same time. These residuals are 

numerically processed to create velocity corrections at the sites of large viscosity. The 

corrected velocities result in an upward motion which is proportional to the extent of 

thermal expansion. Liquid viscosity is derived from IAEA recommendation [107,110]. 

3.1.8 Escape of fission gases towards plena 

Noble gas atoms are generated within the fuel microstructure as a by-product of 

nuclear fission. An intricate mechanism governs the movement of these atoms within 

the fuel microstructure. While some gas atoms can diffuse through the fuel matrix up to 

the grain boundaries and are eventually released to the open volume inside the fuel pin, 

other gas atoms remain trapped inside the microstructure either at the intra-granular or 

inter-granular level. The gas atoms released from solid fuel collect in the open volume 

of the pin (𝑉𝑝𝑖𝑛). An approximate equilibrium exists between the gas pressures in the 

plena, fuel-clad gap, and pellet cavity during steady-state irradiation. By adding the 

ideal gas equations for all free volumes, the internal pin pressure (𝑃𝑝𝑖𝑛) can be expressed 

as a function of the total moles of released gases ( 𝑛𝑋𝑒 , 𝑛𝐻𝑒 , 𝑛𝐾𝑟 ), free volumes 

(𝑉𝑔𝑎𝑝, 𝑉𝑐𝑎𝑣, 𝑉𝑢𝑝, 𝑉𝑙𝑜𝑤) and respective temperatures as follows [113] (SAS4A-DEFORM): 
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𝑃𝑝𝑖𝑛 =
(𝑛𝑋𝑒+𝑛𝐻𝑒+𝑛𝐾𝑟)𝑅𝑈

∑
𝑉𝑔𝑎𝑝,𝑘

𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

+ 
𝑉𝑙𝑜𝑤
𝑇𝑙𝑜𝑤

+
𝑉𝑢𝑝

𝑇𝑢𝑝
+∑

𝑉𝑐𝑎𝑣,𝑘
𝑇𝑐𝑎𝑣,𝑘

𝑍𝑡
𝑍𝑏

                                                                   ... (3.26) 

Here, 𝑅𝑈  is the universal gas constant. Elevations denote the bottom of pellet 

cavity (𝑍𝑏), top of pellet cavity (𝑍𝑡), bottom of lower blanket (𝑍𝑙) and top of upper 

blanket (𝑍𝑢). In UTOP, melting of fuel at the inner pellet surface releases the gases 

retained initially within the fuel microstructure to the inner pellet cavity. This release is 

captured by the gas mass source term (𝑆𝑔) in Eq. (3.47), which is essentially a rate of 

release (𝑘𝑔 ∙ 𝑚−1𝑠−1). Using the molecular mass of noble gas mixture (𝑀𝑜𝑙𝑋𝑒−𝐾𝑟), it 

can be converted to a molar rate of release. Transient gas release rates (
𝑑𝑛𝐾𝑟

𝑑𝑡
,
𝑑𝑛𝑋𝑒

𝑑𝑡
) are 

calculated by integrating the molar rate of release from bottom (𝑍𝑏) to top (𝑍𝑡) of the 

fuel column. Expressions for transient analysis are as follows: 

𝑑𝑛𝐾𝑟

𝑑𝑡
= ∫

𝑆𝑔

𝑀𝑜𝑙𝑋𝑒−𝐾𝑟
(

𝑌𝐾𝑟

𝑌𝑋𝑒+𝑌𝐾𝑟
)

𝑍𝑡

𝑍𝑏
𝑑𝑧                                                                       ... (3.27) 

𝑑𝑛𝑋𝑒

𝑑𝑡
= ∫

𝑆𝑔

𝑀𝑜𝑙𝑋𝑒−𝐾𝑟

𝑍𝑡

𝑍𝑏
(

𝑌𝑋𝑒

𝑌𝑋𝑒+𝑌𝐾𝑟
)𝑑𝑧                                                                      ... (3.28) 

𝑑𝑛𝑐𝑎𝑣

𝑑𝑡
= ∫

𝑆𝑔

𝑀𝑜𝑙𝑋𝑒−𝐾𝑟

𝑍𝑡

𝑍𝑏
𝑑𝑧                                                                                        ... (3.29) 

𝑃𝑝𝑖𝑛 =
(𝑛𝑢𝑝+𝑛𝑙𝑜𝑤+𝑛𝑔𝑎𝑝)𝑅𝑈

∑
𝑉𝑔𝑎𝑝,𝑘

𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

+ 
𝑉𝑙𝑜𝑤
𝑇𝑙𝑜𝑤

+
𝑉𝑢𝑝

𝑇𝑢𝑝

                                                                                    ... (3.30) 

∆𝑛𝑐𝑎𝑣,𝑘
𝑡+∆𝑡 = [1 − 𝑒−𝑐𝑡](

𝑃𝑐𝑎𝑣,𝑘
𝑡 −𝑃𝑝𝑖𝑛

𝑡

𝑇𝑐𝑎𝑣,𝑎𝑣𝑔
𝑡

𝑉𝑐𝑎𝑣,𝑎𝑣𝑔
𝑡 +(∑

𝑉𝑔𝑎𝑝,𝑘

𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

+
𝑉𝑙𝑜𝑤
𝑇𝑙𝑜𝑤

+
𝑉𝑢𝑝

𝑇𝑢𝑝
)

−1 )
1

𝑅𝑈
                           ... (3.31) 

The transient pin pressure is a function of moles of gases in the upper 

plenum (𝑛𝑢𝑝 =
𝑃𝑝𝑖𝑛𝑉𝑢𝑝

𝑅𝑈𝑇𝑢𝑝
), lower plenum (𝑛𝑙𝑜𝑤 =

𝑃𝑝𝑖𝑛𝑉𝑙𝑜𝑤

𝑅𝑈𝑇𝑙𝑜𝑤
), and fuel-clad gap (𝑛𝑔𝑎𝑝 =

∑
𝑃𝑝𝑖𝑛2𝜋𝑅𝑔𝑎𝑝,𝑘∆𝑧𝑘∙𝑔𝑎𝑝𝑘

𝑅𝑈𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

). Approximate pressure equilibrium is assumed between these 
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free volumes. The plena temperature (𝑇𝑙𝑜𝑤 , 𝑇𝑢𝑝) are equal to the surrounding coolant 

temperature (𝑇𝑐𝑡|𝑧=𝑍𝑙 , 𝑇𝑐𝑡|𝑧=𝑍𝑢). In the pellet cavity, an excess gas pressure builds up 

due to the release of fission gases on melting (
𝑑𝑛𝑐𝑎𝑣

𝑑𝑡
). This excess pressure reduces 

gradually due to gas escape through the inter-pellet gaps. A discretized form of the 

escape term is expressed in Eq. (3.31). Here, the moles of gas escaping through the 

inter-pellet gaps (∆𝑛𝑐𝑎𝑣,𝑘
𝑡+∆𝑡 ) within time-step (∆𝑡) depends on the pin pressure (𝑃𝑝𝑖𝑛

𝑡 ), 

local cavity pressure (𝑃𝑐𝑎𝑣,𝑘
𝑡 ), temperature (𝑇𝑙𝑜𝑤, 𝑇𝑢𝑝, 𝑇𝑐𝑎𝑣,𝑎𝑣𝑔

𝑡 , 𝑇𝑔𝑎𝑝
𝑡 ), gap volume 

(𝑉𝑔𝑎𝑝,𝑘 = ∑ 2𝜋𝑟𝑔𝑎𝑝,𝑘𝑔𝑎𝑝𝑘∆𝑧𝑘
𝑍𝑢
𝑍𝑙

), plena volume (𝑉𝑙𝑜𝑤, 𝑉𝑢𝑝) and an exponential constant 

(𝑐). The total gas escape from the cavity is found by algebraic summation (∆𝑛𝑐𝑎𝑣
𝑡+∆𝑡 =

∑ ∆𝑛𝑐𝑎𝑣,𝑘
𝑡+∆𝑡𝑍𝑡

𝑍𝑏
). This formulation removes sudden mathematical perturbations in the 

momentum conservation equations (Eq. (3.45–3.46)). At the same time, it ensures that 

the cavity pressure (𝑃𝑐𝑎𝑣) remains connected to the pin pressure (𝑃𝑝𝑖𝑛). This enables a 

robust simulation of melt hydrodynamics. Assuming an equilibrium condition between 

the gas plena and fuel-clad gap, the corresponding changes in gas content are as follows: 

∆𝑛𝑢𝑝
𝑡+∆𝑡 =

∆𝑛𝑐𝑎𝑣
𝑡+∆𝑡

(∑
𝑉𝑔𝑎𝑝,𝑘

𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

+
𝑉𝑙𝑜𝑤
𝑇𝑙𝑜𝑤

+
𝑉𝑢𝑝

𝑇𝑢𝑝
)

𝑉𝑢𝑝

𝑇𝑢𝑝
                                                                    ... (3.32) 

∆𝑛𝑙𝑜𝑤
𝑡+∆𝑡 =

∆𝑛𝑐𝑎𝑣
𝑡+∆𝑡

(∑
𝑉𝑔𝑎𝑝,𝑘

𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

+
𝑉𝑙𝑜𝑤
𝑇𝑙𝑜𝑤

+
𝑉𝑢𝑝

𝑇𝑢𝑝
)

𝑉𝑙𝑜𝑤

𝑇𝑙𝑜𝑤
                                                                 ... (3.33) 

∆𝑛𝑔𝑎𝑝,𝑘
𝑡+∆𝑡 =

∆𝑛𝑐𝑎𝑣
𝑡+∆𝑡

(∑
𝑉𝑔𝑎𝑝,𝑘
𝑇𝑔𝑎𝑝,𝑘

𝑍𝑢
𝑍𝑙

+
𝑉𝑙𝑜𝑤
𝑇𝑙𝑜𝑤

+
𝑉𝑢𝑝
𝑇𝑢𝑝

)

𝑉𝑔𝑎𝑝,𝑘

𝑇𝑔𝑎𝑝,𝑘
                                                                       ... (3.34) 

From the above, the next time step values are derived ( 𝑛𝑐𝑎𝑣,𝑘
𝑡+∆𝑡 = 𝑛𝑐𝑎𝑣,𝑘

𝑡 −

∆𝑛𝑐𝑎𝑣
𝑡+∆𝑡, 𝑛𝑙𝑜𝑤

𝑡+∆𝑡 = 𝑛𝑙𝑜𝑤
𝑡 + ∆𝑛𝑙𝑜𝑤

𝑡+∆𝑡, 𝑛𝑢𝑝
𝑡+∆𝑡 = 𝑛𝑢𝑝

𝑡 + ∆𝑛𝑢𝑝
𝑡+∆𝑡, 𝑛𝑔𝑎𝑝,𝑘

𝑡+∆𝑡 = 𝑛𝑔𝑎𝑝,𝑘
𝑡 + ∆𝑛𝑔𝑎𝑝,𝑘

𝑡+∆𝑡 ). 
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To further isolate the melt hydrodynamics, these computations occur once in 50,000 

two-phase flow time steps (∆𝑡𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 0.25 𝑠, ∆𝑡𝑡𝑤𝑜−𝑝ℎ𝑎𝑠𝑒 = 5 × 10
−6𝑠, ∆𝑡ℎ𝑒𝑎𝑡 =

10−3𝑠) [89]. An optimization study aimed at investigating the flow perturbations caused 

by gas removal from the cavity, is presented in the subsequent sections. 

3.1.9 Closure laws 

Regarding the above defined multi-phase conservation equations, a critical issue 

is the prescription of the inter-phase as well as boundary interaction terms (Refer Eq. 

(3.17–3.18)). In general, empirical correlations are developed for describing these terms. 

However, the effect of mini-channel regimes must be duly considered in their definition. 

Another crucial aspect is the maintenance of numerical stability in the computations, 

which requires a smooth transition between the proscribed flow regimes. Accordingly, 

appropriate definitions are developed for these terms in this section. First, the law for 

pressure closure is stated, based on the assumption of equivalent local pressure within 

both phases at any axial location [48,68,114]:  

𝑃𝑐𝑎𝑣 = 𝑃𝑓 = 𝑃𝑔 = 𝜌𝑔𝑅𝑔𝑇𝑔                                                                                      ... (3.35) 

Next, the inter-phase momentum interactions are described in terms of the well-

known drag and virtual mass forces [115,116]:  

Inter-phase momentum exchange: 

 𝐹𝐷 =

{
 
 

 
 
𝐴𝑓−𝑔𝜌𝑔𝐶𝐷|𝑉𝑟|𝑉𝑟√𝛼𝑔

2
, 𝐶𝐷 = 0.005(1 + 75𝛼𝑓)                            (𝛼𝑓 < 0.26)

3𝛼𝑔𝐶𝐷𝜌𝑓𝐴𝑐𝑎𝑣|𝑉𝑔|𝑉𝑔

4𝑑𝑏𝑢
,    𝐶𝐷 =

24

𝑅𝑒𝑏𝑢
                           (𝛼𝑓 ≥ 0.26; 𝑅𝑒𝑏𝑢 < 16)

3𝛼𝑔𝐶𝐷𝜌𝑓𝐴𝑐𝑎𝑣|𝑉𝑔|𝑉𝑔

4𝑑𝑏𝑢
, 𝐶𝐷 =

24

𝑅𝑒𝑏𝑢
(1 + 0.1𝑅𝑒𝑏𝑢

0.75)(𝛼𝑓 ≥ 0.26; 𝑅𝑒𝑏𝑢 ≥ 16)}
 
 

 
 

(3.36) 

𝐹𝑣𝑚 = −𝛼𝑔𝐶𝑣𝑚𝜌𝑓𝐴𝑐𝑎𝑣 (
𝜕

𝜕𝑡
(𝑉𝑓 −𝑉𝑔)+𝑉𝑔

𝜕

𝜕𝑧
(𝑉𝑓 −𝑉𝑔))                                       ... (3.37) 
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The drag force (𝐹𝐷) is a function of interfacial area per unit axial length (𝐴𝑓−𝑔), 

gas density (𝜌𝑔), drag coefficient (𝐶𝐷), relative velocity between the phases (𝑉𝑟 = 𝑉𝑓 −

𝑉𝑔), gas volume fraction (𝛼𝑔), fuel volume fraction (𝛼𝑓), area of cavity (𝐴𝑐𝑎𝑣), hydraulic 

diameter of gas bubble (𝑑𝑏𝑢) and bubble Reynolds’s number (𝑅𝑒𝑏𝑢 =
𝜌𝑓|𝑉𝑟|𝑑𝑏𝑢

𝜇𝑓
). The 

expressions are based on the mathematical relations detailed by Kolev for annular and 

bubble flow [115,117]. The condition for transformation from annular to transition flow 

(𝛼𝑓 = 0.26) is based on a maximum packing density consideration, which has scope for 

improvement. The virtual mass force has been developed out of necessity, since the 

exclusion of this force in fission gas momentum conversation (Eq. (3.17)) leads to 

divergence [77]. The virtual mass coefficient (𝐶𝑣𝑚=0.5) is fixed [115]. The lift force is 

not incorporated in the present analysis since: (a) fluid motion predominantly occurs in 

the axial direction, while motion in the radial direction is constrained by the flow 

geometry (Section 1.6), and (b) information regarding the radial velocities (𝑉𝑓,𝑟 , 𝑉𝑔,𝑟) is 

lost during volume averaging (Section 3.1.3). Information regarding the liquid-gas 

interface is incorporated through the flow regimes (Section 3.1.4). 

Inter-phase heat exchange: 

𝑁𝑢𝑓−𝑔 = 2, ℎ𝑓−𝑔 =
𝑁𝑢𝑓−𝑔𝐾𝑔

𝑑𝑏𝑢
,   𝑞𝑓−𝑔 = ℎ𝑓−𝑔𝐴𝑓−𝑔(𝑇𝑓 − 𝑇𝑔)                          ... (3.38) 

The liquid-gas interfacial heat exchange (𝑞𝑓−𝑔) is a function of the interfacial heat 

transfer coefficient (ℎ𝑓−𝑔 ), gas thermal conductivity (𝐾𝑔 ), hydraulic diameter of 

bubble/slug (𝑑𝑏𝑢), interfacial area (𝐴𝑓−𝑔) and the fluid temperatures (𝑇𝑓 , 𝑇𝑔). The Nusselt 

number is specific for low velocity (𝑉𝑟 = 0), gas-liquid flow [64]. The validation study 

has shown that the flow velocities of both molten fuel and fission gases are small, and 

the flow is laminar in nature (Refer Section 3.3.3). The effect of liquid-gas heat transfer 
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on the melt temperature is negligible, since the heat capacity of the gas-phase is 

considerably smaller in comparison with molten fuel (𝜌𝑓𝐶𝑝,𝑓 ≫ 𝜌𝑔𝐶𝑝,𝑔).  

Friction with solid boundary:  

𝜏𝑤,𝑖 =
1

8
𝐴𝑤,𝑖𝜌𝑖𝑉𝑖|𝑉𝑖|𝑓𝐷𝑎𝑟𝑐𝑦, 𝑅𝑒𝑖 =

2𝜌𝑖𝑉𝑖𝑅𝑐𝑎𝑣

𝜇𝑖
, 𝑓𝐷𝑎𝑟𝑐𝑦 = {

64

𝑅𝑒𝑖
                     (𝐿𝑎𝑚𝑖𝑛𝑎𝑟)

0.316𝑅𝑒𝑖
−0.25 (𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡)

  

       ... (3.39) 

Here, the friction force (𝜏𝑤,𝑖) is a function of the fluid contact area with solid 

boundary per unit length (𝐴𝑤,𝑖), fluid density (𝜌𝑖), velocity (𝑉𝑖), Darcy friction factor 

(𝑓𝐷𝑎𝑟𝑐𝑦), cavity radius (𝑅𝑐𝑎𝑣) and the dynamic viscosity (𝜇𝑖) (Refer Section 3.1.7). 

Solid boundary heat transfer: 

𝑞𝑤,𝑖 = ℎ𝑤,𝑖𝐴𝑤,𝑖(𝑇𝑤,𝑖 − 𝑇𝑖) , ℎ𝑤,𝑖 =
2𝐾𝑖

𝑟𝑐𝑎𝑣
                                                             ... (3.40) 

Here, the heat exchange at the fluid-solid boundary (𝑞𝑤,𝑖) is a function of the heat 

transfer coefficient and contact area at the solid boundary (ℎ𝑤,𝑖, 𝐴𝑤,𝑖), solid boundary 

temperature (𝑇𝑤,𝑖), fluid temperature (𝑇𝑖), fluid thermal conductivity (𝐾𝑖) and cavity 

radius (𝑟𝑐𝑎𝑣). The formulation of the heat transfer coefficient is based on the following 

assumptions: (a) convective heat transfer is negligible as compared to the conductive 

heat transfer, since melt motion is slow in nature. (Refer Section 2.4.1). (b) Temperature 

variation inside the melt is linear along the r-axis. (c) Radial coordinate at which the 

local melt temperature 𝑇𝑓  equals the liquid-phase temperature (𝑇𝑓,𝑙 ) is half of the 

interface radius (𝑟𝑐𝑎𝑣 2⁄ ) [68]. 

3.1.10 Governing equations of the advanced multiphase flow model 

The above modelling additions, coupled with the volume averaged governing 

equations, lead to the derivation of the following mathematical model for multi-phase 

flow of molten fuel and fission gases inside the annular pellet cavity [89]:  
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𝜕(𝛼𝑔𝜌𝑔𝐴)

𝜕𝑡
+
𝜕(𝜌𝑔𝛼𝑔𝐴𝑉𝑔)

𝜕𝑧
= 𝑆𝑔                                                                                  ... (3.41) 

𝜕(𝐺𝑓𝐴)

𝜕𝑡
+
𝜕(𝐺𝑓𝐴𝑉𝑓)

𝜕𝑧
= 𝑆𝑓                                                                                          ... (3.42) 

𝛼𝑓𝐴𝜌𝑓
𝜕𝐻𝑓

𝜕𝑡
+
𝜕(𝛼𝑓𝐴𝜌𝑓𝐻𝑓𝑉𝑓)

𝜕𝑧
= 𝑆𝑓(𝑒𝑠𝑓 − 𝐻𝑓) + 𝐻𝑓

𝜕(𝜌𝑓𝛼𝑓𝐴𝑉𝑓)

𝜕𝑧
−
𝜕(𝛼𝑓𝐴𝑞𝑓)

𝜕𝑧
+ 𝛼𝑓𝐴𝜌𝑓𝑄𝑓 −

𝑞𝑓−𝑔 + 𝑞𝑤,𝑓                                                                                                           ... (3.43)   

𝛼𝑔𝐴𝜌𝑔
𝜕𝐻𝑔

𝜕𝑡
+
𝜕(𝛼𝑔𝐴𝜌𝑔𝐻𝑔𝑉𝑔)

𝜕𝑧
= 𝑆𝑔(𝑒𝑠𝑔 − 𝐻𝑔) + 𝐻𝑔

𝜕(𝜌𝑔𝛼𝑔𝐴𝑉𝑔)

𝜕𝑧
−
𝜕(𝛼𝑔𝐴𝑞𝑔)

𝜕𝑧
+ 𝑞𝑓−𝑔 +

𝑞𝑤,𝑔                                                                                                                                                                                  … (3.44)   

𝜕(𝛼𝑓𝐴𝜌𝑓𝑉𝑓)

𝜕𝑡
+
𝜕(𝛼𝑓𝐴𝜌𝑓𝑉𝑓

2)

𝜕𝑧
= −𝛼𝑓𝐴

𝜕𝑃𝑐𝑎𝑣

𝜕𝑧
− 𝛼𝑓𝐴𝜌𝑓𝑔 − 𝜏𝑤,𝑓 − 𝐹𝐷 + 𝐹𝑣𝑚              ... (3.45) 

𝜕(𝛼𝑔𝐴𝜌𝑔𝑉𝑔)

𝜕𝑡
+
𝜕(𝛼𝑔𝐴𝜌𝑔𝑉𝑔

2)

𝜕𝑧
= −𝛼𝑔𝐴

𝜕𝑃𝑐𝑎𝑣

𝜕𝑧
− 𝛼𝑔𝐴𝜌𝑔𝑔 − 𝜏𝑤,𝑔 + 𝐹𝐷 − 𝐹𝑣𝑚              ... (3.46) 

𝑆𝑓 =
𝑑𝐴𝑐𝑎𝑣

𝑑𝑡
𝜌𝑓,𝑠𝑜𝑙 ,         𝑆𝑔 = 𝑆𝑓𝐹𝑔                                                                         ... (3.47) 

𝛼𝑔, 𝜌𝑔, 𝑉𝑔 are the local volume fraction, density, and velocity of gas phase, 𝐺𝑓 , 𝑉𝑓 

are the local smeared density and velocity of molten fuel (𝐺𝑓 = 𝛼𝑓𝜌𝑓), 𝑆𝑔, 𝑆𝑓 are the 

source terms which account for the addition of fission gases and fuel into the cavity 

upon melting, 𝐹𝑔 = coefficient of gas retention (𝐹𝑟 = 𝑚𝑔/𝑚𝑓) where 𝑚𝑔, 𝑚𝑓  are the 

masses of fission gas and fuel inside a node, 𝐻𝑖 = Phase specific enthalpy (𝑖 = 𝑓, 𝑔). 

𝑒𝑠𝑖 = Phase specific enthalpy at the location of the melt interface. 𝑞𝑖 = Phase specific 

diffusive heat transport, 𝑄𝑖 = heat generation (W/kg). 𝑞𝑖−𝑗 = Heat transfer between the 

two phases (W/m), 𝑞𝑤,𝑖  is the phase-specific wall heat transfer, 𝐴 is the cross-sectional 

area of cavity, 𝑃𝑐𝑎𝑣  is the cavity pressure, 𝑔 is the gravitational acceleration, 𝜏𝑤,𝑖 is the 

wall shear stress, 𝐹𝐷  is the drag force between the two phases, and 𝐹𝑣𝑚 is the virtual 

mass force. The vector of unknown variables for Eq. (3.41–3.46) is 

[Gf  Hf  ρg  Hg  Vg  Vf]
𝑇
.  
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In the Eq. (3.47), a change in cavity area (𝐴𝑐𝑎𝑣 ) due to melting causes the 

generation of a non-zero source term (𝑆𝑓). In turn, 𝑆𝑓 results in a non-zero gas phase 

source term (𝑆𝑔). The entry of 𝑆𝑓 , 𝑆𝑔 in Eq. (3.41–3.42) causes an increase in the molten 

fuel volume fraction (𝛼𝑓) and the gas phase density (𝜌𝑔) (Figure 3.2 presents gas release 

during melting schematically). This leads to a rise in local pressure (𝑃𝑐𝑎𝑣) (Refer Eq. 

3.35). The rise in pressure sets up a dispersive pressure gradient in the momentum 

conservation equation (Refer Eq. (3.45–3.46)). The right-hand side of these equations 

combines the dispersive pressure gradient with the forces of gravity, wall friction, inter-

phase friction and virtual mass in the calculation of the resultant force. The boundary 

conditions are as follows: 

𝜕𝑉𝑖

𝜕𝑧
|
𝑧=𝑍𝑏

= 0,
𝜕𝑉𝑖

𝜕𝑧
|
𝑧=𝑍𝑡

= 0, 𝑞𝑖|𝑍=𝑍𝑏 = −𝐾𝑖
𝜕𝑇𝑓

𝜕𝑧
|
𝑧=𝑍𝑏

, 𝑞𝑖|𝑧=𝑍𝑡 = −𝐾𝑖
𝜕𝑇𝑓

𝜕𝑧
|
𝑧=𝑍𝑡

... (3.48) 

Here, 𝑧 = 𝑍𝑏 , 𝑍𝑡 initially represent the solid blanket pellet surfaces at the bottom 

and top of the annular pellet cavity, respectively. In case of solidification and complete 

blockage, the corresponding boundary for fluid flow shifts to the location of the 

blockage. If the blocked region melts again, the boundary shifts back to the 

corresponding solid blanket pellet surface.  

In the context of the above presented governing equations, it is important to 

mention that the present model does not attempt to model the radial variations in the 

fission gas retention coefficient (𝐹𝑔, refer Eq. (3.47)). The use of a constant 𝐹𝑔 at any 

given axial location, regardless of the melt interface radius, is a consequence imposed 

using an empirical correlation for the evaluation of the burnup dependent fission gas 

release fraction [12]. However, the radial variations can be important towards the 

estimation of the localized pressurization, as evident from the pressure closure law (Eq. 



91  

(3.35)) and the momentum conservation equations (Eq. (3.45–3.46)). This aspect is 

addressed through the development of a fission gas release solver in Chapter 5. 

3.1.11 Fuel-clad gap conductance model 

Gap conductance (ℎ𝑔𝑎𝑝) is an important thermal parameter which affects the fuel 

temperature significantly. It combines the following three phenomena: (a) fuel-clad heat 

transfer via direct contact (b) fuel-gas-clad heat transfer, also known as gap heat transfer 

and (c) fuel-clad radiation heat transfer. At the start of irradiation, the gap width between 

fuel pellet and clad is maximum. With increase in burnup, thermo-mechanical 

phenomena (swelling, cracking and relocation, thermal expansion) result in complete 

gap closure. Similarly, during transient heat-up, thermal expansion of high temperature 

fuel also results in gap closure. Roughness of the fuel and clad surfaces affects the direct 

contact heat transfer. The release of fission gases during steady-state or transient 

changes the conductivity of the mixture of gases present between the two surfaces. A 

mechanistic model for transient applications should provide: (a) Smooth transition 

between open-gap and closed-gap heat transfer (b) Expressions for the three heat 

transfer modes that integrate without generating abrupt fluctuations in the temperature 

field. A model proposed by Dharmadurai [118] does not fulfil these requirements 

appropriately, as it generates fluctuations upon fuel-clad gap closure. A modified jump-

distance model developed by Ross and Stroute is more suitable in this regard [119,120]: 

ℎ𝑔𝑎𝑝 = ℎ𝑔𝑎𝑠 + ℎ𝑠𝑜𝑙𝑖𝑑 + ℎ𝑟𝑎𝑑                                                                              ... (3.49) 

ℎ𝑔𝑎𝑠 =   
𝐾𝑔

(𝑅𝐶𝐼
𝑡 −𝑅𝑂

𝑡 )+(𝑗𝑓+𝑗𝑐)+𝐶𝑔𝑎𝑝,1(𝛿𝑐+𝛿𝑓)
                                                                ... (3.50) 

ℎ𝑠𝑜𝑙𝑖𝑑 =
𝐶𝑔𝑎𝑝2𝐾𝑠

𝛿
𝑒𝑓𝑓

(2𝐶𝑔𝑎𝑝3−1)
(
𝑃𝑔𝑎𝑝

𝐻
)
𝐶𝑔𝑎𝑝3

                                                                             ... (3.51) 
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ℎ𝑟𝑎𝑑 = 𝜎𝐵 (
1

𝑓
+

1

𝑐
− 1)

−1

(𝑇𝑂
2 + 𝑇𝐶𝐼

2 )(𝑇𝑂 + 𝑇𝐶𝐼)                                                ... (3.52) 

𝑗𝑓 = (
2−𝑎𝑚𝑖𝑥

𝑎𝑚𝑖𝑥
)
(2𝜋𝑅𝑚𝑇𝑂)

1 2⁄ 𝐾𝑔

(𝛾+1)𝐶𝑣𝑃𝑝𝑖𝑛
 , 𝑗𝑐 = (

2−𝑎𝑚𝑖𝑥

𝑎𝑚𝑖𝑥
)
(2𝜋𝑅𝑚𝑇𝐶𝐼)

1 2⁄ 𝐾𝑔

(𝛾+1)𝐶𝑣𝑃𝑝𝑖𝑛
                                 ... (3.53) 

𝑎𝑚𝑖𝑥 =
∑ 𝑎𝑖𝑋𝑖𝑀𝑖

−1 2⁄3
𝑖=1

∑ 𝑋𝑖𝑀𝑖
−1 2⁄3

𝑖=1

                                                                                            ... (3.54) 

𝐾𝑔 = ∑
𝐾𝑖

1+∑
𝐺𝑖𝑗𝑋𝑗

𝑋𝑖

3
𝑗=1

𝑗≠𝑖

3
𝑖=1                                                                                            ... (3.55) 

SAS-4A DEFORM literature provides expressions for jump distances, mixture 

thermal conductivity, mixture accommodation coefficient, and other terms (𝐶𝑔𝑎𝑝,1 =

1.98𝑒−1.23365×10
−8𝑃𝑝𝑖𝑛 , 𝐶𝑔𝑎𝑝,2 = 0.638, 𝐶𝑔𝑎𝑝,3 = 0.67 ) [113]. Effective surface 

roughness and thermal conductivity of the gap depend upon the individual roughness 

and conductivities of the two surfaces (𝛿𝑒𝑓𝑓 = (
𝛿𝑓
2+𝛿𝑐

2

2
)
1 2⁄

, 𝐾𝑠 =
2𝐾𝑐𝐾𝑓

(𝐾𝑐+𝐾𝑓)
). Gas mixture 

thermal conductivity is a result of the kinetic theory of gases. SAS-4A DEFORM 

considers only two components in Eq. 3.55 (Helium and Xenon). The present model 

also considers the thermal conductivity of Krypton. Appendix-A details the gas thermal 

conductivity correlations (Refer Eq. A. (23−25)). Results show that this reduces the gap 

conductance, which increases the amount of melting. The accommodation coefficients 

are evaluated on the basis of well-established models available in literature [121].  

3.2 Salient features of the numerical algorithm 

3.2.1 Discretization and stability criteria 

The basic framework of the numerical algorithm rests on the finite difference 

method, with an adaptive grid that adjusts in accordance with the melt interface motion 

as well as the presence/absence of molten fuel at an axial location. Temporal derivatives 
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are discretized explicitly, whereas spatial derivatives are discretized centrally. The 

underlying assumptions are as follows: 

(a) A discretized node represents a control volume (CV) sufficiently small enough, such 

that any dependent variable (say, E) can be considered to vary linearly inside it. 

Therefore, an integral over the CV can be expressed as a product of the variable at 

the mid-point with the volume inside it. (∫ 𝑦𝑑𝑧
𝑧𝑘+1/2
𝑧𝑘−1/2

= 𝑦𝑘Δ𝑧) 

(b) The time-step is small enough so that the definite integral of any dependent variable 

can be expressed as a product of the variable at any given instant with the time-step. 

(∫ 𝐸𝑑𝑡
𝑡+∆𝑡

𝑡
= 𝐸𝑡+𝜃∆𝑡∆𝑡).  

 

 

Figure 3.3: Nodes of the multi-phase flow spatial mesh (Velocity locations are 

staggered; Area of flow is variable). 

 

𝑅𝑐𝑎𝑣,𝑘 ∆𝑧 
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Appendix-B presents the discretized equations, flux definitions, coefficients, and 

boundary conditions. A staggered mesh is used for the velocity nodes (Refer Fig. 3.3). 

An upwind scheme is used for calculating the mass, momentum, and enthalpy fluxes. 

At the upper and lower flow boundaries, all fluxes except diffusive heat fluxes are set 

to zero. The use of pressure at the end of time-step (𝑃𝑐𝑎𝑣
𝑡+∆𝑡2 ) in the momentum 

conservation equation introduces an extent of implicitness in the formulation (Refer Eq. 

(B.9-B.10)). Different stability criteria are required for the enthalpy formulation (Δ𝑡1) 

and multi-phase flow (Δ𝑡2) models [54,122]: 

∆𝑡1 = min{

𝜌𝑓𝐶𝑓(𝑇𝑓)∆𝑟
2

2𝐾𝑓(𝑇𝑓)

𝜌𝑐𝐶𝑐∆𝑟𝑐
2

2𝐾𝑐

, ∆𝑡2 <
∆𝑧

|𝑉𝑔|
                                                                   ... (3.56) 

An additional constraint on Δ𝑡2  arises from the reduction in 𝐴𝑐𝑎𝑣  due to melt 

freezing (Refer Section 3.1.6), since 𝐴𝑐𝑎𝑣  affects the coefficients of the discretized 

multi-phase flow equations. To maintain stability of the solution up to cavity blockage 

(𝐴𝑐𝑎𝑣 ≤  0.04𝜋𝑅𝑖
2), the required Δ𝑡2  values are significantly smaller in comparison 

with values obtained from the above expression (Refer Section 3.3.1). 

In the above context, it is important to mention a region of frequent instability in 

the numerical algorithm. These instabilities arise when 𝛼𝑓  approaches unity. If 

unconstrained, the multi-phase flow equations (Eq. (B.4-B.10)) frequently generate 𝐺𝑓 

values greater than 𝜌𝑓 , which is physically inconsistent. To tackle such sources of 

divergence, the following technique has been incorporated in the numerical algorithm.  

3.2.2 Mass conservation residual and flux corrections 

The conservation of mass is numerically verified at the end of each heat-transfer 

time step by calculating the following residual: 



95  

𝑅𝑒𝑠𝑓 = ∑ 𝜋((𝑅𝑖𝑛𝑡
2 − 𝑅𝑖

2))𝜌𝑓,𝑠∆𝑧
𝑧=𝑍𝑡𝑠
𝑧=𝑍𝑏𝑠

− ∑ 𝛼𝑓𝐴𝑐𝑎𝑣𝜌𝑓,𝑙∆𝑧
𝑧=𝑍𝑡𝑠
𝑧=𝑍𝑏𝑠

        ... (3.57) 

Along with physical consistency, another important reason for ensuring mass 

conservation is the intrinsic link between fuel mass and relocation reactivity feedback. 

A fuel mass residual will reflect as fuel voiding/positive reactivity in the computation 

(Refer Eq. (2.10)). Hence, a small residual can also impact the accident. It is observed 

that a conservation residual less than 10−4 𝑘𝑔  per fuel pin does not generate any 

significant impact on the accident outcome. Additionally, it is found that in numerical 

simulations with the developed numerical algorithm, the conservation residual reaches 

a maximum magnitude of 10−5 − 10−6 kg. 

A critical issue faced in the numerical algorithm is the prescription of the flux 

corrections for control volumes experiencing melt thermal expansion. Freezing of 

molten fuel on relatively cooler pellet surfaces leads to nil velocity, in accordance with 

the particle viscosity model. However, because of continued melting, heat-up and the 

associated melt thermal expansion, eventually, the physical density (𝜌𝑓 ) becomes 

smaller in comparison with the smeared density (𝐺𝑓), particularly near the peak power 

region. Consequently, the solution diverges since the melt volume fraction (𝛼𝑓) now 

exceeds unity. Physically, this situation correlates with a classical, variable-density, 

incompressible flow problem, wherein a net outward mass flux occurs due to thermal 

expansion. To evaluate the equivalent, net outward flux for the current problem, the 

following expression is derived from Eq. (B.4):  

 (𝐺𝑓𝐴𝑐𝑎𝑣𝑉𝑓)𝑘+1
2

𝑡
|
𝑐𝑜𝑟𝑟

= (𝐺𝑓𝐴𝑐𝑎𝑣𝑉𝑓)𝑘+1
2

𝑡
+
(𝐺𝑓

𝑡+∆𝑡−𝜌𝑓
𝑡+∆𝑡)

𝐶𝐹3
                                          ... (3.58) 

The above correction ensures the conservation of mass at each node while 

simultaneously generating a net outward mass flux because of thermal expansion. The 
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new velocity obtained from the corrected mass flux is used subsequently in the energy 

and momentum flux calculations. 

3.2.3 Calculation procedure 

Steady-state calculations are carried out prior to the beginning of transient 

simulation. Eq. (B.1) is solved to obtain the distribution of enthalpy (𝐻𝑓
𝑡+∆𝑡1) within the 

fuel and blanket columns. Comparison of enthalpies with an enthalpy vs. temperature 

database based on Eq. (A.4-A.10) yields the temperature distribution (𝑇𝑓
𝑡+∆𝑡1 ). The 

database is constructed a-priori and allows simple incorporation of the temperature, 

mole-fraction (𝑦) and state (0 ≤ 𝑜 ≤ 1) dependent fuel specific heat 𝐶𝑓(𝑇𝑓 , 𝑦, 𝑜) into 

the algorithm. Thereafter, Eq. (B.2-B.3) give the clad and coolant temperature 

distributions (𝑇𝑐
𝑡+∆𝑡1 , 𝑇𝑐𝑡

𝑡+∆𝑡1). Since only gases are present in the central hole at steady 

state, cavity calculations remain limited to gas phase (𝑖 = 𝑔 only). First, the gas phase 

density (𝜌𝑔
𝑡+∆𝑡2) is obtained from Eq. (B.7). Subsequently, Eq. (B.8), (3.35), and (B.9) 

are solved in sequence to obtain gas phase enthalpy and temperature (𝐻𝑔
𝑡+∆𝑡2 , 𝑇𝑔

𝑡+∆𝑡2), 

cavity pressure (𝑃𝑐𝑎𝑣
𝑡+∆𝑡2) and gas phase velocity (𝑉𝑔

𝑡+∆𝑡2) respectively. This sequence is 

repeated for each node of the pellet cavity (bottom-most to top-most node). Upon 

achieving convergence in 𝑇𝑓 throughout the fuel nodes, the steady state computations 

are halted. A stepwise solution procedure for the UTOP transient is described as follows: 

(i) With the initiation of transient (𝑡 = 0 𝑠), rise in reactor power results in rise in 

the fuel enthalpy. The heat-transfer and gas-phase conservation equations are 

solved as a continuation of the steady-state calculations described above. 

Additionally, 𝐻𝑓
𝑡+∆𝑡1  is compared with the interface enthalpy (𝐻𝑖𝑛𝑡, function of 

𝑇𝑖𝑛𝑡) to detect melting at any axial location. Once melting begins at a particular 
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node, the melt-interface ( 𝑅𝑖𝑛𝑡
𝑡+∆𝑡1 ) position is determined using radial 

interpolation [77]. Geometrical modifications are carried out to ensure that one 

fuel node continuously travels with the melt interface. The mass source terms of 

both phases ( 𝑆𝑓 , 𝑆𝑔 ) are calculated for addition in the multi-phase flow 

conservation equations.  

(ii) After melting has begun, multi-phase governing equations are solved for both 

phases (𝑖 = 𝑓, 𝑔). Solution of Eq. (B.4-B.5) at each cavity node provides 𝐺𝑓
𝑡+∆𝑡2 

and 𝛼𝑓
𝑡+∆𝑡2  respectively. Solution of Eq. (B.6) provides  𝐻𝑓,𝑙

𝑡+∆𝑡2 , which when 

compared with the fuel enthalpy vs. temperature database provides molten fuel 

temperature (𝑇𝑓,𝑙
𝑡+∆𝑡2 ). Eq. (A.4-A.10) use 𝑇𝑓,𝑙

𝑡+∆𝑡2  to derive the fuel density 

𝜌𝑓.𝑙
𝑡+∆𝑡2, which is used in Eq. (B.5) in the next time-step. Thereafter, Eq. (B.7), 

(B.8), (3.35), and (B.9) are solved in sequence to obtain 𝜌𝑔
𝑡+∆𝑡2,𝑇𝑔

𝑡+∆𝑡2 , 𝑃𝑐𝑎𝑣
𝑡+∆𝑡2 

and 𝑉𝑔
𝑡+∆𝑡2 respectively. If at any staggered velocity node, 𝛼𝑓

𝑡+∆𝑡2 > 0.02 holds 

true for either of the neighbouring nodes (𝑘  or 𝑘 − 1, Figure 3.3), then Eq. 

(B.10) is solved for molten fuel phase velocity (𝑉𝑓
𝑡+∆𝑡2). This condition is in 

accordance with the flow regime constraints developed in Section 3.1.4 [89]. 

Eq. (3.25) provides the expression for dynamic viscosity. 

(iii) During the time march, if the molten fuel enthalpy 𝐻𝑓,𝑙 at any cavity node is less 

than 𝐻𝑠𝑜𝑙, then the fuel mass present in the node solidifies on the cavity wall. 

The solidified fuel mass is re-transferred to the domain of enthalpy formulation 

and geometrical changes are carried out in accordance [77]. 

(iv) Time marching proceeds within the cavity domain until the marching period 

equals the heat transfer time step (𝑚∆𝑡2 = ∆𝑡1). Once this occurs, enthalpy 
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formulation is solved for the next ∆𝑡1, and steps (𝑖 − 𝑖𝑣) are repeated. After a 

pre-fixed march period (250 × ∆𝑡1), Eq. (A.1-A.3) are solved to update 𝐾𝑓. 

(v) At the end of each heat transfer time-step, the axial distributions of 𝛼𝑓, 𝜌𝑓 and 

𝑅𝑖𝑛𝑡 are used in Eq. (2.10−2.14) to arrive at the in-pin fuel motion (or relocation) 

feedback. The entire procedure is repeated until the end of the transient.  

3.3 Results and discussion 

3.3.1 Grid independence analysis 

In this section, grid sensitivity study is carried out to determine the optimum mesh 

size. Zone-1 fuel pin specifications are used for the study. A typical, slow-ramp, 

transient overpower condition is simulated using multiple mesh sizes. Table 3.1 displays 

the results of the analysis. The maximum in-pin fuel motion feedback generated during 

the transient (𝜌𝑟𝑒𝑙𝑚𝑎𝑥 ) is selected for the grid independence study because it is a 

function of the space-time distribution of multiple heat-transfer and fluid flow variables 

(𝑅𝑖𝑛𝑡, 𝑆𝑓 , 𝑇𝑓,𝑤, 𝑇𝑓,𝑙, 𝛼𝑓 ). Therefore, achieving convergence in 𝜌𝑟𝑒𝑙  is equivalent to 

achieving convergence in the in-pin fuel motion behaviour. The deviations are defined 

as the percentage change in the peak relocation feedback upon adopting the current grid 

with respect to the previous (upper) grid.  

Table 3.1: Grid independence study. 

S.NO Fuel grid size (axial x radial) 𝝆𝒓𝒆𝒍𝒎𝒂𝒙 (pcm) Deviation (%) 

1 10 x 10  −2.6523 - 

2 20 x 20  −1.823 –31.2 

3 30 x 30 −1.9213 5.4 

4 40 x 40 −1.9288 0.4 

 

The study shows that the deviation for the fourth mesh (40 axial x 40 radial) with 

respect to the third mesh (30 x 30) is 0.4 %. Therefore, the third mesh (30 axial x 30 
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radial) is used in the fuel column for further analysis. The reasons behind the non-

linearity in the evolution of 𝜌𝑟𝑒𝑙 (Table 3.1) are as follows:  

(a) The crust solidification module generates a gradual downward relocation of molten 

fuel (Section 3.1.6). If enough molten fuel gets solidified at any axial node, fluid 

flow is blocked at that node. The change in the flow domain affects the evolution of 

𝛼𝑓 , 𝑇𝑓,𝑙, 𝑆𝑓 ,  and 𝑅𝑖𝑛𝑡 . Once the cavity re-melts because of rise in power, these 

variables are affected again. In this way, repeated flow blockage and re-melting 

perturb the fluid flow variables linked with 𝜌𝑟𝑒𝑙.  

(b) The phase-change heat transfer model combines the enthalpy formulation with a 

grid modification mechanism [54,77] to address the modelling challenges 

associated with annular fuel pellets (Section 1.6). A limitation of the resultant heat 

transfer model is that it generates perturbations in 𝑅𝑖𝑛𝑡 and 𝑆𝑓 at each instance of 

deletion of a solid fuel node from the heat-transfer domain. The perturbations for 

the coarsest grid (10 × 10) are greater than those for the finest grid (40 × 40). 

The above-described periodic perturbations affect 𝜌𝑟𝑒𝑙 . The coarsest grid 

generates greater perturbations as compared to those generated by the finest grid. Hence, 

the evolution of 𝜌𝑟𝑒𝑙 in Table 3.1 remains non-linear for the coarse grid. 

Table 3.2: Grid size details (dimensions are for fast reactor case study). 

Model region ∆𝒓 (mm) ∆𝒚 (mm) 

Fuel column 0.0625 33.33 

Upper/lower blanket column 0.0625 150 

Inner cavity - 33.33 

Clad 0.15 33.33/150 (fuel/blanket) 
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Grid dimensions employed for various parts of the problem domain are enlisted 

in Table 3.2. The upper and lower blanket columns and clad are discretized with 2 x 30 

(axial x radial) and 34 x 3 (axial x radial) nodes, respectively. A general schematic of 

the employed grid is displayed in Fig. 3.4. 

 

 

Figure 3.4: Model domain discretization. 

 

All boundaries oriented parallel to the z-axis (axial direction) are described with 

half control volumes to capture the radial boundary conditions. The inner cavity is 

discretized using 1-D axial mesh with radius initially equal to fuel pellet inner radius 

O 

FUEL 

COLUMN 

CLAD 

INNER 

CAVITY 

LOWER 

BLANKET 

COLUMN 

UPPER 

BLANKET 

COLUMN 

r 

z 



101  

(𝑅𝐼). Upon melting or solidification, the local cavity radius changes to the solid/liquid 

interface radius (𝑅𝑖𝑛𝑡).  

The algorithm employs a heat-transfer time step of 10−3 s (Δ𝑡1). As for the multi-

phase flow, the main stability concern arises in the gas-phase energy and momentum 

equations. It is found that in equilibrium core fuel, fluid flow time steps of 50 𝜇𝑠 (prior 

to melting) and 10 𝜇𝑠 (during melting) are sufficient to maintain stability. However, in 

the BOL core, the gas-phase density is much smaller due to absence of fission gases. 

Consequently, the solution requires smaller time steps of 10 𝜇𝑠, 5 𝜇𝑠 before and after 

melting, respectively. The necessity of reduced time-step after melting arises from the 

reduction in the equivalent cavity cross-sectional area (𝛼𝑔𝐴𝑐𝑎𝑣) of the gas-phase in 

locations that are nearly choked with frozen fuel. 

A time step sensitivity study reveals the extent of convergence of the numerical 

algorithm for different multi-phase flow time steps (Δ𝑡2 = 20 𝜇𝑠, 15 𝜇𝑠, 10 𝜇𝑠, and 

5 𝜇𝑠). 𝜌𝑟𝑒𝑙 values at 𝑡 = 100 𝑠 during the single pin UTOP transient (Section 2.3.3) are 

compared for each Δ𝑡2. The values are −1.72 pcm, −2.07 pcm, −1.75 pcm, and −1.747 

pcm for 20 𝜇𝑠, 15 𝜇𝑠, 10 𝜇𝑠,  and 5 𝜇𝑠 , respectively. The deviation (defined above) 

between the 𝜌𝑟𝑒𝑙 values for 10 𝜇𝑠 and 5 𝜇𝑠 is 0.28 %. Therefore, the solution converges 

with the selected multi-phase flow time step (Δ𝑡2 = 10 𝜇𝑠). 

3.3.2 Optimization of the free volume gas escape model 

Considering the presence of the gas-phase density (𝜌𝑔) in the pressure closure 

equation, it can be stated that 𝜌𝑔 plays a vital role in the evaluation of the pressure force 

in the molten fuel momentum equation (Refer Eq. (3.35) & (3.45)). The free volume 

model simulates the escape of fission gases from the annular pellet cavity to the plena, 

resulting in a reduction in 𝜌𝑔. Consequently, the pressure field is perturbed, which leads 
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to an extraneous perturbation in the melt momentum conservation. Figure 3.5 presents 

an example of the changes in melt motion because of such pressure perturbations. The 

magnitude of the constant (c) represents the rate of escape through the inter-pellet gaps. 

For a large rate of escape (Fig. 3.5a), significant variations in the melt volume fraction 

(𝛼𝑓) can be observed as compared to a small rate of escape (Fig. 3.5b). On the other 

hand, complete removal of the free volume gas escape model from the algorithm results 

in an unrealistic pressure within the annular cavity (~250 𝑀𝑃𝑎) upon a large amount 

of melting, which cannot be sustained by the clad. The available literature has 

comprehensively proven the effective mitigation of fuel-clad mechanical interaction for 

annular fuel pins (Refer Section 1.7.1 [28,34]). Furthermore, under such a high pressure, 

the multi-phase flow tends to destabilize. Therefore, an optimization of the free volume 

gas escape model is required to eliminate the extraneous perturbations while 

simultaneously maintaining a realistic pressure within the annular pellet cavity.  

 
Figure 3.5: Molten fuel volume fraction as a function of axial position, melt mass 

fraction and rate of gas escape through the plenum. (a) 𝑐 = −2.0, and (b) 𝑐 = −0.1. 

 

Table 3.3 presents a sensitivity analysis of the melt motion with respect to the 

fission gas escape rate. The table presents the melt relocation feedback magnitudes 

specific to the central fuel subassembly (Zone-1). The mathematical expressions used 



103  

in the calculation are detailed in Chapter 2 (Refer Eq. (2.10−2.14)). The deviations are 

least for the case of the least rate of escape. Based on the sensitivity study, the escape 

constant (-0.001) is selected for subsequent numerical simulations. 

Table 3.3: Sensitivity of melt motion with respect to the rate of escape of fission gases 

towards plenum. The deviations (%) are with respect to the preceding data 

(100(𝜌𝑓,𝑐𝑢𝑟𝑟 − 𝜌𝑓,𝑝𝑟𝑒𝑣)/𝜌𝑟𝑒𝑙,𝑝𝑟𝑒𝑣). 

 

c 𝝆𝒓𝒆𝒍(𝟕𝟎 𝐬) (%) 𝝆𝒓𝒆𝒍(𝟖𝟎 𝐬) (%) 𝝆𝒓𝒆𝒍(𝟗𝟎 𝐬)  (%) 𝝆𝒓𝒆𝒍(𝟏𝟎𝟎 𝐬) (%) 

−2.0 −1.93 0.00 −3.00 0.00 −3.44 0.00 −4.69 0.00 

−1.0 −1.91 −1.01 −2.24 −25.4 −3.50 1.68 −4.70 0.20 

−0.5 −1.78 −6.85 −2.07 −7.65 −3.30 −5.79 −4.73 0.62 

−0.1 −1.91 7.64 −2.08 0.47 −2.95 −10.4 −5.04 6.54 

−0.05 −1.93 0.70 −2.03 −2.24 −2.84 −3.96 −4.96 −1.61 

−0.01 −1.73 −10.5 −1.82 −10.4 −3.28 15.5 −4.94 −0.37 

−0.005 −1.58 −8.25 −1.75 −3.60 −2.83 −13.6 −4.98 0.83 

−0.001 −1.58 −0.48 −1.78 1.54 −2.87 1.41 −5.03 0.94 

 

It is important to mention that the experimental benchmark data for the free 

volume gas escape model is scarce in literature. The plenum pressure (𝑃𝑝𝑖𝑛) (both before 

and after the transient) are generally measured through pin puncture tests [33]. However, 

the transient evolution of 𝑃𝑝𝑖𝑛  is not measured since destructive testing cannot be 

carried out during the transient. Hence, it remains difficult to validate the free volume 

gas escape model experimentally. 

3.3.3 Experimental validation (CABRI-E9bis test) 

This test was conducted on an OPHELIE-6 fuel pin (Refer Table 2.8 for 

specification). The pin contained fragmented upper blanket pellets [33]. Wide gaps 

between these pellet fragments were reported before the test. A uniform power ramp of 

0.95 % Pn/s (𝑃𝑛 = 59.4 𝑘𝑊 𝑚⁄ , 𝑡 = 0 𝑠) was implemented over the pin until the power 

level reached 181 % (𝑃𝑚𝑎𝑥 = 107.5 𝑘𝑊 𝑚⁄ , 𝑡 = 88 𝑠). For the next 195 s, this level 
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was maintained. During the last ~ 28 s of this constant power period, the flow rate was 

reduced linearly at a rate of 1.4 % (�̇�𝑐𝑡,𝑛/𝑠) until the end of the test (Refer Table 2.9). 

Fuel melting was detected at peak power = 73 kW/m. The melt penetrated the gaps in 

the upper blanket between 65-69 s, as per the on-site hodoscope data [33]. Based on the 

segregation of metallic fission products in the melt, it was concluded that the melt 

displacement occurred at a slow speed (Refer Section 2.4.1 for details). 

 
Figure 3.6: CABRI-E9bis melt interface profile (𝑅𝑖𝑛𝑡/𝑅𝑜; end of transient). 

 

As a first step, the thermal results of the simulation are compared with the test 

data. Figure 3.6 presents the numerically obtained melt interface profile at the end of 

transient (𝑡 = 283 𝑠), as well as the physical measurement taken during the post-test 

examination. The top and bottom three nodes did not undergo melting since the position 

of the interface remained unchanged throughout. Here, the axial coordinate is with 

reference to the bottom of the fissile column (BFC). The maximum extension of the 

melt interface (81.1 %) occurred near the core mid-plane. The melt mass fraction 

signifies ratio of molten and total fuel masses. The solver calculates a maximum melt 

mass fraction of 39 % against experimental data of 40-50 %.  
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Figure 3.7: Melting and solidification history for E9bis test. 

 

Second, let us examine the fluid flow behaviour. Simulation indicates complete 

blockage of the cavity top due to solidification of molten fuel at t = 67 s (Refer Fig. 3.7). 

This is an indication of penetration of the upper blanket at the same time. It is noted that 

the time of penetration is within the experimentally observed penetration period. The 

melt interface progression at the peak power node exhibits a change in slope (t = 40 s). 

This change reflects the extension of molten fuel column up to the peak power node, 

located near the core mid-plane (Refer Fig. 3.7 (t = 40 s)). Collection of molten fuel at 

this location increases the heat flux at the solid/liquid interface (or cavity radius), which 

results in the enhanced speed of radial melt progression [77]. The non-zero parameter 

(𝑅/𝑅𝑂) after 67 s is due to stability constraints imposed on the crust solidification model 

(Refer Section 3.1.6). 

To describe the melt motion, a thermal schematic of the E9bis fuel column is 

presented in Fig. 3.8. In this figure, a slight downward relocation and solidification of 

molten fuel is visible at t = 30 s. This trend of downward relocation and solidification 
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continues until blockage of the cavity in the lower region (𝑡 = 40 𝑠). Continuous power 

rise causes further downward relocation and blockage at a lower axial location. 

Simultaneously, a molten fuel column develops above the blockage. The downward 

relocation and upward lengthening of the molten fuel column continue. In this way, the 

length of the molten fuel column increases (𝑡 = 60 𝑠). 

      

         0 s     30 s    40 s     60 s     68 s    90 s 

Figure 3.8: E9bis thermal and molten fuel flow schematic (Elevation is with reference 

to BFC). 

 

High molten fuel temperature (4608 °C, maximum) results in extensive thermal 

expansion, which increases the molten fuel axial penetration (fuel vaporization concerns 

are addressed in Chapter 4). At a melt mass fraction of 26 % (t = 67 s), fuel completely 

occupies the top-most node. Around the same time (t = 68 s), molten fuel reaches the 

bottom of fuel column and solidifies (t = 68 s). Zero cavity radii at the bottom and top 

regions represent the resultant cavity closures. After some time (𝑡 = 88 𝑠), the transient 

enters the maximum power period. The entire cavity gets occupied with molten fuel. 
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Table 3.4: Results of CABRI-E9bis [33] benchmarking study. 

Parameter Simulation Experiment 

Power to melt (kW/m) 72.4 72.7 

Maximum melt radius (% Ro) 81.1 82 ± 2 

Pin averaged melt mass fraction (%) 39 40-50 

Time of penetration of upper blanket (s) 67 65-69 

Upper melt extent (m/BFC) 0.675 0.635 

Lower melt extent (m/BFC) 0.075 0.095 

 

The flow field velocities predicted by the solver are low. Because of these low 

velocities and a small hydraulic diameter (mini channel), the flow is laminar. Clearly, 

the tendency of molten fuel to form a column just above the choked region is a result of 

the force of gravity. Additionally, the inability of fuel to move rapidly in both upwards 

and downwards directions is a result of melt freezing and the associated rise in viscous 

forces. Therefore, two important hydrodynamic forces governing the melt displacement 

are gravity and viscous forces. Furthermore, the major driving effect influencing the 

displacement up to the top of the fuel column is the thermal expansion of molten fuel. 

An excellent agreement between the model predictions and experimental results can be 

observed from Table 3.4. After the successful validation, the developed algorithm is 

confidently implemented towards the investigation of fuel behaviour during UTOP. 

3.3.4 Melt motion predictions under fast reactor conditions 

Next, the validated algorithm is utilized to simulate the fuel melting and multi-

phase motion in SFR conditions under UTOP. The accident conditions for single pin 

studies have been described earlier in Chapter 2 (Section 2.3.3) and are not repeated 

here for the sake of brevity. The system chosen for analysis involves the typical, annular 
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fuel pin of a medium-sized SFR (Refer Table 2.4 for fuel specifications). This system 

is specifically chosen for the following reasons: 

1. Since the CABRI reactor utilizes a thermal spectrum, neutron self-shielding effect 

inhibits nuclear fission in the inner region of fuel pellets. The result is a depression 

in volumetric heat generation (�̇� ) along the fuel pellet radius. In the available 

literature, a radial power depression factor of 0.45 is quoted for the CABRI-2 test 

series (Refer Section 2.4.1 for details). Consequently, the magnitude of �̇� in molten 

fuel is considerably smaller as compared to the outer pellet region. 

2. Under fast neutron spectrum, power depression across the fuel pellet radius is 

negligible. Therefore, �̇�  of molten fuel will be significantly greater in SFR 

conditions as compared to experimental conditions. Consequently, the melt 

temperature will be greater, which will affect the crust formation process as well as 

the melt viscosity. 

3. The length of the active core region inside the CABRI reactor (0.75 m) is smaller as 

compared to the typical fast reactors under development and commissioning in India 

(1 m) [13]. Furthermore, the axial power profile applicable to the thermal spectrum 

of the CABRI reactor [45] is liable to differ from the power profile of SFR. 

Consequently, separate numerical simulations are required to investigate melt 

motion in typical fast reactor conditions. 

4. The fuel pins tested in the CABRI experiments had been irradiated in the Phénix 

reactor up to intermediate burnup level (4 − 6 𝑎𝑡𝑜𝑚 𝑝𝑒𝑟𝑐𝑒𝑛𝑡). However, typical 

SFR safety analysis also involves beginning-of-life (BOL) fuel, which: (a) does not 

contain fission gases and (b) has a different axial power profile specific to the BOL 

core.  
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Numerical simulations are performed for the following two fuel conditions: 

Case I: Equilibrium fuel (𝐵𝑢 = 3 𝑎𝑡𝑜𝑚 𝑝𝑒𝑟𝑐𝑒𝑛𝑡) 

Case II: BOL fuel (0 𝑎𝑡𝑜𝑚 𝑝𝑒𝑟𝑐𝑒𝑛𝑡) 

In consistence with the typical accident mechanism described in Section 2.3.3, a 

UTOP transient is simulated in the form of a slow, uniform rise in reactor power (1 % 

Pn/s). Relevant thermophysical properties utilized in the simulations are described in 

Appendix-A. Fuel Specifications are detailed in Table 2.4. Steady-state operating 

parameters of both case studies are detailed in Table 2.2. 

3.3.4.1 Results for case study I 

(a) Melting 

Figure 3.9a illustrates the transient heat-up and the subsequent melting followed 

by melt motion along the axis of the pellet cavity. The thermal maps are categorized 

based on the melt mass fraction to facilitate a comparison with Case-II in the subsequent 

section. The locations inside the pellet cavity filled with molten fuel (𝛼𝑓 ≥ 0.8) are 

colored and show the molten fuel temperature. The colorless (or white) locations show 

the presence of fission gases (𝛼𝑔 > 0.2). The line separating the solid and liquid fuel 

represents the melt or interface radius (𝑅𝑖𝑛𝑡). In locations without melt, the line simply 

represents the pellet inner surface radius (𝑅𝐼). A cosine axial power profile exists inside 

the active core region. Consequently, the molten fuel located at the peak power location 

(core mid-plane; 𝑧 = 0.5 𝑚) experiences the highest temperature as well as the greatest 

amount of melting. The temperature distributions for solid fuel, molten fuel, and clad 

are visible. The continuous coolant flow at the clad outer surface ensures relatively 

lower temperatures in the clad and outer areas of the fuel pellets. The axial power profile 

produces lower fuel temperatures in the lower and upper regions of the active core. 
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Figure 3.9: Melt motion in equilibrium fuel under SFR conditions: (a) Thermal map of 

the fuel column (b) Axial distribution of melt mass (plot is applicable for a single pin 

of the central subassembly; total fuel mass in one FBR-500 pin is 0.225 kg). 

 

(b) Melt motion 

A significant proportion of molten fuel agglomerates to form the so-called ‘melt 

column’ inside the pellets (Refer Fig. 3.9a). Note that this is analogous to the melt 

motion of the CABRI-E9bis test (Refer Fig. 3.8). The presence of such a column, 

characterized by high fuel volume fraction (𝛼𝑓 ≥ 0.8), immediately above the choked 

location remains a consistent feature throughout the transient. The white region above 

and below the column indicates that these areas are primarily occupied by the gas-phase. 

An axial plot of molten fuel mass (𝑀𝑙) confirms the near absence of melt in the whitened 

locations (Refer Fig. 3.9b). The axial profile correlates with melt interface radius (𝑟𝑖𝑛𝑡), 

since a larger 𝑟𝑖𝑛𝑡 results in the melt column occupying a larger volume.  

Due to the cosine variation in power, solidification of molten fuel occurs in colder 

regions, which leads to blockage. This impedes further downward flow, until the frozen 

fuel re-melts on account of rise in the reactor power. The cyclic process of freezing and 



111  

re-melting results in a so-called trickling, downward motion (Refer Section 3.1.6). 

Simultaneously, further melting in the central region, combined with significant thermal 

expansion of molten fuel, and high viscous resistance in the top region (due to 

solidification), result in a slow and upward flow of molten fuel. As a result, the molten 

fuel column, which was initially situated below the central node, grows at an 

approximately equal speed in both the upward and downward directions.  

In this context, it is important to mention the contribution of the mini-channel 

flow regimes, which result in a continuous contact between the melt and pellet inner 

surface. Without a continuous contact, such a slow, experimentally consistent melt 

motion could not have been captured. The above-described trend continues until the end 

of the transient. It may be noted that the location of the melt column is well below the 

core mid-plane, at least for low melt mass fraction (7.5 %). This is a departure from the 

simulation results of the CABRI-E9bis test. It is deduced that this deviation is a result 

of the relatively flatter axial power profile employed in the present simulation, which 

accelerates the rate of re-melting [89]. 

3.3.4.2 Results for case study II 

(a) Melting 

Figure 3.10a illustrates the transient heat-up and the subsequent melting followed 

by melt displacement for the BOL fuel pin [97]. Since the steady-state operating 

parameters and thermophysical properties of the BOL fuel differ from the equilibrium 

fuel, the thermal maps are detailed for specific melt mass fraction levels instead of time 

instants to facilitate comparison with Case I. The axial variation in 𝑅𝑖𝑛𝑡 is consistent 

with the cosine reactor power profile. The locations filled with molten fuel have 

noticeably undergone greater amount of melting as compared to other locations. This is 
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a consequence of the increased heat flux at the inner surface of fuel pellets adjacent to 

the melt column, which is mathematically represented by Eq. (3.11). 

(b) Melt motion 

Figure 3.10 provides a qualitative summary of the displacement behaviour in case 

of the BOL fuel pin. Major features of the displacement behaviour are as follows: 

1. Melt agglomeration is a consistent phenomenon in both the case studies. However, 

the location of the melt column for BOL fuel is noticeably closer to the core-mid 

plane, specifically for 7.5–15 % melt mass fraction. In other words, the appreciable 

downward displacement observed in Case-I is decreased in Case-II. 

2. The melt mass profiles, presented in Fig. 3.10b show the location of fuel within the 

cavity during the various stages of melting. A significant amount of melt mass is 

present above the melt column in the upper portion of the pellet cavity. 

 

Figure 3.10: Melt motion in fresh fuel under fast reactor conditions: (a) Thermal map 

of the fuel column for Zone-1 fuel pin (b) Axial distribution of melt mass (single pin). 
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Figure 3.11 shows the temperature distribution within molten fuel (𝑇𝑓,𝑙) for the 

corresponding melt fractions. In the region above the agglomerate, 𝑇𝑓,𝑙  is below the 

solidus temperature. The particle viscosity model (Eq. (3.25)) ensures a high viscosity 

(𝜇𝑓), which renders the melt immovable. Therefore, it does not agglomerate completely 

with the melt column below. 

 
Figure 3.11: The temperature of molten fuel (𝑇𝑓,𝑙) as a function of axial position and 

melt mass fraction. Plots are specific to Case-II. In locations with absence of molten 

fuel, the plot shows the pellet inner surface temperature (𝑇𝑓,𝑤𝑎𝑙𝑙). 

 

3.3.5 Investigation of fuel mass relocation 

The results of the above case studies are utilized to investigate the potential of an 

undesirable increase in fuel mass near the core mid-plane [97]. First, the melt mass 

profiles for both case studies are summarized in Fig. 3.12 to illustrate the progressive 

redistribution of molten fuel during the UTOP transient. For simplification of analysis, 

the fuel column is divided in three equal regions that represent the top (0–0.33 m), 

central (0.33–0.67 m), and bottom (0.67–1 m) axial segments. Elevations are with 

respect to BFC. For each region, the melt mass (𝑀𝑙) and solid mass (𝑀𝑠) are added 
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together to evaluate the total mass during the transient (𝑀𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 ). Mathematical 

definitions of the above terms are detailed in Chapter 2 (Refer Eq. (2.10-2.14). Here, all 

masses are calculated for Zone-I (central fuel subassembly) to facilitate 𝜌𝑟𝑒𝑙 

computation subsequently (𝑀𝑓 = 217 × 0.225 𝑘𝑔). The transient mass is compared 

with the steady-state mass (𝑀𝑠𝑡𝑒𝑎𝑑𝑦) to determine the changes in fuel mass for the top, 

central, and bottom regions (∆𝑚 =𝑚|𝑡 −𝑚|𝑡=0).  

 
Figure 3.12: A summary of melt relocation in annular fast reactor fuel pins under 

UTOP transient. Total fuel mass for a single fuel pin is 0.225 kg (7.5, 15…  30 % are 

melt mass fractions). 

 

Table 3.5: Table of fuel mass redistribution due to melting and motion. Mass 

relocation is with reference to 217 fuel pins of the central subassembly. (𝑡 = time 

instant (s); 𝑋𝑚𝑎𝑥 = Peak linear power (𝑘𝑊/𝑚)) 
 

MMF 

(%) 

Case-I  Case-II 

𝒕 𝑿𝒎𝒂𝒙 ∆𝒎𝒄𝒆𝒏 ∆𝒎𝒕𝒐𝒑 ∆𝒎𝒃𝒐𝒕 𝒕 𝑿𝒎𝒂𝒙 ∆𝒎𝒄𝒆𝒏 ∆𝒎𝒕𝒐𝒑 ∆𝒎𝒃𝒐𝒕 

7.5 80 74.8 -0.66 -0.16 0.82 53 69.2 -0.40 -0.04 0.44 

15 91 79.6 -0.37 -0.41 0.78 64 73. 9 -0.20 -0.38 0.58 

22.5 99 82.9 -0.30 -0.47 0.77 74 78.6 -0.14 -0.55 0.69 

30 106 85.8 -0.67 0.04 0.63 86 84 -0.52 -0.21 0.73 
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Table 3.5 presents the results of the analysis. It is observed that in the central 

region (highest fuel void worth; Figure 2.3) surrounding the core mid-plane, the fuel 

mass is decreasing throughout the transient (Δ𝑚𝑐𝑒𝑛 < 0). A similar reduction can be 

seen in case of the top region. These losses are balanced by an equivalent gain in the 

bottom region. It is concluded that an undesirable increase in fuel mass near the core 

mid-plane is averted [97]. To clarify the physical mechanism responsible for the 

advantageous decrease in 𝑀𝑐𝑒𝑛, the axial distribution of the fuel mass (𝑀𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡) is 

presented in Fig. 3.13. The results of both case studies at equivalent melt mass fractions 

are plotted to facilitate the comparison of relocation behaviour. Important trends from 

Fig. 3.13 are as follows:  

1. A prominent region of loss (fuel mass < 1.626 kg per node) can be seen above the 

core mid-plane in Fig. 3.13a. As melting continues, this region shifts upwards, until 

it is located close to the top of the fuel column (Refer Fig. 3.13d).  

2. There is a prominent leftward shift in the data-points at the core mid-plane (𝑍𝑚 =

0.5 𝑚), as the melting increases from 7.5 % to 30 %. The leftward shift results in a 

prominent region of loss near the core-mid plane. 

3. A prominent region of gain (fuel mass > 1.626 kg per node) continually exists in the 

lower portion of the fuel column. Initially, the region extends up to a location near 

the core-mid plane. However, as melting increases from 7.5 to 30 %, it shifts 

downwards and decreases in length. Simultaneously, the peak magnitude of the gain 

(near 𝑧 = 0 𝑚) continues to increase. 

The above trends are readily explained through the thermal maps presented in Fig. 

3.9–3.10 and the melt mass profiles presented in Fig. 3.12. For e.g., the upward shift in 

the topmost region of loss with melting is consistent with the upward growth of melt 
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columns, since it creates a corresponding upward increase in 𝑀𝑙. Increase in 𝑅𝑖𝑛𝑡 for 

the top region with continued melting results in a decrease in 𝑀𝑠, while the absence of 

melt mass in the top region ensures a net decrease in 𝑚|𝑡,𝑡𝑜𝑝 (7.5-22.5 % melt fraction). 

 
Figure 3.13: Fuel mass relocation in annular fast reactor pins subjected to UTOP. (a) 

7.5 % melt mass, (b) 15 % melt mass, (c) 22.5 % melt mass and (d) 30 % melt mass. 

(Total fuel mass in central subassembly = 48.8 𝑘𝑔) 

 

Similarly, the leftward shift in the nodes near the core mid-plane with increase in 

melting can be correlated with the melt temperature distribution presented in Fig. 3.11. 
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It is observed that at the core mid-plane, the melt temperature exceeds 3750°𝐶, causing 

significant thermal expansion (Refer Eq. (A.15)). Consequently, liquid fuel density 

decreases significantly at the core mid-plane. Hence, despite increase in 𝑅𝑖𝑛𝑡 (cavity 

radius), 𝑀𝑙,𝑐𝑒𝑛 does not increase significantly (Figure 3.12, 22.5–30 % melt fraction). 

However, 𝑚𝑠,𝑐𝑒𝑛 decreases with increase in 𝑅𝑖𝑛𝑡. Therefore, the net loss in the central 

region (Δ𝑚𝑐𝑒𝑛 ) increases beyond 22.5 % melt fraction. This results in the afore-

mentioned leftward shift.  

Since the primary objective of the present investigation is to assess the impact of 

melt displacement on fast reactor safety, the above results are utilized for the 

determination of a melt relocation reactivity feedback (𝜌𝑟𝑒𝑙, Refer Eq. (2.10)). Figure 

3.14 presents the characteristics of the feedback for both case studies. A clear difference 

is visible between the two cases up to 30 % melting. In this context, it is important to 

address the major differences between the melt displacement of the two case studies. In 

Case-I, the initial source of the negative feedback is the loss of fuel in the central 

segment due to downward displacement of melt. Further melting leads to filling of the 

core-mid plane with the melt agglomerate (Figure 3.12b). This leads to a temporary 

reduction in the fuel losses for the central segment (Refer Table 3.5, Δ𝑚𝑡𝑜𝑝 for 15 % 

melt fraction). Simultaneously, the loss in the top segment (Δ𝑚𝑡𝑜𝑝) increases due to 

localized melting and downward motion. Consequently, the growth of the negative 

reactivity feedback is temporarily stalled. Continued melting and rise in melt 

temperature again increases the loss in the central region (above ~22.5 % melting). As 

a result of net outward mass flux, the losses in the top region are simultaneously 

reversed into a marginal gain. Since the fuel void worth is highest for the central region 

(𝑊𝑓,𝑐𝑒𝑛), Δ𝑚𝑐𝑒𝑛 generates a negative reactivity perturbation (Eq. (2.10)) that is greater 
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in comparison with the combined positive reactivity perturbations of Δ𝑚𝑡𝑜𝑝 and Δ𝑚𝑏𝑜𝑡 

(magnitude-wise). Consequently, the negative reactivity feedback starts to increase for 

a second time. 

 
Figure 3.14: Melt relocation safety feedback characteristics. 

 

In Case-II, the initial downward motion is decreased in comparison with Case-I 

(Refer Section 3.3.4.2(b)). Consequently, the loss of fuel in the central region (∆𝑚𝑐𝑒𝑛) 

is also comparatively smaller (Refer Table 3.5). As melting continues, the melt column 

grows upwards, leading to complete occupation of the central region. Therefore, 

|∆𝑚𝑐𝑒𝑛| is reduced even further (15 % melt mass fraction). However, a considerable 

loss simultaneously appears in the top region due to melting and downward motion. 

Therefore, the reactivity feedback continues to increase marginally. Gradually, the heat-

up and thermal expansion of molten fuel begins to decrease the fuel mass in the central 

region, causing an increase in |∆𝑚𝑐𝑒𝑛|. This results in a corresponding, gradual rise in 

the slope of the feedback curve.  
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3.4 Closure 

In this chapter, first a multi-phase thermal hydraulic model is presented for 

numerical simulation of mixed oxide ((U-Pu)-O2), nuclear fuel melting and motion, 

which considers the hydrodynamics of melt freezing, flow blockage, capillary effects, 

and gas escape to plenum, in addition to fission gas pressurization and conventional 

hydrodynamics. These effects are captured by devising an advanced multi-phase 

numerical algorithm based on a moving boundary, two-fluid, Eulerian, explicit finite 

difference approach. The variable density thermal expansion of molten fuel, combined 

with the freezing effects, can capture the slow, axially outward melt motion observed 

experimentally. This approach is distinctly different from the treatments available in 

literature, which rely on fission gas pressurization as a major driving force. Numerical 

simulations are performed for the E9bis experiment of the CABRI-2 test series, which 

provided unique data on melt displacement inside annular fuel pins during UTOP. The 

simulation results are compared with the experimental observations quoted in literature, 

and an excellent level of agreement is obtained. From these results, it can be concluded 

that liquid fuel thermal expansion and melt freezing can be the major hydrodynamic 

phenomena affecting melt displacement (in annular fuel) under the typically slow, over-

power transient expected during UTOP in modern SFR. 

As a second illustration, the benchmark-proven algorithm is extended to capture 

the fluid dynamics and relocation characteristics of melt that can be expected in a typical, 

medium-sized SFR. To achieve this purpose, typical fast breeder reactor accident 

conditions are simulated numerically with two basic SFR fuel conditions (Equilibrium 

and Beginning-of-life). From the results, the major conclusions are as follows:  
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(i) As soon as melting begins, molten fuel starts to agglomerate into a melt column 

inside the annular pellets. The physical reasons responsible for such behaviour, 

identified by numerical analysis, are the cosine power profile, which results in 

a cyclic process of freezing and re-melting on immediately adjacent pellet 

surfaces, as well as the small hydraulic diameter of flow, which ensures constant 

contact between melt and pellet inner surface. 

(ii) As further rise in power takes place, the melt column grows axially outwards in 

both the upward and downwards directions. 

(iii) The size of the melt column is proportional to the amount of melting, 

numerically represented by the melt mass fraction.  

(iv) A significant downward displacement occurs early on after the onset of melting, 

particularly in Case-I (equilibrium fuel).  

(v) The undesirable increase in fuel mass near the core mid-plane is safely averted 

by the melt motion. On the other hand, a negative reactivity feedback emerges 

due to the decrease in total fuel mass in the high neutron density region around 

the core mid-plane. 

This study has addressed the need for a theoretical description of the 

hydrodynamics of in-pin fuel motion in a manner consistent with the benchmark 

experimental data. Predictions of in-pin fuel motion pertinent to mixed-oxide fuelled 

fast breeder reactors have been established. The benchmark-proven model will be 

employed to investigate the propagation of melting in the entire reactor core and the 

resultant melt relocation feedback in detail in the next chapter.  
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Chapter 4 

Reactor Dynamics Investigation of In-pin Fuel Motion 

during Unprotected Transient Overpower Accidents 
 

In this chapter, the benchmark-proven, multi-phase thermal hydraulic model is 

utilized for the development of an inter-disciplinary computational algorithm with the 

help of the in-house point kinetics code, PREDIS. As apparent from the intrinsic 

coupling between the hydrodynamics and the reactor neutronics of melt displacement, 

a practical investigation of the impact of in-pin fuel motion on severe accidents requires 

appropriate attention towards both aspects. Furthermore, melting may propagate 

radially from the central subassembly towards outer fuel subassemblies, depending 

upon the reactor over-power level, fuel thermophysical properties and radial power 

distribution in the core. Therefore, a simple and robust parallel processing technique is 

developed to extend the multi-phase, thermal hydraulic model towards the entire reactor 

core and to address the above-mentioned intrinsic coupling. An optimization study is 

carried out to enhance the efficiency of the coupled system. 

Subsequently, coupled hydrodynamic/neutronic simulations of UTOP are carried 

out for a typical, 500 MWe SFR. In view of the sensitivity of melt displacement towards 

core condition, the simulations are carried out for both BOL and equilibrium core 

conditions. Best estimate as well as conservative simulations of each core are carried 

out to address the uncertainties in the control rod withdrawal worth, fuel Doppler and 

material removal worth. The melt propagation characteristics in the entire reactor core 

are studied for each case. Comparative analysis of UTOP with and without the melt 

relocation feedback is carried out to determine its realistic impact on the safety of SFR. 

A thermodynamic analysis of molten fuel is carried out to investigate the potential of 
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fuel vaporisation. Finally, the effects of core condition and reactivity insertion rate on 

the accident scenario are studied. The aim of the present study is to investigate the 

propagation of melting in the BOL and equilibrium cores of SFR with due consideration 

of the neutronics aspects of melt relocation.  

4.1 Numerical modelling 

4.1.1 Model system 

The model system for the present study consists of the active core of a typical, 

medium-sized SFR (FBR-500, Section 2.1.1). Schematic diagrams of the core layout 

and fuel subassembly have been presented earlier (Figure 2.1-2.2). Table 2.4 details the 

fuel specifications used in the present study. There are 181 fuel subassemblies in the 

reactor core, with 217 fuel pins in each subassembly. Spatial variations in power 

generation exist along the axial and radial coordinates of the reactor core, in addition to 

the radial variation in the coolant flow rate (�̇�𝑐𝑡). As a result, the fuel, coolant, and clad 

temperatures are maximum in the central subassembly (or Zone-1), and minimum in the 

outermost fuel subassemblies. The innermost 85 and the remaining 96 fuel 

subassemblies comprise the inner and outer core regions, based on the PuO2 mole-

fraction (𝑦). A system of division of these fuel subassemblies into seven hexagonal 

channels (or zones) is previously presented in Chapter 2. Radial power factors, coolant 

mass flow rates (per subassembly), enrichment levels and percentage radial distribution 

of the fuel void worth for each fuel zone are also described (Refer Table 2.2−2.3). A 

detailed description of the fuel void worth is presented in Section 2.3.1. In the table, the 

second innermost radial zone (or Zone-2) has the highest fuel void worth percentage, 

followed by the sixth and fifth radial zones. Therefore, even a slight modification in the 

fuel mass distributions of these zones will impact the reactivity feedback significantly. 
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4.1.2 Problem description and assumptions 

Initially, the reactor core is generating a nominal amount of power under the 

steady-state operating condition. At time 𝑡 = 0 𝑠, a hypothetical, unwanted control rod 

withdrawal begins with the simultaneous and total failure of the shutdown systems, 

leading to the addition of an unbalanced positive reactivity into the reactor core. The 

speed of withdrawal is 2 𝑚𝑚 ∙ 𝑠−1, which causes a small rate of reactivity insertion (~ 

0.7–3.5 pcm/s, refer Section 2.3.3). Consequently, the reactor power starts rising at a 

slow rate, leading to fuel heat-up and eventual melting. Coolant flow continues at the 

nominal flow rate throughout the transient.  

In the present study, the spatial variations in the power generation have been 

considered based on a first order perturbation worth analysis of a typical, medium-sized 

fast reactor [88]. It has been reported that the Eigen value separation between the 

fundamental mode and the first mode for medium-sized SFR (for e.g., PFBR), is 

substantial (~ 5000 pcm) [93]. Such a reactor core can be considered as tightly coupled, 

i.e., the radial and axial power profiles remain unchanged, whereas the magnitude of 

the linear heat rating (𝑋) changes in proportion with the reactor overpower. Therefore, 

a point kinetics model has been utilized in the reactor dynamics calculations (Refer 

Section 2.3.2). Consequently, localized amplification of power near the initiating 

control rod has not been considered in the present study. 

As the core temperature rises, reactivity feedbacks such as fuel Doppler, fuel axial 

expansion, control rod driveline expansion, core radial expansion, clad expansion, and 

coolant expansion, begin to influence the net reactivity. Since the present study is 

specifically focused on the reactor dynamics of in-pin fuel motion, a degree of 

conservatism is introduced by neglecting the core radial expansion feedback, which 



124  

assimilates the radial expansions of solid fuel, clad, wrapper and grid plate, as well as 

the control rod driveline expansion feedback [30,123]. Such a conservatism results in 

sufficient amount of fuel melting for a comprehensive investigation of the impact of in-

pin fuel motion on fast reactor dynamics. 

Unlike the experimental validation study described in Chapter 3 (Refer Section 

3.3.3), there is a negligible attenuation of neutron flux along the fuel pellet radius. 

Therefore, in the present study, the rate of heat generation for a given zone is considered 

constant along the pellet radius (𝑋(𝑧, 𝑡) ≠ 𝑓(𝑟)). Furthermore, variation in the fission 

gas release along the pellet radius is neglected. Instead, the CEPTAR correlation is 

utilized for calculation of the gas mass source term at each axial node [12]. This 

assumption only affects the equilibrium core studies, since BOL core does not require 

fission gas release calculations. Chapter 5 addresses the impact of integrating these 

radial variations on the equilibrium core simulations.  

Another important assumption considered in the present study is the treatment of 

molten fuel as a homogenous fluid. Table 4.1 presents the number densities of various 

nuclides under the equilibrium core condition. Upon melting, the oxides (U-Pu)-O2), 

which are the primary substance in the melt, can be considered well-mixed since most 

of the thermophysical properties of both oxides are approximately equal. However, the 

segregation of metallic fission products from the melt has been observed experimentally 

[33]. From the nuclide density distribution presented in Table 4.1, it can be observed 

that the number density of metallic fission products is relatively smaller in comparison 

with the total density of U-Pu isotopes. Therefore, the above assumption can be 

considered as justifiable for the sake of simplicity. 
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Table 4.1: Nuclide number density at beginning of equilibrium core (barn−1 cm−1) 

[88]. 

Isotope Inner Core Outer Core Axial blanket 

U-234 1.3388E−09 8.1889E−10 0.1958E−09 

U-235 1.0917E−05 1.1028E−05 0.1719E−04 

U-236 5.4474E−07 2.7615E−07 0.3949E−06 

Np-237 6.4162E−07 3.8707E−07 0.1080E−06 

U-238 5.2205E−03 4.8438E−03 0.7412E−02 

Pu-239 9.0763E−04 1.2225E−03 0.6727E−04 

Pu-240 3.5959E−04 4.7115E−04 0.1876E−05 

Pu-241 7.0839E−05 9.5772E−05 0.5701E−07 

Pu-242 2.0520E−05 2.6466E−05 0.7078E−09 

Fission products 2.0847E−04 1.4729E−04 0.8608E−05 

Pu-238 1.1222E−07 6.3432E−08 0.7137E−08 

Am-241 1.6736E−06 1.6651E−06 0.1178E−08 

Am-242 3.1260E−08 2.2302E−08 0.6838E−11 

 

4.1.3 In-pin fuel motion solver 

An advanced thermal hydraulic model for numerical simulation of fuel melting 

and fluid flow in a multi-phase environment has been presented in Chapter 3. 

Essentially, the developed model solves a physical system of a single fuel pin and a 

representative fuel channel. In the present study, an extension of the model is carried 

out to simulate the melting and fluid flow behaviour throughout the reactor core. 

Towards this goal, the numerical algorithm is converted into a ‘.exe’ executable file 

through a FORTRAN-95 compiler. The files, defined as in-pin fuel motion solvers, can 

read input data specific to a fuel channel (for e.g., thermophysical properties, coolant 

flow rate, steady state axial power distribution), and simulate the localized accident 

conditions. Based on the system of division of fuel subassemblies, seven separate in-

pin fuel motion solvers are assigned to each fuel zone. Each solver simulates the melting 
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and fluid flow in a representative fuel pin which is thermally equivalent to all other fuel 

pins in the respective fuel zone.  

 
Figure 4.1: Flow-chart of in-pin fuel motion solver. 

 

Figure 4.1 presents the calculation procedure involved in a typical in-pin fuel 

motion solver. The essential order of calculations is analogous to the procedure detailed 

in Section 3.2.3. The involved governing equations, boundary conditions and 

discretization schemes have been detailed in Chapter 3 and are not repeated here for the 

sake of brevity. However, the input and output data flow are modified to form an 

interface with PREDIS. Apart from the initial input data, the solver requires the transient 

power level to function. Additionally, the solver evaluates the melt relocation feedback 

(𝜌𝑟𝑒𝑙) with an earlier outlined method (Section 2.3.4), and utilizing the zone-specific 

fuel void worth data, calculates the melt relocation feedback for the respective zone, 

which is then extracted as the output data. 
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4.1.4 Neutronic/Hydrodynamic coupling algorithm 

To develop a computational system for the whole core of a nuclear reactor, spatial 

variations in the thermal hydraulics, neutron flux and fuel thermophysical properties 

must be considered. Using the system of division described earlier in Chapter 2 (Section 

2.1.1), as well as the separate solvers, the fuel melting and multiphase flow behaviour 

can be numerically simulated for the whole core. However, in the view of the intrinsic 

coupling between melt relocation and reactor neutronics, it is evident that any such 

numerical simulation of severe accident must parallelly incorporate reactor neutronics 

with the thermal hydraulics, to estimate the melt propagation as well the impact on 

reactor safety realistically. Furthermore, a major limitation of the developed numerical 

algorithm is the necessity of extremely small multi-phase flow time-steps (Δ𝑡2~10 −

50 𝜇𝑠) to maintain numerical stability in the solution (Refer Section 3.3.1). It is also 

evident that to capture the melting and motion behaviour throughout the reactor core, 

numerical simulations must be performed for at least seven representative fuel pins 

(Refer Section 2.1.1). Therefore, the computational time needed for seven numerical 

simulations of up to 750 𝑠 will be significant. A parallel computational system can 

minimize the cost of whole core simulations.  

In view of the above considerations, a parallel, inter-disciplinary computational 

algorithm is developed in the present study [89]. The in-pin fuel motion solvers are 

linked to the in-house reactor neutronics code PREDIS using a dynamic coupling 

mechanism (Refer Fig. 4. 2). Starting from steady state (𝑡 = 0 𝑠), all the MITRA solver 

and PREDIS files (.exe format) execute a forward march in the time coordinate. 
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Figure 4.2: Flow-chart of the inter-disciplinary computational algorithm (Each zone 

represents single phase-change and fluid flow solver). 

 

During this march, at a fixed time interval (or exchange period, 𝛥𝑡𝑒𝑥𝑐), a data 

exchange module is activated inside each solver and PREDIS. These modules consist 

of do-while loops that iterate until they locate the target input file (‘.txt’ format) written 

by PREDIS. Subsequently, the modules read the input file to extract data and the 

associated input time. If this input time is equal to the solver’s respective transient time 

instant, within a margin of small tolerance, the data transfer module deletes the input 

file and writes an output file (‘.txt’ format) with the output data and the solver’s transient 

time instant. This output file in turn serves as an input file for PREDIS at the next 𝛥𝑡𝑒𝑥𝑐 

during the time march. The allowable tolerance with respect to the transient time instant 

is taken as 2𝛥𝑡𝑒𝑥𝑐. The purpose for using 2∆𝑡𝑒𝑥𝑐 (and not Δ𝑡𝑒𝑥𝑐) as the tolerance is to 

avoid floating point errors in the FORTRAN-95 platform. During the time-march, any 
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mismatch between the time instants of the parallel solvers is simply avoided by the 

deletion all the data-transfer files immediately after extraction of data. Hence, data files 

from an earlier time step are not read erroneously by any solver. In other words, the 

performance of the parallel processing algorithm remained unaffected by the magnitude 

of the tolerance, if the magnitude is greater than ∆𝑡𝑒𝑥𝑐. 

In case the tolerance is violated, the data exchange mechanism is halted 

automatically in PREDIS, and subsequently halted in the rest of the solvers. This 

mechanism enables parallel computation and captures the melt propagation in the whole 

core. In addition, it enables the assessment of the reactor dynamics of melt motion 

during UTOP. The procedure requires the following minimum system configuration to 

run successfully: Tetra-core processor with eight logical processors, 8 Gigabyte Ram, 

and Windows operating system. 

4.1.4.1 Selection of a suitable data-transfer period 

The data-exchange time (Δ𝑡𝑒𝑥𝑐) controls the frequency of data transfer between 

the in-pin fuel motion solvers and PREDIS. The minimum value of Δ𝑡𝑒𝑥𝑐 is constrained 

by the maximum time-step of PREDIS (0.05 s) since the data exchange must occur only 

once within a single PREDIS time step. However, the algorithm can also function with 

a larger Δ𝑡𝑒𝑥𝑐 , if the solution remains numerically convergent. Furthermore, the 

reading-writing functions of the data-exchange module involve do-while loops, which 

essentially stall the computation until finding the target input (‘.txt’) file. Therefore, 

there is a considerable cost associated with the frequency of data-transfer. In the present 

study, an attempt is made to decrease the computational cost further by selecting an 

optimal data exchange frequency. A sensitivity study of the algorithm with respect to 

Δ𝑡𝑒𝑥𝑐 is presented in Table 4.2. The deviations are calculated with respect to the case 
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of minimum Δ𝑡𝑒𝑥𝑐. It is observed that with increase in the data exchange period, there 

is a considerable deviation in the final (or stabilized) reactor power level, obtained at 

the end of the transient. However, the deviation decreases considerably for Δ𝑡𝑒𝑥𝑐 =

0.2 𝑠 (< 1 %). Therefore, it is deduced that simulations may be carried out with this 

data-exchange period (0.2 𝑠). 

Table 4.2: Table of sensitivity of neutronic/hydrodynamic coupling algorithm towards 

the data-exchange period (Δ𝑡𝑒𝑥𝑐). All the deviations are with respect to the first case. 

 

S.No. 𝚫𝒕𝒆𝒙𝒄 (𝒔) % P/Pn (𝒕 = 𝟕𝟓𝟎 𝒔) Deviation (%) 𝚫𝒕𝒄𝒐𝒎𝒑 (𝒔) 

1 0.05 192.0 - 5527.1 

2 0.10 189.7 1.0 4709.7 

3 0.15 183.6 −2.1 4340.7 

4 0.20 189.1 0.7 4564.3 

 

The deviations in Table 4.2 evolve non-linearly. This non-linearity is introduced 

by the inclusion of the instantaneous whole-core relocation feedback (𝜌𝑟𝑒𝑙 ) in the 

reactivity computations within PREDIS. With each Δ𝑡𝑒𝑥𝑐, a new 𝜌𝑟𝑒𝑙 is fed to the net 

feedback reactivity. This creates minor oscillations in the trajectory of the reactor power 

profile. The frequency of these oscillations depends upon the magnitude of Δ𝑡𝑒𝑥𝑐 . 

Hence, the stabilized reactor power, captured at a single instant for all cases (t=750 s), 

does not evolve linearly in Table 4.2. However, the stabilized reactor powers (𝑃𝑡=750 𝑠) 

for the minimum possible Δ𝑡𝑒𝑥𝑐  (0.05 s) and the selected Δ𝑡𝑒𝑥𝑐  (0.2 s) remain 

convergent. The computational time periods ( 𝑡𝑐𝑜𝑚𝑝 ) are obtained from a high-

performance Intel Xeon workstation installed at the Computer Division, IGCAR. The 

time saved through the optimization on a nominal, Octa-core CPU is ~ 1300 s per 

simulation. 
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4.1.5 Computational procedure 

The computational procedure followed in the in-pin fuel motion solvers are 

detailed in Section 3.2.3, whereas the modifications carried out to develop the dynamic 

coupling mechanism are presented in Section 4.1.3. The methodology of the reactor 

dynamics computations in PREDIS for the present work is as follows [97]: 

(i) Under the domain of PREDIS, the entire core is discretized into fuel and blanket 

zones (Figure 2.5). Each zone is represented by a single fuel pin, associated 

coolant flow and surrounding structure. The material removal worth for various 

core components such as fuel, clad, coolant and the withdrawal worth of control 

rods are obtained a-priori using a first order perturbation method (Refer Section 

2.3.1) [88]. 

(ii) Steady state computations are carried out using the design rated power level. 

The temperature distributions for fuel, clad and coolant are evaluated in each 

zone. Once convergence is obtained, the calculation proceeds to the transient. 

(iii) During the transient, PREDIS simulates the unprotected withdrawal of a single 

control rod with a constant speed of 2 mm/s. Using the CSR differential 

withdrawal worth presented earlier (Figure 2.4), the code inserts an external 

reactivity in the point kinetics equations (Eq. (2.6−2.8)). 

(iv) The code utilizes a point kinetics model for power computations. Point kinetic 

equations are solved to obtain the resultant neutron density and reactor power 

(Section 2.3.2). The power data is used to obtain thermal hydraulics data (fuel, 

clad and coolant temperature). Subsequently, the axial and radial thermal 

expansions of fuel, coolant and cladding along with melting and boiling (if any) 
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of core components are evaluated [82]. If coolant boiling initiates, the two-phase 

momentum, energy, and mass conservation equations for coolant are solved. 

(v) The temperature and thermal expansion data are employed to obtain the 

reactivity feedbacks due to fuel Doppler, coolant voiding (if any) and the 

expansions of fuel, coolant and clad. The methodology of the feedback 

calculations is detailed in Section 2.3.2 [30].  

(vi) PREDIS imports the relocation feedback using the dynamic coupling 

mechanism with the in-pin fuel motion solvers (Figure 4.2) to evaluate the total 

feedback reactivity. Steps (𝑖𝑣 − 𝑣𝑖) are repeated until the end of transient (𝑡 =

750 𝑠).  

Table 2.4 details the fuel specification used in the subsequent analyses. Table 2.3 

details the radial variations in power generation inside the core. Appendix-A describes 

the thermo-physical properties. Solidus, Liquidus and melt interface temperatures 

decrease slightly with increase in burnup (Refer Eq. (A.9-A.11)). Grid independence 

study and the 2-D cylindrical grid (r, z) chosen for analysis are detailed in Section 3.3.1. 

For whole-core simulation, one executable file is assigned to each of the fuel channels 

for parallel processing (Section 4.1.4). Each file operates with the channel’s respective 

fuel mass removal worth, coolant mass flow rate, power generation and material 

properties.  

4.2 Results and discussion 

In the present study, four separate cases of UTOP are considered, according to 

the core condition, banking depth, and differential withdrawal worth of a single CSR 

(Refer to the case-specific parameters in Table 4.3). The reactor core under study is 
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typical for a medium-sized, fast breeder reactor with an electrical output of 500 MW 

(Refer Section 2.1.1).  

Table 4.3: Table of severe accident case studies (B & C stand for best estimate and 

conservative respectively; banking depth is from TFC; withdrawal speed = 2 mm/s) 

[30,97]. 

Case 

Study 

Core 

condition 

Banking 

depth (cm) 

Withdrawal 

time (s) 

Maximum 

insertion ($) 

𝑿𝒎𝒂𝒙(𝒕 = 𝟎) 

(kW/m) 

I EQL (B) 30 150 0.57 41.6 

II BOL (B) 40 200 0.984 45.5 

III EQL (C) 40 200 0.98 41.6 

IV BOL (C) 50 250 1.48 45.5 

 

The first case corresponds to the equilibrium core (EQL) condition, which is 

subjected to a nominal, unwanted control rod withdrawal. The second case corresponds 

to a similar, nominal control rod withdrawal for the beginning-of-life (BOL) core 

condition. Combined, these two cases reflect the best estimates of the accident 

conditions in SFR. The third case corresponds to a worst-case scenario for the 

equilibrium core, in which the control rod withdrawal occurs from a deeper location as 

compared to the nominal location. The intention behind such a conservative simulation 

is to address the uncertainties in the calculation methodology of the material void worth, 

Doppler broadening, and CSR withdrawal worth. Consequently, both the total external 

reactivity insertion and withdrawal time are greater as compared to Case-I. Similarly, 

the fourth case corresponds to a worst-case scenario for the BOL core, in which the total 

external reactivity insertion and withdrawal time are greater as compared to Case-II. 

It may be noted that in Table 4.3, the maximum reactivity insertions and control 

rod banking depths are different for BOL and equilibrium cores. There are two reasons 

for the same: (a) when the reactor goes from BOL to equilibrium and subsequently to 
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end of life condition, there is a loss of reactivity. The reactor control rods are adjusted 

with increasing burnup to compensate this loss. As a result, the banking depth of control 

rods decreases with increasing core burnup. (b) The perturbation worth of core 

components changes with burnup due to fission product accumulation. Consequently, 

the available reactivity addition in an equilibrium core (under UTOP) is smaller in 

comparison with BOL core. The above-described phenomena are duly considered in the 

present work. 

It should also be noted that the linear heat ratings presented in Table 4.3 

correspond to the first zone, or the central subassembly (CSA), which experiences the 

highest power generation. Furthermore, it has been observed that although reactivity 

insertion occurs during the first 150−250 s, the reactor power tends to stabilize after a 

certain time-lag. To capture the final, stabilized state of the reactor core, the numerical 

simulations are carried out up to an extended period of 750 s.  

4.2.1 Whole-core simulation of UTOP (without melt relocation feedback) 

This section presents the results of preliminary, whole-core simulations carried 

out without coupling in-pin fuel motion with the reactor dynamics. The purpose is to 

establish the de-coupled accident progression for the above-described case studies, to 

evaluate the impact of in-pin fuel motion on reactor safety in the subsequent sections. 

Figure 4.3 shows the normalized reactor power history for each of the UTOP case 

studies mentioned in Table 4.3. The reactor power excursion in each case is proportional 

to the respective maximum external reactivity insertion. Hence, the power level is 

highest in case of BOL core (conservative, 1.48 $), and lowest in case of equilibrium 

core (best estimate, 0.54 $).  
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In this context, it is important to mention that the above power histories represent 

the extent of conservatism in the selected case studies. For e.g., it is previously 

mentioned that the present study only considers fuel Doppler, fuel axial expansion, clad 

expansion, and coolant expansion feedbacks in the dynamic simulations. This 

assumption permits the achievement of a sufficient amount of melting for a 

comprehensive analysis of the reactor dynamics of in-pin fuel motion. It is evident that 

if the reactor power reaches levels as high as presented in Fig. 4.3, a significant amount 

of melt propagation and coolant voiding can occur.  

 
Figure 4.3: Reactor power history during UTOP without the consideration of melt 

relocation feedback.  

 

4.2.2 Whole core simulation of UTOP (best estimate case studies) 

4.2.2.1 Results for Case I 

Figure 4.4 presents a schematic of the fuel columns of the seven representative 

fuel pins from each zone of the FBR-500 core at the end of the transient (𝑡 = 750 𝑠). 

The figure presents a picture of the temperature distribution, quantum of melting, 

locations of solidification and the location of melt columns in each fuel zone of the 
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reactor core. It is evident that little or no melting has occurred in any of the zones except 

Zone-1. From the zone-wise radial power variation presented earlier in Chapter 2 (Table 

2.3), it is known that maximum power density occurs in Zone-1, followed by Zone-2. 

Therefore, melting is unable to propagate outside Zone-1 (or the central subassembly). 

The melt fraction in Zone-1 at the end of the transient is 6 %.  

 
Figure 4.4: Whole core melting and in-pin fuel motion for Case I (Equilibrium core 

condition; Best estimate; stabilized state; 𝑡 = 750 𝑠). 

 

Figure 4.5 presents a picture of the transient evolution of melting as well as the 

temperature histories of fuel, clad and coolant temperatures of Zone-I fuel pin. The 

focus is kept on Zone-I since it possesses the highest temperature in the core. Melting 

begins at 𝑡 = 131 𝑠, when the peak fuel temperature (𝑇𝑓) exceeds the melt temperature 

(𝑇𝑖𝑛𝑡 ) (Refer Eq. (A.11)). It is evident that the peak fuel temperature continues to 

increase beyond the instant of maximum control rod withdrawal (𝑡 = 150 𝑠). The core 

attains a stabilized state after 250 𝑠. The maximum temperatures of fuel, steel-clad and 

coolant are 3492 °𝐶, 723 °𝐶 and 680 °𝐶 respectively. From these results, it is observed 

that both clad melting and coolant boiling are avoided by a substantial margin. 
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Furthermore, the melt column is located significantly below the core mid-plane (𝑧 =

0.5 𝑚 ), which indicates a downward melt motion in consistence with the results 

presented in Chapter 3 (Refer Section 3.3.4.1). 

 
Figure 4.5: Temperature histories for Case-I (Zone-1 fuel pin; best estimate). 

 

4.2.2.2 Results for Case II 

Figure 4.6 presents a similar schematic of the BOL core fuel pins at the end of the 

transient (𝑡 = 750 𝑠). The thermal map, melt-interface profiles (𝑅𝑖𝑛𝑡) and locations of 

the melt columns for each fuel zone are visible. The cavity width directly below the 

melt columns is decreased because of crust formation. The absence of complete cavity 

blockage in each zone is consistent with the motion characteristics presented in Chapter 

3 (Refer Section 3.3.4.2). Furthermore, it is evident from the figure that melting has 

occurred in Zones 1, II, III and V. Therefore, unlike Case-I, damage has propagated to 

four fuel zones, amounting to a total of 85 fuel subassemblies (out of 181). The 

maximum melt mass fraction is 17 % in Zone-1. Again, the relative amount of melting 

in each zone is dependent on the radial power factors (Refer Table 2.3). 
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Figure 4.6: Whole core melting and in-pin fuel motion for Case II (BOL core 

condition; Best estimate; stabilized state; 𝑡 = 750 𝑠). 

 

Figure 4.7 presents the temperature histories of the Zone-I fuel pin. Melting 

begins early in the transient (𝑡 = 71 𝑠), due to: (a) considerable gap width in the core 

mid-plane region (~32 𝜇𝑚, 𝑡 = 71 𝑠), which, combined with the presence of bond gas 

(Helium), translates in to a moderate gap conductance (ℎ𝑔𝑎𝑝~8230 𝑊/𝑚
2𝐾), and (b) 

greater steady state power level in case of fresh fuel (𝑋𝑚𝑎𝑥 = 45𝑘𝑊 𝑚⁄ ) as compared 

to equilibrium fuel (Refer Table 2.2). It is clearly seen that the peak temperatures of 

molten fuel are higher in BOL core (𝑇𝑓,𝑝𝑒𝑎𝑘 = 3907 °𝐶) as opposed to equilibrium core. 

The maximum coolant peak temperature in this case (𝑇𝑐𝑡,𝑝𝑒𝑎𝑘 = 701 °𝐶) shows that 

coolant voiding is avoided [107]. Similarly, the clad peak temperatures in this case 

(𝑇𝑐,𝑝𝑒𝑎𝑘 = 748 °𝐶 ) indicates that the clad steel remains intact during the accident. 

Finally, it is observed that 𝑇𝑓 stabilizes at ~ 250 𝑠, which indicates a time lag after the 

instant of maximum rod withdrawal (𝑡 = 200 𝑠, Refer Table 4.3). 
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Figure 4.7: Temperature histories for Case-II (BOL core, Zone-I, best estimate). 

 

4.2.2.3 Reactor dynamics of in-pin fuel motion (Cases I & II) 

To understand the transient evolution of the accident in the above two case studies, 

the power and reactivity histories are presented in Fig. 4.8 [97]. Further insight can be 

gained from the reactivity feedback plots of the two case studies (Refer Fig. 4.9). It is 

seen that the external reactivity insertion is initially thwarted by the fuel Doppler and 

axial expansion feedbacks. With the beginning of fuel melting, an in-pin fuel motion 

feedback emerges and thwarts the net positive reactivity in both cases (Refer Fig. 4.8a). 

Consequently, the net positive reactivity begins to decrease, and the reactor power 

begins to stabilize. In Case-II (BOL core), the external reactivity insertion is completely 

neutralized at 250 s, which explains the stabilization of the peak fuel temperature at the 

same time (Refer Fig. 4.7).  

In Case-I (equilibrium core), the reactor power continues to increase very slowly, 

even after complete withdrawal (𝑡 = 150 𝑠). This is due to lack of melting in all the 

fuel zones except for Zone-I. It is found that the primary reasons for such a small amount 
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of melting are smaller external reactivity insertion, closure of fuel-clad gap width due 

to thermal expansion (Section 3.1.11) and smaller steady-state linear heat ratings in the 

case of equilibrium core (Refer Table 4.3; best estimate).  

 
Figure 4.8: Transient behaviour of reactor during UTOP (Cases I & II; best estimate): 

(a) Net reactivity vs. time, (b) Reactor power vs. time. 

 

 
Figure 4.9: Reactor dynamics response of fast reactor under best estimate case study 

of UTOP: (a) Case I (Equilibrium condition) and (b) Case II (BOL condition). 

 

The low level of melting results in negligible relocation, due to which, the in-pin 

fuel motion feedback is also small (-0.006 $). As a result, the reactor power keeps rising 

even after complete withdrawal until the external reactivity is balanced slowly with 

other negative feedbacks (t = 357 s, Refer Fig. 4.8a). Consequently, the reactor finally 

stabilizes at a power level of 171 %, which is apparently greater than the stabilized BOL 
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power level of 159 % (Refer Fig. 4.8b). It may be noted that the stabilized, peak linear 

heat ratings (𝑋𝑚𝑎𝑥(𝑡 = 750), 𝐶𝑆𝐴) of Cases I and II are 71.2 𝑘𝑊/𝑚 and 71.8 𝑘𝑊/𝑚 

respectively. 

4.2.3 Whole core simulation of UTOP (conservative case studies) 

4.2.3.1 Results for Case III 

Figure 4.10 presents a picture of the temperature distribution, melting, 

solidification and the location of the melt columns in each fuel zone of the 500 MWe 

SFR after the stabilization of power (𝑡 = 750 𝑠). From the figure, it is observed that 

melting has propagated in the first, third and fifth zones of the core, which also possess 

the highest radial power factors in decreasing order (Table 2.3). The remaining zones 

are intact until the end of the transient. Under the conservative simulation, a 

significantly greater amount of melting takes place in comparison with the best estimate. 

Furthermore, a clear, downward relocation is visible in the three molten zones, which 

is an indication of significant loss of fuel mass near the core mid-plane. The stabilized 

melt mass fractions in Zones I, II and V are 9.5 %, 3.3 % and 4 % respectively.  

Figure 4.11 presents the temperature histories of the Zone-I fuel pin. It is evident 

that the peak molten fuel temperature begins to stabilize at 250 𝑠 (𝑇𝑓,𝑝𝑒𝑎𝑘 = 3720 °𝐶) 

and increases slightly near the end of the transient (𝑇𝑓,𝑝𝑒𝑎𝑘 = 3751 ℃). The peak 

coolant temperature (𝑇𝑐𝑡,𝑚𝑎𝑥 = 701 °𝐶) is less than the sodium boiling point, 883 °𝐶 

[107]. Similarly, the peak clad temperature is 746 °𝐶  respectively, which is 

significantly lower than the steel melting temperature. 
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Figure 4.10: Schematic of in-pin fuel motion in fast breeder reactor for Case III 

(Conservative, equilibrium core simulation; I, II…IV represent fuel zones; Filled 

region inside fuel cavity indicates presence of molten fuel column). 

 

 
Figure 4.11: Temperature histories for Case-III (Equilibrium core, Zone-I, 

conservative estimate). 

 

4.2.3.2 Results for Case IV 

Figure 4.12 presents the stabilized state of the reactor core for the conservative 

simulation of UTOP in the BOL core condition. As discussed previously, the control 
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rod banking depth is greatest for this condition. Therefore, in this simulation, the 

resultant external reactivity insertion is also greatest (1.48 $, Refer Table 4.3). Due to 

the same, extensive melting takes place in all fuel subassemblies of the core except for 

the outermost fuel Zone-VII. Elongated columns of molten fuel are formed in Zones I-

V due to the extensive melting.  

 
Figure 4.12: Schematic of in-pin fuel motion in fast breeder reactor for Case IV 

(Conservative, BOL core simulation; I, II…IV represent fuel zones; Filled region 

inside fuel cavity indicates presence of molten fuel column; 𝑡 = 750 𝑠). 

 

The melt columns occupy the annular pellet cavity completely in Zones I and II. 

Highest melt mass fraction is 35 % in Zone-I, followed by 31 %, 26 %, 23 %, 16 % and 

8 % in Zones II, V, III, IV and VI, respectively. The location of the melt column in 

Zone-VI is close to the core mid-plane, which is consistent with the slow, downward 

motion observed earlier in Chapter-3 (Refer Section 3.3.4.2). 

Temperature time history of the Zone-1 fuel pin is shown in Fig. 4.13. Peak fuel 

temperature is highest in this case (𝑇𝑓,𝑚𝑎𝑥 = 4603 °𝐶). At such a high temperature, 
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vaporisation of molten fuel can occur (Refer Section 4.2.5 for further details). Peak 

coolant temperature (𝑇𝑐𝑡,𝑚𝑎𝑥 = 786 °𝐶 ) is still significantly less than the sodium 

boiling point, 883 °𝐶  [107]. Clad peak temperature is 847 °𝐶 , which is also 

significantly less than the steel melting temperature. Experimental evidence regarding 

annular fuel pins indicates that cladding failure is unlikely to occur under the above 

described conditions, since annular fuel pins exhibit a very high threshold to failure 

[28,33,34] (Refer Section 2.4.2). 

 
Figure 4.13: Temperature time history of Zone-I fuel pin for BOL core under the 

conservative estimate (Case-IV). 

 

4.2.3.3 Reactor dynamics of in-pin fuel motion (Cases III & IV) 

Figure 4.14 presents the reactor power and net reactivity histories for the 

conservative case studies [97]. It is observed that the net positive reactivity reaches a 

maximum magnitude of 0.054 $ and 0.056 $ in cases III and IV respectively early in 

the accident ( 𝑡 ≅ 48 − 50 𝑠 ). At this stage, the positive reactivity is countered 

essentially by the fuel Doppler and fuel axial expansion feedbacks, as seen in the 

reactivity feedback plots presented in Figure 4.15.  
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Figure 4.14: Transient behaviour of a 500 MWe fast reactor during UTOP 

(conservative analysis): (a) Net reactivity vs. time and (b) Reactor power vs. time. 

 
Figure 4.15: Reactor dynamics plots for conservative simulations of UTOP: (a) Case-

III (Equilibrium core) and (b) Case-IV (BOL core). 

 

With the start of melting at 𝑡 = 79 𝑠 (Case III) and 𝑡 = 55 𝑠 (Case IV), the in-pin 

fuel motion feedback emerges and begins to decrease the net reactivity. However, the 

reactor power continues to rise until the external reactivity is completely neutralized at 

𝑡 = 230 𝑠  (Case III) and 𝑡 = 208 𝑠 (Case IV). Furthermore, there is a delay in the 

decrease of net positive reactivity in Case IV, as visible in Fig. 4.14a (𝑡 = 100 − 160 𝑠). 

Consequently, the reactor power reaches a significant overpower (P Pn⁄ = 204 %, t =

199 s). Due to extensive melting in six out of seven fuel zones, the in-pin fuel motion 

feedback attains a magnitude of −0.55 $. The increased magnitude is consistent with 
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the results of Chapter 3 (Figure 3.14). Due to the increased negative feedback magnitude, 

the reactor power decreases, finally stabilizing at a slightly lower level (𝑃 𝑃𝑛⁄ =

187 %, 𝑡 = 750 𝑠). On the other hand, in Case-III, the positive reactivity is rapidly 

neutralized by the in-pin fuel motion feedback (𝜌𝑟𝑒𝑙 = −0.347 $), as visible in Fig. 

4.14a. Consequently, the reactor overpower is curtailed effectively ( 𝑃 𝑃𝑛⁄ =

182 %, 𝑡 = 190 𝑠), leading to stabilization at 177 % (𝑡 = 750 𝑠).  

It may be noted that the stabilized power in Case III is less than the corresponding 

power level for Case-IV. Such a trend is opposite to the best estimate case studies 

(Figure 4.8b). The reason for the opposing trend is as follows: There is a substantial 

amount of melting in Case III, leading to a considerable in-pin fuel motion feedback (-

0.347 $), which results in rapid neutralization of the external reactivity insertion. 

Consequently, the reactor power excursion is curtailed effectively. However, in Case-I, 

melting occurs only in one subassembly of equilibrium core, leading to an insignificant 

in-pin fuel motion feedback. Consequently, there is considerable time lag in the 

complete neutralization of external reactivity insertion. Hence, the reactor power 

continues to increase up to 171 %, which is greater in comparison with BOL core (or 

Case-II). 

4.2.4 Impact of in-pin fuel motion on accident outcome 

Table 4.4 presents a comparison of the accident progression with 𝜌𝑟𝑒𝑙 against the 

progression without 𝜌𝑟𝑒𝑙. The maximum values of the net reactivity (𝜌), reactor power 

level (𝑃 𝑃𝑛⁄ ), and the feedbacks due to in-pin fuel motion (𝜌𝑟𝑒𝑙), Doppler broadening 

(𝜌𝐷𝑜𝑝) and fuel axial expansion (𝜌𝑓,𝑎𝑥𝑒𝑥𝑝) are summarized in the table. A significant 

reduction in the maximum power levels can be seen with 𝜌𝑟𝑒𝑙 . Consequently, other 

negative feedbacks are also smaller for the corresponding simulations. It is evident that 
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in-pin fuel motion reduces the power excursion during UTOP. Consequently, the 

number of degraded fuel subassemblies is also reduced significantly. The scale of the 

in-pin fuel motion feedback in comparison with the fuel Doppler and axial expansion 

feedbacks indicates its importance towards the safety paradigm. 

Table 4.4: Table of comparison of fast reactor dynamics with and without the 

inclusion of the in-pin fuel motion feedback (𝜌𝑟𝑒𝑙). Each value represents the 

maximum value of the variable. All reactivity values are in dollar ($). 

 Inclusion of 𝝆𝒓𝒆𝒍 Exclusion of 𝝆𝒓𝒆𝒍 

Case 𝝆 𝑷

𝑷𝒏
(%)  𝝆𝒓𝒆𝒍 𝝆𝑫𝒐𝒑 𝝆𝒇,𝒂𝒙𝒆𝒙𝒑 𝝆𝒏𝒆𝒕 

𝑷

𝑷𝒏
(%)  𝝆𝑫𝒐𝒑 𝝆𝒇,𝒂𝒙𝒆𝒙𝒑 

I 0.042 171 -0.006 -0.397 -0.226 0.042 171 -0.401 -0.229 

II 0.045 162 -0.345 -0.436 -0.247 0.054 202 -0.657 -0.392 

III 0.056 182 -0.347 -0.438 -0.252 0.056 223 -0.666 -0.407 

IV 0.054 204 -0.556 -0.622 -0.367 0.054 301 -0.983 -0.629 

 

A secondary advantage of in-pin fuel motion is obtained through the apparent 

reduction in the reactor power level during the stabilization phase of the transient 

(Figure 4.8b, 4.14b). The reduction is a consequence of a gradual increase in the 

magnitude of 𝜌𝑟𝑒𝑙 during the time lag between full withdrawal and achievement of an 

approximate thermal equilibrium. During this time lag, melting continues to occur 

asymptotically in time, which leads to a greater melt mass fraction and a resultant 

increase in 𝜌𝑟𝑒𝑙  magnitude. Consequently, the net reactivity (𝜌 ) acquires a small 

negative value, resulting in a gradual decrease in reactor power level. Moreover, the 

primary cooling system remains functional throughout this duration. This allows the 

operator to respond appropriately and restore the shutdown systems, thereby 

terminating the accident. Once the reactor is scrammed, the focus shifts to post-accident 
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decay heat removal, which is carried out either through the operational grade or safety 

grade decay heat removal systems [13]. 

4.2.5 Thermodynamic assessment of molten fuel vaporisation 

Due to high temperatures during UTOP ( Tf > 3500 ℃ ), molten fuel may 

vaporize within the confinement of pellet cavity. To verify the existence of vapour 

phase inside the cavity, the thermodynamic state of molten fuel is determined using two 

state variables, i.e., pressure and enthalpy [97]. Hence, the P-H plots for molten fuel, 

starting from melt initiation (melt mass fraction = 0 %, left extreme) to peak power 

excursion (maximum melt mass fraction, right extreme), are shown in Fig. 4.16. The x-

axis represents the peak enthalpy of molten fuel, which occurs near the centre of the 

fuel column (𝑧 = 0.5 𝑚, 𝑟 = 0 𝑚). The y-axis represents the external pressure (𝑃𝑐𝑎𝑣) 

felt by molten fuel at the same time. Since the power is highest in Zone-I, the plots 

specific to Zone-I are presented. The saturation vapour curve recommended by Breitung 

[124] divides the liquid and vapour regions of the plot. According to liquid-vapour 

equilibrium, vaporisation can occur if the saturation vapour pressure of molten fuel 

becomes equal to the external pressure. In the equilibrium core fuel pins, due to the 

generation and release of fission gases, the gas phase density (𝜌𝑔) is high. Hence, the 

𝑃𝑐𝑎𝑣 is also greater (Refer Eq. (3.35)). Therefore, the P-H plots for equilibrium cases 

are located higher up the abscissa (or pressure axis). Consequently, the saturation 

enthalpy corresponding to this range of pressure is large (𝑃𝑐𝑎𝑣 > 0.55 𝑀𝑃𝑎,𝐻𝑠𝑎𝑡 >

2.07 𝑀𝐽/𝑘𝑔). Moreover, upon melting, fission gases trapped within the solid fuel are 

also released. Hence, as the power rises and fuel melts, more gases are released, which 

further raises the external pressure felt by molten fuel. Therefore, the right extremes of 
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P-H plots for the equilibrium cases are far away from the saturation vapour curve, which 

implies low potential for existence of vapour phase.  

 

Figure 4.16: P-H data plots for molten fuel (Saturation vapour curve of molten fuel 

marks the boundary between liquid and vapour phases; P-H data is specific to Zone-1) 
 

In the BOL core, fission gases are absent. The gas phase is comprised of bond gas 

only, due to which the gas phase density (𝜌𝑔) is much lower than equilibrium core. 

Hence, the external pressure (𝑃𝑐𝑎𝑣) is also low. Therefore, the corresponding P-H data 

points are located downwards along the abscissa. Consequently, the corresponding 

saturation vapour enthalpy is least for BOL cases (𝐻𝑠𝑎𝑡 = 1.86 𝑀𝐽/𝑘𝑔). Moreover, gas 

release upon melting is also nil (𝑆𝑔 = 0). When the molten fuel column begins to 

occupy the fuel cavity, the bond gases escape through the inter-pellet gaps to the plena. 

However, the total plena volume is much larger than the melt cavity volume, due to 

which, there is no appreciable pressurization during melting (Refer Table 2.4). This is 

reflected in the P-H plots (Refer Fig. 4.16, BOL cases), wherein the external pressure 

experienced by molten fuel remains approximately constant from the left to right 
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extremes. Furthermore, due to larger reactivity insertion associated with uncontrolled 

CSR withdrawal in BOL core, the molten fuel acquires high enthalpy (𝐻𝑓,𝑚𝑎𝑥 =

1.89 𝑀𝐽/𝑘𝑔). Therefore, during UTOP, the P-H data-points of molten fuel are either 

situated in proximity of the saturation vapour curve (best estimate) or situated within 

the vapour zone (conservative analysis). From the thermodynamic perspective, this 

shows that during UTOP, the probability of molten fuel vapour formation is greatest in 

case of BOL core.  

Table 4.5: Molten fuel P-H data (∆𝐻 = excess enthalpy required for vaporization). 
 

Case study 𝑷𝒑𝒊𝒏 (MPa) 𝑯𝒎𝒂𝒙 (MJ/kg) 𝑯𝒔𝒂𝒕 (MJ/kg) ∆𝑯 (MJ/kg) 

E9bis 1.49 1.9 2.2 0.3 

I 0.69 1.56 2.05 0.49 

II 0.27 1.71 1.87 0.16 

III 0.77 1.63 2.07 0.44 

IV 0.27 1.89 1.87 -0.02 

 

In the above context, it is useful to examine the state of molten fuel in the CABRI-

E9bis test since numerical simulation revealed a maximum melt temperature of 4608 °C 

(Refer Section 3.3.3). The pressure-enthalpy data of molten fuel during the test is 

compared with the results of the above presented case studies in Table 4.5. It is evident 

that the existence of high pressure inside the OPHELIE-6 fuel pin results in a saturation 

enthalpy of 2.2 𝑀𝐽/𝑘𝑔. Therefore, despite the high enthalpy (1.9 𝑀𝐽/𝑘𝑔), the excess 

enthalpy required for fuel vapourization ( Δ𝐻 ) is 0.3𝑀𝐽 𝑘𝑔⁄ . It is evident that 

vapourization of melt may not have occurred in the CABRI-E9bis test. Consistent with 

this result, the corresponding experimental literature does not contain any observations 

with regards to the formation of a vapour phase [33]. 
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4.2.6 Effect of reactor parameters 

4.2.6.1 Effect of core burnup 

This section presents a comparative study of the equilibrium and BOL cores in 

the aspects related to melt propagation as well as the whole-core feedback response 

during UTOP. Towards this purpose, it is important to isolate the effect of core burnup 

from the change in the banking depth of control rods. This is simply achieved by 

selecting the second and third case studies for comparison, since the external reactivity 

insertion is approximately equal in both the cases (~0.98 $, Refer Table 4.3). The two 

cases are compared in Fig. 4.17.  

 
Figure 4.17: Comparison between BOL (best estimate) and equilibrium (conservative) 

cases (external reactivity insertion is approximately equal for both cases). 

 

Time evolution of the core averaged melt mass fraction is presented in Fig. 4.17a 

(Refer Section 2.2 (iv) for definition). It is seen that the core averaged melt mass fraction 

is least in Case-III (equilibrium-conservative), despite the equivalent external reactivity 

insertion. The number of damaged subassemblies in Case-II are 85, in comparison with 

61 subassemblies in Case-III. The reason can be seen in the relocation feedback curves 
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shown in Fig. 4.17b. From  𝑡 = 95 − 174 𝑠 , the BOL core exhibits a significantly 

smaller relocation feedback compared to equilibrium core, with a maximum difference 

of ~0.12 $. Due to the smaller relocation feedback, the net reactivity also remains 

higher in this period, leading to power excursion and greater melting in BOL core. It is 

apparent that the response of the BOL core is weaker in comparison with the 

equilibrium core under the above stated conditions and assumptions. The above 

differences are a consequence of the melt relocation characteristics specific to BOL and 

equilibrium fuel, as described in Chapter 3 of this thesis (Figure 3.14), which are not 

repeated here for the sake of brevity.  

4.2.6.2 Effect of reactivity insertion rate 

Under the postulated UTOP, the uncontrolled withdrawal of CSR leads to positive 

reactivity insertion typically of the order of 1 − 5 𝑝𝑐𝑚/𝑠 (Refer Section 2.3.3). The rate 

of reactivity insertion is proportional to CSR differential worth, banking depth, and 

withdrawal speed, which is generally constrained for safety purposes. As a test of the 

versatility of the developed algorithm, a parametric study of the reactor core under 

UTOP with different reactivity insertion rates is carried out. The study has resulted in 

estimations of the in-pin fuel motion feedback under highly conservative accident 

conditions. The parameters of the cases are detailed in Table 4.6. 

Table 4.6: Parametric analysis of reactivity insertion rate. 

Insertion rate 

(pcm/s) 

Withdrawal 

time (s) 

No. of Damaged fuel 

subassemblies 

Melt mass fraction 

(Zone-III, %) 

2 239 95 (I, II, III, V) 2 

10 48 95 (I, II, III, V) 4.1 

20 24 125 (I, II, III, IV, V) 7.7 
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. In each case, although the withdrawal time changes, the maximum reactivity 

insertion remains constant (1.34 $) for the single control rod. Results of the analysis are 

shown in Fig. 4.18a, which presents the reactor power history. It is observed that with 

increasing reactivity insertion rate, the peak reactor power increases.  

 

Figure 4.18: Reactivity insertion rate study: (a) Power history, (b) Reactivity history. 

 

For 20 pcm/s insertion rate, the maximum power level is 198 %, whereas for two 

pcm/s insertion rate, the peak reactor power is limited to 182 %. The reason is deduced 

from the net reactivity, which is presented in Fig. 4.18b. In both the ten pcm/s and 
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twenty pcm/s cases, there is a substantial net positive reactivity before initiation of in-

pin fuel motion. The net positive reactivity is greatest for the twenty pcm/s case (0.149 

$), while it is least for the two pcm/s case. As a result, the reactor attains greatest power 

level in the twenty pcm/s case. It is noticeable that in the 10 pcm/s and 20 pcm/s, reactor 

power starts decreasing beyond t = 47 s and t = 23 s respectively, despite the net 

reactivity being positive during this time. This is a result of the dependence of power 

upon the rate of change of net reactivity. Although the net reactivity is positive, its time 

rate of change is negative (-0.006 $/s for 10 pcm/s, -0.01 $/s for 20 pcm/s case). The 

negative gradient in time causes the visible drop in power.  

Upon initiation, the in-pin fuel motion feedback reduces the positive reactivity. 

However, the power level remains high until the external reactivity is completely 

neutralized (Refer Fig. 4.18b). As a result, the number of damaged fuel subassemblies 

is highest for the 20 pcm/s case (Refer Table 4.6). In this case, fuel subassemblies in 

the fourth zone have also melted. It is evident that with increasing CSR withdrawal 

speed, the damage spreads to the third and fourth zones. The analysis demonstrates the 

potential of in-pin fuel motion feedback to neutralize higher reactivity insertion rates. 

4.3 Closure 

In this chapter, a numerical algorithm for the simulation of mixed oxide fuel 

melting and its propagation inside sodium cooled, medium sized fast reactor during the 

unprotected transient overpower (UTOP) accident is presented. The algorithm accounts 

for the inherent coupling of fuel relocation with reactor neutronics, variations in fuel 

properties, heat generation and coolant flow rate throughout the reactor core using a 

dynamic coupling technique. The algorithm can capture the propagation of fuel melting 

in the reactor core as well as the impact of melt motion on the outcome of severe 
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accidents. This is a marked improvement over the corresponding studies available in 

literature, which have relied on broad assumptions of fuel squirting due to the absence 

of a benchmark-proven melt relocation model. A suitable data-exchange period is 

selected to minimize the computational efforts.  

Four separate, whole-core, numerical simulations of UTOP are carried out using 

best and conservative estimates of the control rod banking depth for two basic types of 

core conditions: case studies I and III for the equilibrium core and case studies II and 

IV for the beginning-of-life (BOL) core. To measure the impact of in-pin fuel motion 

on the accident outcome, four equivalent, de-coupled numerical simulations are carried 

out by excluding the melt relocation feedback from the reactivity calculations. 

Furthermore, the effects of the core condition and the reactivity insertion rate on fuel 

melting, propagation and the resultant relocation feedback are studied. From the 

simulation results, the major conclusions are as follows: 

(i) The negative reactivity feedback of melt relocation (𝜌𝑟𝑒𝑙 ) improves the safety 

margin under UTOP, once melting initiates in multiple fuel subassemblies (~30 or 

more).  

(ii) The stabilized 𝜌𝑟𝑒𝑙 values for the case studies I, II III and IV are found to be -0.006 

$, -0.345 $, -0.347 $, and -0.55 $, against the corresponding core-averaged melt 

mass fractions of 0.03 %, 4.15 %, 1.26 % and 17.15 % respectively.  

(iii) Inclusion of 𝜌𝑟𝑒𝑙  in the reactor kinetics calculations results in the prevention of 

coolant boiling and clad failure in all the case studies.  

(iv) The net positive reactivity is neutralized effectively in all cases except Case-IV 

(BOL, conservative, 1.48 $), in which the reactor power reaches a peak level of 
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204 %, resulting in extensive propagation of melting up to 157 fuel subassemblies 

(out of 181).  

(v) The thermodynamic state of molten fuel at its highest temperature, determined by 

the pressure-enthalpy data of the case studies, shows that there is a significantly 

greater potential for vaporisation of molten fuel inside the pellet cavity in case of 

BOL core, as compared to the equilibrium core. 

The study has clearly brought out the impact of in-pin fuel motion on the safety 

of a typical, sodium cooled, mixed oxide fuelled, medium sized fast reactor. 

Additionally, the characteristics of melt propagation throughout the reactor core have 

been established for both BOL and equilibrium configurations. A significant sensitivity 

of the melt propagation has been observed with regards to the condition of the reactor 

core. The next chapter attempts to address the sensitivity by a more consistent 

representation of the fission gas release induced pressurization forces.
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Chapter 5 

Development of a Fission Gas Release Solver and 

Investigation of Melt Relocation in Alternative Axial Blanket 

Designs 
 

In this Chapter, suitable numerical algorithms are developed for consistent 

representation of the microstructural gas release processes involved in the 

pressurization of molten fuel. First, to represent the basic principles involved, a 

mechanistic fission gas release solver (FGR) is developed with sophisticated models for 

fission gas behaviour at both the intra-granular and inter-granular levels. The solver is 

integrated with the earlier developed multi-phase thermal hydraulic model, resulting in 

an improved numerical model that can capture the realistic effect of fission gas 

pressurization on the fluid flow. Numerical simulations are performed for the cases of 

isothermal gas release tests, FBTR mixed-oxide fuel irradiation test, and CABRI-E9 

transient over-power test, employing the present model. The simulation results are 

compared with the corresponding experimental results as well as FEAST-OXIDE code 

predictions quoted in literature. As an illustration, the resultant algorithm, MITRA, is 

utilized to capture the realistic effects of transient fission gas release on the melt 

hydrodynamics and relocation during unprotected transient overpower accidents. To 

achieve the above goal, the following specific investigations are carried out:  

(a) Investigation of the effect of fission gas release on melt motion under a range of fuel 

burnup 

(b) Consolidated whole-core simulation of UTOP with MITRA in the equilibrium core 

to gauge the effect of the modelling improvements on the melt propagation and 

reactivity feedback. 
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The aim of the present study is to investigate the realistic impact of fission gas 

release on melting, fuel relocation, and the progression of UTOP accident. As a second 

illustration, MITRA is utilized to investigate the possibility of fuel relocation out of the 

active core through suitable axial blanket design modifications. To fulfil the above goal, 

the following tasks are carried out: 

(c)  Incorporation of a bulk freezing model to simulate the penetration of fuel inside 

cold channels (for e.g., the cavity inside annular blanket pellets), and its 

experimental validation.  

(d) Investigation of melt displacement inside an alternative fuel pin geometry with a 

completely annular top blanket pellet. 

(e) Investigation of the effectiveness of partially annular top and bottom blanket 

columns on fuel relocation out of the active core. 

The above study is aimed at investigating the potential for further improvement in the 

inherent safety of current and future fast reactors with fuel pin design modifications. 

5.1 Modelling of fission gas pressurization force 

5.1.1 Mathematical and numerical modelling 

5.1.1.1 Underlying physical mechanisms 

The present work investigates the pressurization of molten fuel during UTOP by 

the transient release of noble gases from within the fuel microstructure. Noble gas atoms 

are generated as by-products of nuclear fission inside fuel grains. These atoms remain 

insoluble within the fuel matrix, and depending upon the dynamics of solid-state 

diffusion, either remain pinned in their respective locations or diffuse through the grain 

matrix. A portion of the gas atoms reaches the grain boundaries, resulting in the 

formation of inter-granular bubbles. With continued fission, inevitably, the inter-
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granular bubbles connect with the free volume inside the fuel pin, resulting in the release 

of fission gases to the free volume [125].  

During UTOP, the reactor over-power may result in sufficient heat-up to initiate 

fuel melting. As this occurs, both the intra-granular and inter-granular gas bubbles 

overcome the surrounding fuel matrix through their internal pressure, resulting in 

extensive bubble coalescence and diffusion through the liquified fuel, which leads to a 

transient release of fission gases. With such a release, there is a rise in local density of 

the gas-phase inside the pellet cavity, resulting in a corresponding rise in local pressure 

(Refer Eq. (3.35)). The resultant pressure difference between the site of melting and 

other locations inside the cavity causes a pressure gradient, which results in the so-

called fission gas pressurization force. The force is essentially dispersive in nature since 

it attempts to drive the fuel away from the original site of melting. Due to the pressure 

gradient, a flow initiates in the gas-phase, which attempts to equilibrate the pressure 

field inside the cavity by increasing the gas density in relatively low-pressure regions. 

5.1.1.2 Intra-granular fission gas release 

First, a mathematical model is developed for the gas release phenomena inside 

the fuel grain. The following intra-granular phenomena are considered in the present 

study: (I) noble gas atom generation (II) diffusion of gas atoms towards the grain 

boundaries (III) gas bubble nucleation and destruction (IV) bubble migration under the 

influence of a temperature gradient and (V) release of gas to the grain boundary. The 

governing equations of intra-granular gas release are as follows [126]: 

𝜕𝐶𝑔

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝐷𝑔𝑟

2 𝜕𝐶𝑔

𝜕𝑟
) + 𝐾𝑔 − 𝐷𝑔𝐾𝑏

2𝐶𝑔 − 𝐾𝐶𝑡 + 𝑏𝐶𝑔𝑏                                  ... (5.1) 

𝜕𝐶𝑔𝑏

𝜕𝑡
= 𝐷𝑔𝐾𝑏

2𝐶𝑔 + 𝐾𝐶𝑡 − 𝑏𝐶𝑔𝑏 − �̇�                                                                  ... (5.2) 
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𝑑𝐶𝑏

𝑑𝑡
= 𝐾𝐶𝑡 − 𝑏𝐶𝑏 −

�̇�

𝑛𝑏
                                                                                        ... (5.3) 

𝐷𝑔 = 7.6 ∙ 10−10 ∙ 𝑒
(−

35000

𝑇𝑓
)
+ (2.3 ∙ 10−20 ∙ 𝑒

(−
15000

𝑇𝑓
)
+ 5 ∙ 10−25)𝑄     ... (5.4) 

�̇� = 4𝜋𝐷𝑔
′𝑅𝑐𝐶𝑡𝐶𝑏𝐹𝑟𝑏𝑢 , 𝐷𝑔

′ =
0.973𝐷𝑔𝑏

𝐷𝑔𝑘𝑏
2+𝑏𝑟𝑒𝑠

                                                                                                    ... (5.5) 

𝐹𝑟𝑏𝑢 =
ℎ𝑏𝑢

𝐷𝑔𝑟𝑎𝑖𝑛
, ℎ𝑏𝑢 =

𝑣𝑏

𝑝𝑑𝑒
 , 𝑣𝑏 =

3𝛿𝑠𝑢𝐷𝑠𝑢𝑄𝑠𝑢∇Tf

(40×10−19)𝑅𝑢𝑇𝑓
2                                              ... (5.6) 

In the above equations, 𝐶𝑔 is the concentration of gas atoms in the fuel matrix, 𝑟 

is the radial coordinate inside the equivalent grain sphere, 𝐷𝑔 is the gas atom diffusion 

coefficient, 𝐾𝑔  is the rate of gas atom generation due to fission, 𝐾𝑏
2

 is the sink strength 

of gas atoms in the gas bubbles, 𝐾 is the nucleation rate constant of gas bubbles, 𝐶𝑡 is 

the total concentration of gas atoms inside the fuel matrix (𝐶𝑡  = 𝐶𝑔+𝐶𝑔𝑏 ), 𝑏  is the 

probability of destruction of gas bubble by a fission fragment, 𝐶𝑔𝑏 is the concentration 

of gas atoms trapped within gas bubbles, �̇� is the rate of gas atom deposition to the grain 

boundary due to bubble migration at high temperatures. 𝐹𝑟𝑏𝑢 is the fraction of bubbles 

that survive the journey to the grain boundary, ℎ𝑏𝑢 is the average distance travelled by 

bubbles prior to their destruction, 𝑣𝑏 is the bubble velocity, 𝑅𝑐 is the effective bubble 

capture radius, 𝛿𝑠𝑢  is the effective surface thickness (3.4 nm), 𝐷𝑠𝑢  is the surface 

diffusion coefficient of the bubbles, ∇Tf  is the local temperature gradient, 𝑅𝑢 =

8.314
𝐽

𝑚𝑜𝑙
/𝐾, 𝑛𝑏  is the average number of gas atoms trapped inside bubble (𝑛𝑏 =

𝐶𝑔𝑏

𝐶𝑏
), 

where 𝐶𝑏 is the concentration of gas bubbles within the fuel grain. All the above terms 

involving bubble dynamics are applicable to intra-granular bubbles. It should be noted 

that spatial variations of only three variables are considered within the fuel grain 

(𝐶𝑔, 𝐶𝑔𝑏 , 𝐶𝑡). A uniform distribution is assumed for all other parameters inside the grain. 
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Each node of the fuel pellet stack is assigned a representative single grain with spherical 

geometry [127]. The grain sizes are a function of temperature, varying linearly from 32 

µm (𝑇𝑓 ≥ 2000 𝐾) to 8 µm (𝑇𝑓 ≤ 1500 𝐾) respectively [126]. The migration of intra-

granular gas bubbles is assumed to occur only above 1600 ℃ , since at lower 

temperatures, the bubbles are found to remain pinned down and unable to migrate [126]. 

The boundary condition for the above equations are as follows: 

𝜕𝐶𝑔

𝜕𝑟𝑔𝑟
|
𝑟=0

= 0, 𝐶𝑔|𝑟=𝑅𝑔𝑟
= 0                                                                                  ... (5.7) 

5.1.1.3 Inter-granular fission gas release 

Fission gas atoms diffuse through the grain matrix and collect in the grain 

boundary. Intra-granular bubble migration under a temperature gradient may also result 

in the release of gas atoms to the grain boundary. Edge and face bubbles are formed in 

the boundary as a result. These bubbles grow with the continued arrival of fission gas, 

which results in fuel swelling. A vacancy emission and absorption model is adopted to 

describe the growth of the edge and face bubbles [128]. Upon sufficient enlargement, 

bubbles inter-link to form gas tunnels around the fuel grains. Fission gases escapes once 

an inter-linked edge tunnel connects with the free volume through a crack or an open 

pore. The following governing equations attempt to account for each of the above 

phenomena [128]: 

𝑑𝐶𝑓

𝑑𝑡
= (1 − 𝐹)(1 − 𝑋)

𝑑𝐶𝑏

𝑑𝑡
− (

𝐶𝑓−𝐶𝑓1

1−𝐹
)
𝑑𝐹

𝑑𝑡
+

𝐶𝑓

𝐴𝑓

𝑑𝐴𝑓

𝑑𝑡
                                               ... (5.8) 

𝑑𝐶𝑒

𝑑𝑡
= (1 − 𝐸)((𝐹(1 − 𝑋) + 𝑋)

𝑑𝐶𝑏

𝑑𝑡
+ (

𝐶𝑓−𝐶𝑓1

1−𝐹
)
𝑑𝐹

𝑑𝑡
−

𝐶𝑓

𝐴𝑓

𝑑𝐴𝑓

𝑑𝑡
) − (

𝐶𝑒−𝐶𝑒1

1−𝐸
)
𝑑𝐸

𝑑𝑡
       ... (5.9) 

𝑑𝐶𝑟

𝑑𝑡
= 𝐸 ((𝐹(1 − 𝑋) + 𝑋)

𝑑𝐶𝑏

𝑑𝑡
+ (

𝐶𝑓−𝐶𝑓1

1−𝐹
)
𝑑𝐹

𝑑𝑡
−

𝐶𝑓

𝐴𝑓

𝑑𝐴𝑓

𝑑𝑡
) + (

𝐶𝑒−𝐶e1

1−𝐸
)
𝑑𝐸

𝑑𝑡
              … (5.10) 
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Here, 𝐶𝑓 , 𝐶𝑒 = Gas atom concentrations in the face and edge bubbles. 𝐶𝑟 = Gas 

atom concentration released to the free volume. 𝐶𝑏 = Gas atom concentration arriving 

at the grain boundary from inside the grain, 𝐶𝑓1 = Gas atom concentration inside face 

bubbles in case of complete inter-linkage with edge bubbles; 𝐹 = Fraction of face-

bubbles connected with edge bubbles; 𝑋 = Fraction of intra-granular gas atoms arriving 

at face bubbles. 𝐴𝑓 = Grain face area available for face bubble growth (𝐴𝑓 = 𝜋𝑒2); 𝐸 = 

Fraction of edge bubbles linked with the free volume. 𝐶𝑒1 = Gas atom concentration in 

case of complete linkage of edge bubbles with the free volume. The equation derived 

for inter-connecting the intra-granular and inter-granular models is as follows: 

𝑑𝐶𝑏

𝑑𝑡
= 𝐾𝑔(𝑟, 𝑧, 𝑡) −

𝑑𝐶𝑡,𝑎𝑣𝑔

𝑑𝑡
                                                                                       … (5.11) 

The rate of arrival of gas atoms from within the grain to its boundary (𝐶𝑏 , 

atoms∙m−3) is a function of the rate of gas atom generation (𝐾𝑔, atoms∙m−3s−1) and the 

total intra-granular gas atom concentration (𝐶𝑡 , atoms∙m−3) averaged over the grain 

volume (𝐶𝑡,𝑎𝑣𝑔 ) [127]. Expressions for the above parameters are derived from the 

OGRES and FEAST-OXIDE model literature [126–128].  

5.1.1.4 Transient fission gas release 

As the fuel grains approach the solidus temperature, the material properties begin 

a transition towards liquid-phase properties. As a result, there is a rapid coalescence of 

dissolved gas atoms into bubbles since the diffusion coefficient for liquified fuel is large 

[46]. Both the intra-granular and inter-granular gas bubbles undergo random as well 

biased migration under the influence of buoyancy and capillary forces, resulting in a 

gradual separation and escape of gas bubbles from the liquid fuel. Previous studies have 

treated the intra-granular and inter-granular bubbles separately. Upon melting, the 

studies assumed that the inter-granular gases were released instantaneously through 
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inter-linked tunnels to the free volume. On the other hand, the intra-granular gas release 

was assumed to occur gradually, based on a coalescence formulation [129] or an 

exponentially decreasing rate of release [68,119]. 

In the present study, it is assumed that both the inter-granular and intra-granular 

gases are released instantaneously to the free volume once the fuel node temperature 

breaches the interface temperature ( 𝑇𝑖𝑛𝑡 ). This assumption is considered for the 

following reasons: (a) An instantaneous entry of intra-granular and inter-granular gases 

along with the molten fuel in the pellet cavity will generate a large, localized pressure 

spike (Refer Eq. (3.35)). Consequently, a large pressure gradient will be set up, as 

compared to the case of gradual release, resulting in a correspondingly large pressure 

force. Such a modelling strategy will enable a conservative evaluation of the fission gas 

pressurization force. (b) If upon analysis, it is found that there is a significant sensitivity 

of the melt displacement towards pressure forces, further modelling efforts may be 

directed towards the resolution of the intra-granular gas bubble coalescence. Therefore, 

the local gas mass source term (𝑆𝑔), physically equivalent to the transient, local gas 

release rate, is defined as follows: 

𝑆𝑔(𝑧, 𝑡) = (𝑛𝑋𝑒(𝑟, 𝑧, 𝑡)𝑀𝑜𝑙𝐾𝑟 + 𝑛𝐾𝑟(𝑟, 𝑧, 𝑡)𝑀𝑜𝑙𝑋𝑒)𝑆𝑓(𝑧, 𝑡)                                  ... (5.12) 

Here, 𝑛𝑋𝑒 , 𝑛𝐾𝑟 are the moles of Krypton and Xenon stored inside the control 

volume identified by the radial and axial coordinates (𝑟, 𝑧), 𝑀𝑜𝑙𝐾𝑟 ,𝑀𝑜𝑙𝑋𝑒 are the molar 

masses (kg·mol−1), and the multiplication factor ( 𝑛𝑋𝑒(𝑟, 𝑧, 𝑡)𝑀𝑜𝑙𝐾𝑟 +

𝑛𝐾𝑟(𝑟, 𝑧, 𝑡)𝑀𝑜𝑙𝑋𝑒) is defined as the gas retention coefficient (𝐹𝑔). It may be noted that 

𝑆𝑔 is utilized as a source term in the gas-phase mass and energy conservation equations 

developed for the multi-phase flow model (Refer Eq. (3.41, 3.44).  
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Common to transient heat-up of nuclear fuel is the coalescence and migration of 

previously pinned intra-granular bubbles under the influence of a temperature gradient, 

due to a significant rise in fuel temperature. In fuel pins, this phenomenon assumes 

particular significance in the outer, unrestructured regions of fuel pellets. From the 

results of the CABRI reactor, it is reported that a considerable release of fission gases 

may occur from these regions, even without melting [33]. In the present study, such a 

transient gas release from the solid fuel is incorporated by the extension of the above 

described intra-granular and inter-granular gas release models towards transient heat-

up. In the utilization of the above models, the following assumptions are considered:  

(i) The influence of the non-equilibrium conditions caused by UTOP on the intra-

granular gas bubble coalescence and growth is neglected.  

(ii) Grain growth during the UTOP transient is insignificant.  

The purpose of the above assumptions is to simplify the modelling framework for 

an initial application towards the experimental benchmark studies. As revealed from the 

results of the experimental validation studies presented in the subsequent sections, the 

present modelling framework adequately fulfils the main purpose of the present study, 

which is to capture the effect of the fission gas pressurization forces on the melt 

displacement. However, the above phenomena may be taken up for further development 

in a future work specifically targeted towards capturing the dynamics of transient fission 

gas release under upset conditions. 

5.1.1.5 Development of a fission gas release solver (FGR) 

Using the above-described mathematical framework, a fission gas release solver 

(FGR) is developed which can simulate the gas release behaviour of mixed-oxide, fast 

reactor fuel pins under both steady-state and transient conditions. The computational 
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grid of the solver is kept equivalent to the grid of the multi-phase thermal hydraulic 

model developed in Chapter 3, to enable seamless integration. However, it is observed 

that the magnitude of the fission gas release (𝐹𝑟𝑝𝑖𝑛) with the selected mesh remains 

convergent for coarser grid sizes, for e.g., 5 × 5  (radial ×  axial) grid, which is in 

consistence with the optimal number of nodes specified for the FEAST-OXIDE code (6 

radial) [126]. Therefore, the chosen grid (30 × 30) is adequate from the point of view 

of grid sensitivity. The details of the chosen grid have been presented in Chapter 3 and 

are not repeated here for the sake of brevity. For the intra-granular gas release equations 

(Refer Eq. 5.1-5.3), 15 spherical elements are considered inside each fuel grain, in 

consistence with the FEAST-OXIDE code. A fully explicit, finite difference method is 

used to develop the numerical solver. The fission gas release fraction for the entire fuel 

pin (𝐹𝑟𝑝𝑖𝑛) during steady state is calculated as follows: 

𝐹𝑟𝑝𝑖𝑛(𝑡)(%) =
100

𝑉𝑓𝑢𝑒𝑙
∫ 𝐹𝑟(𝑟, 𝑧, 𝑡)𝑑𝑉𝑓𝑢𝑒𝑙𝑉𝑓𝑢𝑒𝑙

, 𝐹𝑟(𝑟, 𝑧, 𝑡) =
𝐶𝑟𝑒𝑙(𝑟,𝑧,𝑡)

∫ 𝐾𝑔(𝑟,𝑧,𝑡)
𝑡
0 𝑑𝑡

              ... (5.13) 

In the above equation, the local fission gas release fraction (𝐹𝑟) is defined as the 

ratio of released gas atom concentration (𝐶𝑟𝑒𝑙) and time integral of the rate of gas atom 

generation (𝐾𝑔). The total fission gas release fraction (𝐹𝑟𝑝𝑖𝑛) is calculated by averaging 

the local release fraction over the total fuel volume (𝑉𝑓𝑢𝑒𝑙). During the transient, the 

following procedures are carried out for a consistent representation of the gas release: 

(a) The radial position of each fuel node is compared with the location of the melt 

interface (𝑅𝑖𝑛𝑡), which is defined in Chapter 2 (Section 2.2 (ii)). If a given fuel node 

radius lies inside the melt interface radius, it is considered to have undergone 

melting. In accordance with the above-described assumptions, the concentration of 
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released gas atoms (𝐶𝑟𝑒𝑙 ) is equated to the concentration of generated atoms 

(∫ 𝐾𝑔(𝑟, 𝑧, 𝑡)
𝑡

0
𝑑𝑡), resulting in 100 % gas release in the respective fuel node.  

(b) To account for the transient gas release in solid fuel, the gas retention coefficient is 

modified at each solid fuel node as follows: 

𝐹𝑔(𝑟, 𝑧, 𝑡) = 𝐹𝑔(𝑟, 𝑧, 0) (
1−𝐹𝑟(𝑟,𝑧,𝑡)

1−𝐹𝑟(𝑟,𝑧,0)
)                                                                    ... (5.14) 

The time-step of steady-state computations is taken as 5 𝑠, in view of the stability 

constraints observed during simulations as well as the recommended time step values 

available in literature [126]. For the UTOP transient, the time-step is reduced 

significantly (0.25 𝑠) to capture the variation in 𝐹𝑔 required in the multi-phase model. 

5.1.1.6 Outline of MITRA algorithm 

By assimilating the above developed FGR solver with the thermal hydraulic 

model presented in Chapter 3, an improved numerical algorithm is obtained which can 

capture the realistic effects of the fission gas pressurization forces on the melt 

displacement. It is named as Multi-phase In-pin Thermal hydraulic Relocation 

Algorithm (MITRA). Figure 5.1 shows a flowchart of the algorithm. Salient features 

are highlighted in Chapter 2 (Section 2.5). Essential input data are: (I) Pin geometry (for 

e.g., pellet radii, clad radii, length of fuel and blanket pellet columns, volume of fission 

gas plenum, etc.) (II) fuel thermo-physical parameters (for e.g., mole fraction of PuO2) 

(III) fuel enthalpy-temperature data (IV) fuel removal worth data (V) irradiation time 

history (VI) power rise and (VII) coolant flow rate. The grid consists of 930 points in 

the fuel column, 102 points in the cladding steel and 128 points in the axial blankets. 

This mesh is chosen based on a rigorous mesh convergence study (Refer Section 3.3.1). 

First, the FGR module evaluates fission gas data before the start of the accident. The 

output of steady simulations is: (a) Gas release (b) Variation of fission gas retention at 
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the intra-granular and inter-granular levels inside solid fuel (c) Pin internal pressure and 

(d) Grain size distribution. Furthermore, essential data for transient simulations, such as 

the spatial distributions of 𝐵𝑢, 𝐹𝑟, 𝐹𝑔 , inter-granular and intra-granular gas atom 

concentrations (for e.g., 𝐶𝑔, 𝐶𝑔𝑏 , 𝐶𝑡), and the moles of gases present in free volume 

(𝑛𝑋𝑒 , 𝑛𝐾𝑟 , 𝑛𝐻𝑒) are written in the output file. Using the output files, the corresponding 

variables are initialized for transient simulations in the MITRA algorithm. The gap 

conductance module utilizes 𝑛𝑋𝑒 , 𝑛𝐾𝑟 , 𝑛𝐻𝑒  values for calculating  ℎ𝑔𝑎𝑝 . The thermal 

conductivity module uses the 𝐵𝑢  distributions imported from the input files for 

calculating 𝐾𝑓. 

 
Figure 5.1: A brief outline of the developed code. 

 

Based on the input and FGR (output) data, MITRA simulates the behaviour of 

mixed-oxide fuel pin during given UTOP conditions. The solver marches in time until 

the end of the transient. During the time march, the melt relocation feedback is 
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calculated at the end of each time step through Eq. (2.10−2.14). MITRA is encoded as 

a FORTRAN subroutine in PREDIS [30] as well as capable of parallel simulations by 

means of a data exchange mechanism [89]. Both these methods enable the integration 

of relocation feedback with reactor dynamics. The subroutine version is intended for 

the institutional repository, wherein multiple users can access the code for future use. 

The methodology of the subroutine is therefore enclosed in Appendix-C for the sake of 

future reference. The core is divided in seven fuel channels (or zones) and three blanket 

channels to reflect the radial variations in reactor power, coolant flow rate, enrichment 

and fuel mass removal worth (Refer Table 2.3 and Table 2.6) [13].  

5.1.2 Results and discussion 

5.1.2.1 Model validation and inter-code verifications 

For validation of the algorithm, numerical simulations are first performed for the 

steady-state, isothermal gas release tests conducted in the FR2 reactor (Karlsruhe) [130]. 

To ensure consistency of the formulation, the simulation results are also compared with 

the predictions of the FEAST-OXIDE code quoted in literature. Next, the steady-state, 

mixed-oxide fuel irradiation test conducted in the FBTR reactor is simulated using the 

algorithm [131]. To verify the suitability of the algorithm towards transient overpower 

accidents, further numerical simulations are carried out for the CABRI-E9 test [33]. 

Finally, to ensure consistency between the melt displacement predictions of the current 

algorithm and the experimental observations, simulations are carried out for the 

CABRI-E9bis test. 

(a) Steady-state validation and inter-code verification 

The FGR module is benchmarked against both the FEAST-OXIDE code and 

isothermal gas release data [126,130]. The inter-code verifications ensure a sufficient 
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degree of conformance between the developed code and FEAST-OXIDE at different 

temperatures. Annular fuel pellets were loaded into irradiation capsules designed for 

exposing fuel to various burnup levels (2 to 10 atom percent) and temperatures (1000 

to 2100 K) in the FR-2 reactor [130]. The fuel temperature was regulated by controlling 

the temperature of gas surrounding the pellets. Temperature was measured with a 

thermocouple passing through the annular pellet cavity. Constant temperature 

conditions were hence maintained. The pellets were axially separated with molybdenum 

rings to prevent axial temperature gradients. These efforts minimized the axial and 

radial temperature gradients of the fuel samples. The gas release was measured through 

a pin puncture test. Gas chromatography was carried out to determine the content of 

Xenon and Krypton. Table 5.1 presents the details of fuel samples and irradiation 

conditions. This data is used to carry out simulations of both intra-granular and inter-

granular gas dynamics. Results of simulations are presented in Fig. 5.2. The gas release 

curves obtained from FGR are in general agreement with the experimental data.  

Table 5.1: Verification data for fuel samples irradiated in FR-2 reactor [127,128]. 

Parameter  Value 

Pellet outer periphery, m 5.1 x 10−3 

Pellet inner periphery, m 2.1 x 10−3 

Heat generation rate, W/kg  2 x 105 

Pellet height, m 1 x 10−3 

Plutonium mole-fraction, % 15 

As fabricated grain diameter, µm 10 

Compressive stress, MPa - 

Fuel porosity, % 1.8 % 

 

The curves are also in proximity with the FEAST-OXIDE curves. At 1350 K, the 

effect of JOG is considered in FEAST-OXIDE from two atom percent. This effect is 
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neglected in FGR. The simulations show that intra-granular gas bubble migration at 

2000 K is crucial to obtain the rapid rise in gas release rate observed in the experiment. 

The verifications indicate a good level of conformance between MITRA and FEAST-

OXIDE. 

 

Figure 5.2: Results of verifications against UO2 sample irradiation tests. Fission gas 

release curves of FGR are compared with FEAST-OXIDE curves along with 

experimental data [126,130]. 

 

To verify the suitability of the FGR solver towards the simulation of steady-state, 

fission gas release in mixed oxide, annular fuel pins, verification is performed using the 

experimental data from FBTR reactor [131]. A single, mixed oxide fuel subassembly 

(containing thirty-seven annular pins) was irradiated with a fast neutron flux (Refer Fig. 

5.3 for axial power profile). 
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Figure 5.3: Power profile for the FBTR MOX fuel irradiation test [131]. 

 

Table 5.2: Specifications of FBTR-MOX test pins [131]. 

Parameter FBTR-MOX test 

Outer radius of pellet (m) 2.78 × 10−3 

Inner radius of pellet (m) 0.8 × 10−3 

Outer radius of clad (m) 3.3 × 10−3 

Inner radius of clad (m) 2.85 × 10−3 

Plutonium mole-fraction (%) 29.0 

Length of fuel pellet cavity (m) 0.24 

Length of blanket pellet column (m) - 

Maximum burnup (atom percent) 11.2 

Upper plenum volume (m3) 1.94 × 10−6  

Lower plenum volume (m3) 2.95 × 10−6 

Peak steady state power (kW/m)  45 

Coolant inlet temperature (⁰C) 365 

Coolant flow rate (10−2 kg⋅s−1) 8.2 
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The objective was to assess the performance of MOX fuel pin and D9 cladding 

steel [132] up to a burnup level of 11.2 atom percent. Table 5.2 enlists the parameters 

of the test used in the simulation. In the post-irradiation analysis, four fuel pins were 

punctured. Gas chromatography tests provided the partial pressure of each gas species. 

By determining the exact free volume inside the pin and the quantity of released gases, 

internal pressure estimates at room temperature (300 K) were calculated.  

 
Figure 5.4: State of gas retention in FBTR MOX test pin. (a) Distribution of retained 

gases within the fuel pellet stack. (b) Retention of fission gases along the radius of the 

fuel pellet at the location of peak power. (dark regions signify minimum quantity of 

retained gas.) 

 

Figure 5.4a presents the distribution of retained fission gases (𝑋𝑒 + 𝐾𝑟) inside 

the fuel microstructure at the end of irradiation. Figure 5.4b presents the gas retention 

profile at the peak power location (𝑧 = 0.1 𝑚). The retention is close to zero in the inner 

regions of the fuel pellet. The primary reasons are two-fold: high temperature leading 

to intra-granular bubble migration across the temperature gradient and high diffusion 

coefficient for fission gases. The behaviour falls in line with the isothermal benchmark 
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study at 2000 K (Figure 5.2d). The code predicted a total gas release of 83 % 

(experimental: 85 %) and an internal pin pressure of 2.3 MPa (experimental: 2.4−2.8 

MPa). These results show that the simulation results of the algorithm agree with 

experimental gas release data for mixed-oxide fuel pins. 

(b) CABRI-E9 test 

The E9 test was conducted on a mixed oxide fuel pin with annular fuel pellets and 

fully solid blanket pellets (OPHELIE-6, Refer Table 2.8−2.9). The experimental data 

published in Ref. [33] and [72] have been used for benchmarking. In the test, a uniform 

power ramp of 1.1 % Pn/s (𝑃𝑛 = 60.3 𝑘𝑊 𝑚⁄ , 𝑡 = 0 𝑠) was implemented over the pin 

until the power level reached 234 % (𝑃𝑚𝑎𝑥 = 134.7 𝑘𝑊 𝑚⁄ , 𝑡 = 119 𝑠). A constant 

coolant mass flow rate was maintained throughout (𝑚𝑐𝑡 = 0.643𝑚3 𝑘𝑔⁄ ). Fuel melting 

was first detected at ~ 73 kW/m. Post-irradiation analysis revealed that despite the 

maximum melt mass fraction reaching 57 %, the melt remained completely confined 

inside the fuel column. 

Table 5.3: E9 validation results [33]. 

PARAMETER MITRA EXPERIMENT 

Melt mass fraction, % 54.6 57 

Radial melt extent at 0.18 m, % 79.8 79.8 

Radial melt extent at 0.37 m, % 85.4 86.2 

Radial melt extent at 0.59 m, % 82 75 

Upper axial melt extent, m BFC 0.725 0.69 

Lower axial melt extent, m BFC 0.025 0.016 

Transient fission gas release, % 84 82.6 

Power to melt, kW/m 71.5 73 
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Figure 5.5: Comparison of E9 test data with gas release obtained from MITRA 

simulation [33]. 

 

Up to 82 % of gases were released during the test. In the molten regions, fission 

gases were liberated completely, whereas in the unmolten regions, the gases were 

released partially [33]. From the comparison of the experimental and simulation results, 

it is seen that the simulation results agree appreciably with the experimental data (Refer 

Table 5.3). In a previous study [77], only the thermal parameters were validated. Now, 

the validation extends to fission gas behaviour. 

The time history of gas release is compared with experimental data in Fig. 5.5. 

Comparison with the results published in Ref. [72] shows that the predictions are in 

reasonable agreement with the ASTEC-Na code. The radial melt extent is compared 

with experimental data in Fig. 5.6. The results are in good agreement in lower and 

central regions of the fuel column (𝑧 < 0.4 𝑚). The deviation in the upper region is due 

to over-prediction of inter-granular porosity. 
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Figure 5.6: Comparison of E9 test data with melt profile obtained from MITRA 

simulation [33]. 

 

(c) E9bis test 

Validation of the earlier developed advanced numerical algorithm with the 

experimental data of the E9bis test has been presented in Chapter 3 (Refer Section 2.4.2 

for details of the E9bis test conditions). However, the previous model utilized an 

empirical correlation for the evaluation of the fission gas release fraction as well as 𝐹𝑔 

[12]. Therefore, the model ignored radial variations in the retained gas mass, which are 

quite significant. In the present model, these variations are incorporated through FGR 

solver. Consequently, the pressurization forces caused by transient gas release are also 

modified as compared to the previous validation. Therefore, to ensure consistency with 

experimental data regarding melt displacement, numerical simulations are carried out 

for the E9bis test, employing the present model.  

Figure 5.7a presents the growth of the molten fuel column as a function of time 

[98]. The growth of melt columns is smooth and devoid of perturbations. The time of 

occupation of the topmost fuel node is in excellent agreement with the experimentally 
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observed time (65 − 69 𝑠). As mentioned earlier, the source term (𝑆𝑔) comprises both 

intra-granular and inter-granular gas mass release to obtain a conservative estimate of 

the fission gas pressurization forces (Refer Section 5.1.1.4). Despite this, the melt 

relocation is smooth (Refer Fig. 5.7b for melt mass time history). This indicates that the 

dispersive pressure forces are insignificant as compared to the viscous forces (due to 

solidification). 

 
Figure 5.7: E9bis test: (a) Melt column time history (b) Melt mass as a function of 

time (upper and lower limits specify the respective extents of the melt column; 𝑧 =

0.75 𝑚 signifies top of fuel column, 𝑧 = 0 𝑚 signifies bottom of fuel column). 

 

5.1.2.2 Transient fission gas release during UTOP 

The validated algorithm is utilized to simulate the transient fission gas release in 

fast reactor fuel pins under UTOP conditions. The conditions are kept identical to the 

case studies presented in Chapter 3 (Section 2.3.3), except for the axial power profile 

utilized for the fresh fuel under the BOL core condition. Important parameters of the 

BOL core and fuel specifications have been detailed in Chapter 2 and are hence not 

repeated for the sake of brevity (Refer Section 2.1.1−2.1.2). Typically, power 
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generation in a BOL core condition is concentrated near the core mid-plane, as opposed 

to the equilibrium condition in which the power generation is comparatively increased 

in the top and bottom regions. Consequently, the axial peak factor is greater in case of 

BOL core (~1.246,  Zone-1) as compared to equilibrium core (~1.241 , Zone-1). 

However, since the main aim of the present study is to capture the effects of transient 

fission gas release on the melt motion, it is essential to isolate the sensitivity from the 

changes in the axial power distribution. Therefore, in the present study, the BOL fuel is 

also subjected to the typical axial power profile utilized for the equilibrium fuel. 

Furthermore, numerical simulations are also performed for a range of fuel conditions 

varying from fresh to intermediate burnup (0 − 7 atom percent), to capture the gas 

release phenomena effectively. 

Table 5.4: Response of annular MOX fuel pin under UTOP at various burnup levels 

(𝐹𝐺𝑅𝑡=0, 𝐹𝐺𝑅𝑡=120 are the fission gas release before and after the transient; radial 

melt is at 𝑡 = 120 𝑠, 𝑆𝑓 , 𝑆𝑔, 𝐹𝑔,𝑎𝑣𝑔 are at peak power location (𝑧 = 0.75 𝑚)). 

𝑩𝒖𝒎𝒂𝒙 (𝒂𝒕.%) 0 1 2 3 4 5 6 7 

𝐹𝑝𝑖𝑛,𝑡=0 (%) - 51 71 77 79 79 80 83 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 (%) - 49 29 23 21 21 20 17 

𝑀𝑀𝐹𝑡=120 (%) 37 24 37 35 39 41 43 45 

𝐹𝑝𝑖𝑛,𝑡=120 (%) - 54 75 81 83 84 86 86 

𝑀𝑒𝑙𝑡 𝑒𝑥𝑡𝑒𝑛𝑡 (% 𝑅/𝑅𝑜 ) 80 74 79 75 79 79 79 82 

𝑆𝑓,𝑎𝑣𝑔 (10-4 kg⋅m−1⋅s−1) 20.6 21.5 19.6 15.9 16.5 15.8 15.2 14.8 

𝑆𝑔,𝑎𝑣𝑔 (10-8 kg⋅m−1⋅s−1) 0.0 4.6 9.3 12.4 15.4 18.7 21.0 17.6 

𝐹𝑔,𝑎𝑣𝑔 (10-5) 0.0 2.1 4.7 7.8 9.3 11.8 13.8 11.9 

 

The results of the numerical simulations are presented in Table 5.4 [98]. The 

values of 𝑆𝑓 , 𝑆𝑔 and 𝐵𝑢𝑚𝑎𝑥 are shown for the core mid-plane (𝑧 = 0.75 𝑚). The time-
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averaged values of 𝑆𝑓 , 𝑆𝑔 and 𝐹𝑔,𝑎𝑣𝑔 (from the start of melting to 𝑡 = 120 𝑠) and the 

peak melt mass fractions (MMF) are shown. The parameter 𝑆𝑓,𝑎𝑣𝑔  depends on the 

power ramp rate (primarily), fuel thermal conductivity (𝐾𝑓) and the pellet-clad gap 

conductance (ℎ𝑔). It is seen that 𝑆𝑓,𝑎𝑣𝑔varies within a range of 14.8 − 20.6 × 10−4 

kg⋅m−1⋅s−1. Eq. (3.47) reveals that 𝑆𝑔 additionally depends on the gas retention factor 

(𝐹𝑔), defined in Eq. (5.12). 

 
Figure 5.8: Gas retention coefficient, 𝐹𝑔, as a function of the dimensionless pellet 

radius (𝑅/𝑅𝑜) and fuel burnup level. (peak power location). 

 

Figure 5.8 presents 𝐹𝑔 as a function of the fuel pellet radius and the burnup level. 

From the figure, it is observed that in the inner region of the fuel pellet, fission gas 

retention in fuel microstructure is minimal, due to the high ambient fuel temperatures. 

In the outer pellet region, 𝐹𝑔  attains higher magnitude due to reduced steady-state 

fission gas release at low temperature. As observed in Table 5.4, the radial melt extent 

(% 𝑅/𝑅𝑜) ranges from 74 % to 82 %, for 1-7 atom percent, respectively. Consequently, 
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when melting advances to the outer pellet region, the factor 𝐹𝑔 in Eq. (3.47) increases. 

This results in a greater variation in 𝑆𝑔 as compared to 𝑆𝑓 with respect to burnup level.  

 
Figure 5.9: The release of fission gases due to melting as a function of transient time 

and peak fuel burnup. 

 

Figure 5.9 presents the transient gas release during UTOP as a function of burnup 

level and time. It is observed that the slope of the release curves is minimum at the 

beginning. This is a consequence of the incorporation of the radial variations in 𝐹𝑔 via 

the FGR solver. Since the magnitude of 𝐹𝑔 is least at the pellet inner surface, the rate of 

gas release is correspondingly decreased. With further melting, the slopes of the curves 

continuously increase, due to the increased magnitude of 𝐹𝑔 in the outer pellet regions 

(Figure 5.8). It is also found that with increasing burnup levels, the slopes of the curves 

tend to increase. From the above result, it is deduced that the case study with 7 atom 

percent burnup represents the maximum transient gas release rate, which corresponds 

to the highest fission gas pressurization force. Using the above-described transient 

fission gas release characteristics, the microstructural mechanisms responsible for the 
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fission gas pressurization forces are appropriately addressed. The effects of these forces 

on the melt displacement are addressed in the next section. 

5.1.2.3 Effect of fission gas pressurization on melt hydrodynamics and relocation 

The main purpose of the present study is to determine the realistic impact of 

fission gas pressurization on the melt motion, under the entire range of fresh to 

intermediate levels of fuel burnup, that may exist inside a fast reactor core. To fulfill 

this purpose, first the melt motion is presented as a function of the fuel burnup (𝐵𝑢, 

atom percent) and melt mass fraction (%) in Table 5.5 [98].  

The table breaks down the melting and motion behaviour into a set of numerical 

parameters, so that the variations can be quantitively tracked across the range of fuel 

burnup levels. The power level (% 𝑃/𝑃𝑛 ) at which the respective melt fraction is 

achieved is also mentioned. The fuel volume fraction (averaged within the melt column, 

(𝛼𝑓,𝑐𝑜𝑙)), length of the melt column (∆𝑧𝑐𝑜𝑙), elevation of the melt column center (𝑧𝑐𝑜𝑙, 

from BFC) and 𝜌𝑟𝑒𝑙 obtained for Zone-I from Eq. (2.10) are detailed. Blank entries in 

the table indicate that the corresponding amount of melting did not occur. The 

simulation for fresh fuel (𝐵𝑢 = 0 atom percent) represents melt motion in the absence 

of the fission gas pressurization force, whereas the simulation for intermediate burnup 

(𝐵𝑢 = 7 atom percent) represents melt motion in the presence of highest gas release 

and pressurization force (Refer Section 5.1.2.2). It may be noted that in the present study, 

burnup and space dependent variations in the gas release fraction (𝐹𝑟), fuel thermal 

conductivity (𝐾𝑓), gap conductance (ℎ𝑔𝑎𝑝) and plenum pressure (𝑃𝑝𝑙) are also taken in 

account, based on the methodology of the MITRA algorithm (Refer Section 5.1.1.6). 

The following major observations are drawn from Table 5.5: 



181  

Table 5.5: Melt motion as a function of the melt mass fraction and fuel burnup. 

𝑀𝑀𝐹 𝐵𝑢𝑚𝑎𝑥 (𝑎𝑡.%) 0 1 2 3 4 5 6 7 

5 % 

𝑃/𝑃𝑛(%) 171 185 168 159 152 147 143 139 

𝛼𝑓,𝑐𝑜𝑙 0.93 0.98 0.93 0.91 0.95 0.95 0.95 0.96 

∆𝑧𝑐𝑜𝑙 ,𝑚 0.07 0.10 0.10 0.13 0.10 0.10 0.13 0.13 

𝑧𝑐𝑜𝑙 , 𝑚 0.62 0.63 0.63 0.65 0.67 0.63 0.65 0.65 

𝑇𝑓,𝑚𝑎𝑥(°𝐶) 3164 3332 3279 3267 3257 3236 3224 3201 

𝜌𝑟𝑒𝑙𝑜𝑐 , 𝑝𝑐𝑚 −0.43 −0.43 −0.43 −0.37 −0.30 −0.29 −0.35 −0.36 

10 % 

𝑃/𝑃𝑛(%) 183 196 178 168 160 155 151 147 

𝛼𝑓,𝑐𝑜𝑙 0.95 0.98 0.97 0.95 0.99 0.97 0.96 0.97 

∆𝑧𝑐𝑜𝑙 ,𝑚 0.27 0.27 0.23 0.27 0.23 0.27 0.27 0.27 

𝑧𝑐𝑜𝑙 , 𝑚 0.58 0.62 0.63 0.65 0.63 0.65 0.65 0.65 

𝑇𝑓,𝑚𝑎𝑥(°𝐶) 3517 3674 3586 3577 3522 3480 3434 3411 

𝜌𝑟𝑒𝑙𝑜𝑐 , 𝑝𝑐𝑚 −1.47 −1.01 −0.86 −0.77 −0.59 −0.60 −0.58 −0.57 

15 % 

𝑃/𝑃𝑛(%) 189 205 186 175 168 163 158 154 

𝛼𝑓,𝑐𝑜𝑙 0.89 0.98 0.98 0.98 0.98 0.98 0.98 0.99 

∆𝑧𝑐𝑜𝑙 ,𝑚 0.43 0.40 0.40 0.40 0.37 0.37 0.37 0.37 

𝑧𝑐𝑜𝑙 , 𝑚 0.67 0.65 0.65 0.65 0.67 0.67 0.67 0.67 

𝑇𝑓,𝑚𝑎𝑥(°𝐶) 3874 3961 3837 3769 3751 3723 3672 3656 

𝜌𝑟𝑒𝑙𝑜𝑐 , 𝑝𝑐𝑚 −1.48 −1.19 −1.14 −1.07 −0.93 −0.98 −0.85 −0.86 

20 % 

𝑃/𝑃𝑛(%) 196 214 194 182 175 169 164 160 

𝛼𝑓,𝑐𝑜𝑙 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.99 

∆𝑧𝑐𝑜𝑙 ,𝑚 0.47 0.50 0.50 0.50 0.47 0.47 0.47 0.47 

𝑧𝑐𝑜𝑙 , 𝑚 0.65 0.67 0.67 0.67 0.68 0.68 0.68 0.68 

𝑇𝑓,𝑚𝑎𝑥(°𝐶) 4023 4173 4057 3973 3942 3894 3842 3836 

𝜌𝑟𝑒𝑙𝑜𝑐 , 𝑝𝑐𝑚 −1.95 −1.69 −1.42 −1.13 −1.09 −1.08 −1.00 −0.97 

25 % 

𝑃/𝑃𝑛(%) 204 - 201 189 181 175 170 166 

𝛼𝑓,𝑐𝑜𝑙 0.99 - 0.99 0.99 0.99 0.99 0.99 0.99 

∆𝑧𝑐𝑜𝑙 ,𝑚 0.57 - 0.63 0.60 0.60 0.60 0.60 0.60 

𝑧𝑐𝑜𝑙 , 𝑚 0.67 - 0.70 0.72 0.72 0.72 0.72 0.72 

𝑇𝑓,𝑚𝑎𝑥(°𝐶) 4305 - 4180 4126 4075 4029 3980 3980 

𝜌𝑟𝑒𝑙𝑜𝑐 , 𝑝𝑐𝑚 −2.84 - −1.67 −1.63 −1.69 −1.55 −1.40 −1.30 

30 % 

𝑃/𝑃𝑛(%) 210 - 208 196 187 181 176 172 

𝛼𝑓,𝑐𝑜𝑙 0.99 - 0.99 0.99 0.99 0.99 0.99 0.99 

∆𝑧𝑐𝑜𝑙 ,𝑚 0.63 - 0.73 0.73 0.73 0.73 0.73 0.70 

𝑧𝑐𝑜𝑙 , 𝑚 0.70 - 0.75 0.75 0.75 0.75 0.75 0.73 

𝑇𝑓,𝑚𝑎𝑥(°𝐶) 4441 - 4343 4252 4195 4151 4113 4110 

𝜌𝑟𝑒𝑙𝑜𝑐 , 𝑝𝑐𝑚 −2.92 - −2.74 −2.53 −2.43 −2.34 −2.23 −2.08 

 

i. The over-power required for arriving at a given melt mass fraction reduces with 

increasing burnup level, except for slightly burnt fuel (1 𝑎𝑡.%). This is a result 
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of the decrease in fuel thermal conductivity with increasing burnup [79]. On the 

contrary, the rise in overpower in case of 1 atom percent fuel is due to (a) 

absence of steady-state, fission gas release at such low burnup and (b) reduction 

in the fuel pellet-clad gap width, which is a consequence of cracking and radial 

relocation of fuel pellets [126]. 

ii. The length of the melt column is a strong function of the melt mass fraction and 

a weak function of the fuel burnup level. In addition, the averaged fuel volume 

fraction (𝛼𝑓,𝑐𝑜𝑙) is close to unity at almost all points. This shows that the increase 

in transient fission gas release and the corresponding increase in the fission gas 

pressurization force do not impact the melt motion significantly, under typical 

UTOP conditions in annular mixed-oxide fuel pins. 

iii. Within the range of analysis (𝐵𝑢𝑚𝑎𝑥 = 0 − 7 𝑎𝑡.% , melt mass = 0 − 30 %), 

the melt column continues to remain centered below the core mid-plane (𝑧𝑐𝑜𝑙 <

𝑧𝑚). However, the centre comes closer to the core mid-plane (𝑧𝑚 = 0.8 𝑚) with 

increasing melt mass. This is due to the upward growth of the melt column. 

iv. The maximum temperature (𝑇𝑓,𝑚𝑎𝑥), located inside the melt column near the 

peak power position (𝑧 = 0.77 𝑚), increases with the melt mass and the power 

level.  

v. The melt relocation feedback, evaluated with respect to Zone-1, is negative in 

all the cases (𝜌𝑟𝑒𝑙𝑜𝑐 < 0). Magnitude of the feedback is a strong function of the 

melt mass. It is higher for low burnup fuel as compared to high burnup. 

Through these observations, the major findings are as follows: 

i. The fission gas pressurization forces are unable to influence the melt motion in 

a significant manner. 
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ii. The tendency of the melt to agglomerate slightly below the core mid-plane 

remains unchanged, despite the changes in the transient fission gas release. 

Therefore, for all burnup levels, the melt motion essentially resembles the 

motion of fresh fuel, in which transient fission gas release is absent. 

iii. Gravity is the driving force responsible for the downward relocation of the melt. 

Viscous forces originating from the inter-molecular cohesion of partially 

solidified fuel restrict the relocation. 

iv. A favourable reactivity feedback emerges from both the downward melt 

relocation and thermal expansion of liquid fuel under high temperature. The 

feedback magnitude continues to increase with the level of overpower. 

v. The decreasing trend in the required power level with 𝐵𝑢 is due to the reduction 

in thermal parameters (𝐾𝑓, ℎ𝑔𝑎𝑝). More melting is likely to occur in a shorter 

period for high burnup fuel. 

Observing the melt column position as a function of fuel burnup and melt mass 

fraction provides a clear picture of the sensitivity (Refer Fig. 5.10). The top (𝑧𝑐𝑜𝑙 +

0.5∆𝑧𝑐𝑜𝑙) and bottom (𝑧𝑐𝑜𝑙 − 0.5∆𝑧𝑐𝑜𝑙) locations reflect the growth of the melt column. 

At any melt fraction, the melt occupies the lower-most position in case of fresh fuel 

(𝐵𝑢 = 0 𝑎𝑡.%). The physical origin of this variation lies in the restrictive particle 

viscosity, which depends on the wall-fluid surface interaction temperature (𝑇𝑤,𝑖) (Figure 

5.11). In the region below the melt column, 𝑇𝑤,𝑖 is significantly higher for fresh fuel as 

compared to burnt fuel. This deviation originates from the case-wise changes in the gap 

conductance (Refer Section 3.1.11). Eq. (3.11) predicts a correspondingly higher wall 

heat flux on entry of melt in this region.  
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Figure 5.10: Evolution of the melt column as a function of the melt mass fraction and 

peak fuel burnup. Melt occupies the region between the top and bottom curves. (Core 

mid-plane is located at 𝑧 = 0.5 𝑚) 

 
Figure 5.11: Pellet inner surface temperature (𝑇𝑤,𝑖) as a function of 𝑧 and 𝐵𝑢𝑚𝑎𝑥. 

Each plot represents the temperature when melt mass = 5 %. The region occupied by 

melt is indicated by the flat profile (Elevation is with respect to 𝑧𝑏). 

 

The resultant rise in melt temperature (𝑇𝑓) implies a reduced viscous resistance, 

in line with the particle viscosity model [112] (Refer Eq. (3.25)). Consequently, the melt 

travels further downward. The results indicate a moderate sensitivity of the melt 

relocation with respect to the change in fuel burnup, due to the associated change in 
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thermal parameters. Therefore, it is concluded that the fundamental nature of melt 

displacement is equivalent for all fuel burnup levels and can be summarized by the 

schematic presented in Fig. 5.12.  

 
Figure 5.12: A generalized schematic of in-pin fuel motion in SFR conditions. (a) 

Thermal mapping of the fuel pellet stack during various stages of melting (0, 5, … 

35 % denote the melt mass fractions; pellet radius is exaggerated for clarity) (b) Axial 

variation of molten fuel mass (𝑀𝑙) inside the cavity. (fuel mass = 0.225 kg/pin). 

 

To illustrate the effect of the present modelling efforts on the melt relocation, the 

melt relocation reactivity feedback plots for the above case studies are presented in Fig. 

5.13. Due to the above-described downward relocation in case of fresh fuel, the removal 

of fuel from the central region is also maximum. Therefore, up to 10 % melt mass 

fraction, the magnitudes of the melt relocation feedbacks are highest for fresh fuel. The 

above trend is clearly reflected in the feedback curves presented in Fig. 5.13a. On the 

other hand, 𝜌𝑟𝑒𝑙 magnitudes tend to converge for equilibrium and intermediate burnup 

values (Refer Fig. 5.13b), which is essentially a consequence of gap closure during 

transient heat-up and melting.  
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Figure 5.13: Melt relocation feedback as a function of fuel burnup and melt mass 

fraction (a) 0–3 atom percent (b) 4–7 atom percent (fuel mass removal worth analyses 

are constrained to central subassembly,𝑊𝑚𝑎𝑥 = −41 𝑝𝑐𝑚). 

 

It can be noted that the feedback trends presented in Fig. 5.13 are a reversal of the 

trends presented earlier in Chapter 3 of this thesis (Figure 3.14). Earlier, the equilibrium 

fuel had exhibited a significant downward melt motion, resulting in a greater feedback 

greater magnitude as compared to BOL case study. As discussed earlier, the difference 

between the accident conditions of the present study and Chapter 3 is the utilization of 

a uniform axial power profile for fresh as well as burnt fuel. It is deduced that this 

change is responsible for such a reversal.  
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5.1.2.4 Effect on whole-core melt propagation 

The results of whole-core numerical simulations of UTOP have been presented 

earlier in Chapter 4. However, the multi-phase flow model employed in the earlier 

simulations utilized an empirical correlation for fission gas release [12] and assumed a 

constant 𝐹𝑔 along the radius of the fuel pellet (Refer Section 3.1.10). From the results 

of the present study, the radial variations in 𝐹𝑔  are substantial (
𝐹𝑔|𝑟=𝑅𝑜

𝐹𝑔|𝑟=𝑅𝑖

≅ 60) . 

Therefore, whole-core simulation of UTOP in the equilibrium core condition is 

performed with the present algorithm, to investigate the effects of the radial variations 

in the gas retention coefficient (𝐹𝑔 ) on the whole-core melting and propagation 

behaviour. The BOL core is not studied since transient fission gas release is absent in 

fresh fuel. The simulation is performed for a conservative, unprotected withdrawal of a 

control rod in the equilibrium core. Therefore, the details of the simulation (for e.g., fuel 

specifications, methodology, accident parameters, delayed neutron fractions, reactivity 

feedback assumptions) are identical to the Case study III presented in Chapter 4 and are 

not repeated here to maintain brevity. The subassembly distribution, coolant mass flow 

rates, power distribution and fuel removal mass worth for the fuel channels of a typical 

sodium cooled fast reactor are detailed in Table 2.3 and Table 2.5 [82].  

Figures 5.14 and 5.15 summarize the response of the equilibrium core (Zones 1-

7) [98]. Melting initiates in the first, second, third, fourth and fifth zones due to 

relatively higher power as compared to other zones. Melt fractions in Zones 1, 2, 3, 4 

and 5 reach up to 19, 12, 9, 1 and 5 %. The resultant melt relocation feedback limits the 

power excursion to 183 % by 200 s and reduces it further to 175 % (750 s). The feedback 



188  

response in Zone-2 is largest due to the respective fuel mass removal worth magnitude 

and greater amount of melting as compared to Zone-3 and Zone-5.  

 
Figure 5.14: Thermal mapping of FBR core (equilibrium state) subjected to UTOP 

(𝑡 = 750 𝑠); Zone 1, 2, 3 and 5 undergo fuel melting. Maximum melting occurs in 

Zone 1 (central subassembly). 

 

 
Figure 5.15: Reactor response a function of time (a) Reactor power history (b) 

Relocation feedback for zones (1-5). (Equilibrium core (previous) represents results 

where radial variation in gas retention is neglected; Equilibrium core (MITRA) 

represents results where the radial variation is incorporated) 
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Figure 5.16: Comparison between earlier and current UTOP simulations; (a) Core 

averaged melt fraction history (b) Whole core melt feedback history. 

 

Figures 5.16a, 5.16 present a comparative analysis of the present and earlier 

reactor core responses. There is a rise of ~1.4 % in the stabilized value of the core 

averaged melt mass fraction. Similarly, the peak power has risen by 3 % (𝑡 = 200 𝑠). 

While melting had remained confined to zones 1, 2 and 5 in the earlier study, it is now 

spread to five innermost zones (118 subassemblies). These changes are the result of 

reduction in the melt relocation feedback (of the whole core) for an extended period 

(Refer Fig. 5.16b, 𝑡 = 110 − 180 𝑠). From a comparison of the current and previous 

reactivity feedback characteristics, it is deduced that the above reduction in the melt 

relocation feedback is caused by a slower, downward displacement of melt with the 

current model (Figure 5.13a, Figure 3.14).  

5.2 Modelling of melt motion in alternative geometrical designs 

5.2.1 Mathematical and numerical modelling 

As discussed earlier, the main objective of the present study is to investigate the 

possibility of melt relocation out of the active core through suitable axial blanket design 

modifications. The modelling required to represent such a phenomenon is best 
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described through the definition of an initial physical problem. Previous studies have 

reported the most optimal geometrical design for enhancing annular fuel squirting out 

of the active core [26]. The studies have reported maximum fuel squirting for the 

following arrangement: solid bottom blanket pellets/annular fuel pellets/annular upper 

blanket pellets and plenum). Therefore, to recreate similar geometrical conditions under 

UTOP, first the following problem definition is outlined: 

 

Figure 5.17: Problem domain.  

 

5.2.1.1 Problem definition and assumptions 

A typical mixed-oxide, fast reactor fuel pin consisting of annular pellets in the 

fuel column and solid pellets in both the top and bottom blankets is geometrically 

modified by introducing annular pellets in the top blanket column. Therefore, the multi-
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phase flow domain now extends from the bottom-most fuel pellet up to the upper 

plenum, where it is closed by the top plug of the fuel pin. The inner and outer radii of 

the top blanket pellets are identical to the corresponding fuel pellet radii (Refer Fig. 

5.17). Since melting initiates near the core mid-plane, along with the associated fission 

gas release, a negative pressure gradient is set up (
𝜕𝑃𝑐𝑎𝑣

𝜕𝑧
< 0), resulting in an upward 

flow of fission gases. Consequently, the melt mass experiences pressure forces biased 

towards the upward direction along with other hydrodynamic effects.  

Table 5.6: Geometrical parameters of the modified fuel pin. 

 

From the schematic shown in Fig. 5.17, it is observed that a helical spring is 

present within the upper plenum. Material of construction is equivalent to the cladding 

steel (D9 steel). The spring will offer a minor resistance to the flow of the gas phase 

Parameter Sign FBR-500 (Modified) 

Fuel inner radius, mm RI 0.9 

Fuel outer radius, mm RO 2.775 

Top blanket inner radius, mm RBI 0.9 

Top blanket outer radius, mm RBO 2.775 

Bottom blanket inner radius, mm - 0 

Bottom blanket outer radius, mm - 2.775 

Inner clad radius, mm RCI 2.85 

Outer clad radius, mm RCO 3.3 

Fuel column length, m L 1 

Upper blanket column length, m LUB 0.3 

Lower blanket column length, m LLB 0.3 

Length of upper plenum LUP 0.2 

Length of lower plenum LLP 0.71 
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until the surrounding temperature remains well below the steel melting temperature. For 

simplicity of treatment, it is assumed that there is no flow resistance due to the presence 

of the helical spring. For the sake of clarity, the numerical dimensions of the modified 

fuel pin are presented in Table 5.6. The thermophysical specifications remain identical 

to the earlier described FBR-500 fuel pin (Table 2.4). 

5.2.1.2 Governing equations and boundary conditions 

It is apparent that the mathematical model for the above presented problem 

requires modifications in the boundary conditions applicable to a typical annular fuel 

pin. The modified boundary conditions for the above problem are as follows: 

𝐾𝑓(𝑇𝑓)
𝜕𝑇𝑓

𝜕𝑟
|
𝑟=𝑅𝑖𝑛𝑡

=
(ℎ𝑤,𝑓𝐴𝑤,𝑓(𝑇𝑓,𝑖−𝑇𝑓,𝑙)+ℎ𝑤,𝑔𝐴𝑤,𝑔(𝑇𝑓,𝑖−𝑇𝑔))

2𝜋𝑅𝑖𝑛𝑡
 (𝑍𝑡 < 𝑧 < 𝑍𝑢)                          ... (5.15)  

𝜕𝑉𝑖

𝜕𝑧
|
𝑧=𝑍𝑡𝑜𝑝

= 0, 𝑞𝑖|𝑧=𝑍𝑡𝑜𝑝 = 0                                                                              ... (5.16) 

𝐾𝑐
𝜕𝑇𝑐

𝜕𝑟
|
𝑟=𝑅𝑐𝑖

=
(ℎ𝑤,𝑓𝐴𝑤,𝑓(𝑇𝑐𝑖−𝑇𝑓,𝑙)+ℎ𝑤,𝑔𝐴𝑤,𝑔(𝑇𝑐𝑖−𝑇𝑔))

2𝜋𝑅𝑐𝑖
  (𝑍𝑢 < 𝑧 < 𝑍𝑡𝑜𝑝)                               ... (5.17) 

From the above equation, the phase-specific heat transfer terms in Eq. (5.15) are 

utilized to replace the wall heat interactions terms in the energy conservation equations 

(Eq. (3.43–3.44)). The top-most flow boundary is shifted to the top of the upper plenum 

(𝑍𝑢). In case of alternative geometrical arrangements, modifications akin to the above 

equations are carried out for the lower plenum or the partially annular blanket columns. 

Furthermore, depending upon the geometry of blanket columns (completely 

annular/partially annular/completely solid), the wall-fluid interaction temperature (𝑇𝑤,𝑖) 

and contact area (𝐴𝑤,𝑖) are initialized. The expressions for the governing equations, 

remaining boundary conditions, closure terms, and wall-fluid contact areas have been 

detailed in Chapter 3 and are therefore not repeated for the purpose of brevity.  
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5.2.1.3 Incorporation of a bulk freezing model 

The gradual entrance of molten liquid in a cold channel, with a temperature below 

the liquid’s freezing point, is followed by the emergence of solid nuclei at the channel’s 

inner surface. The nuclei grow into equiaxed crystals, which begin to grow radially 

inwards from the vicinity of the wall, resulting in the formation of a columnar zone 

known as the crust [57,133]. If the crust grows and covers the entire flow channel, the 

flow is considered as blocked due to solidification. However, if a completely solidified 

crust experiences a significant shear force exerted by the (still molten) liquid, it gets 

peeled from the surface of the cold wall and undergoes advection along with the melt 

in the form of a solid aggregate. From the experimental observations of the E9bis test, 

it is evident that such an aggregate (or bulk) motion would have occurred during the 

entry of molten fuel in the top blanket column (Refer Section 2.4.2). The temperatures 

of both the melt and blanket pellets are significantly smaller as compared to the solidus 

temperature at the point of entry (Figure 3.8), and the motion is laminar (is ~ 0.01 m/s 

[89]). Mathematically, these effects have been incorporated in Chapter 3 by the 

utilization of a particle viscosity expression, whereas the downward motion has been 

represented with a crust formation model. In the present study, the aggregate motion in 

both the upward and downward directions is incorporated through a bulk freezing model. 

In doing so, the crust formation model is replaced, since the breakage of crust cannot 

be represented with it. Furthermore, the freezing in both the upward and downward 

directions is represented by the introduction of a null velocity condition as follows:  

𝜇𝑓 =

{
 
 

 
 𝑉𝑓 = 0                                                                       (𝛼𝑝 > 𝛼𝑝,𝑚𝑎𝑥)

𝜇𝑓|𝑇𝑙𝑖𝑞
{(1 − 𝛼𝑝) +

𝑓𝛼𝑝,𝑚𝑎𝑥𝛼𝑝

𝛼𝑝,𝑚𝑎𝑥−𝛼𝑝
} , 𝛼𝑝 =

𝑇𝑙𝑖𝑞−𝑇𝑓

𝑇𝑙𝑖𝑞−𝑇𝑠𝑜𝑙 
 (𝛼𝑝 < 𝛼𝑝,𝑚𝑎𝑥 )

0.000988𝑒4620𝑇𝑓
−1

                                                          (𝑇𝑓 > 𝑇𝑙) }
 
 

 
 

                         ... (5.18) 
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In the above expression, if the fraction of solid particles exceeds the maximum 

allowable fraction (𝛼𝑝,𝑚𝑎𝑥 = 0.62 ), the viscosity increases rapidly [112]. This is 

mathematically captured by imposing a null velocity on the corresponding location. The 

value of 𝛼𝑝,𝑚𝑎𝑥 is consistent with the observations of Kamiyama [57]. The aggregate 

motion in cold regions (for e.g., annular blanket pellet) is represented by the prescription 

of flux corrections, based on the local mass conservation residual (Refer Section 3.2.2). 

With the above outlined approach, the bulk freezing model can accommodate the solid 

aggregate movement in both the upward and downward directions, under the effect of 

molten fuel thermal expansion. The present approach is distinct from the corresponding 

models available in literature since it incorporates the possibility of melt motion after 

the occurrence of bulk freezing. 

5.2.1.4 Grid modifications 

The details of the computational grid utilized for the present numerical 

simulations is presented in Table 5.7. The basic dimensions are based on the results of 

a grid sensitivity study presented in Chapter 3. To maintain a uniform axial grid 

throughout the extended multi-phase flow domain, the grid dimensions specific to the 

fuel column are applied to the blanket columns as well as the upper and lower plena. 

Therefore, a uniform mesh extends throughout the fuel and blanket pellets.  

Table 5.7: Grid size details for the alternative fuel pin geometry. 

Model region ∆𝒓 (mm) ∆𝒚 (mm) 

Fuel column 0.0625 33.33 

Top/bottom blanket column 0.0625 33.33 

Upper/lower plenum  33.33 

Fuel pellet cavity - 33.33 

Clad 0.15 33.33 

Coolant - 33.33 
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The clad and coolant domains are discretized with a corresponding mesh size to 

maintain numerical accuracy. Depending upon the fuel pin geometry, the plenum 

meshes can be activated or deactivated. 

5.2.2 Results and Discussion 

5.2.2.1 Validation of bulk freezing model 

To validate the model, numerical simulation is performed for the E9bis test, 

employing the present model. Figure 5.18 shows the melt column evolution by utilizing 

bulk freezing model and compares it with the results of MITRA (Refer Section 

5.1.2.1(c)). The time of complete occupation of the top-most fuel node with the bulk 

freezing model is 68.5 𝑠 , whereas the experimental time of penetration of the top 

blanket is 65 − 69 𝑠.  

 
Figure 5.18: Comparison of the melt column evolution with the crust formation and 

bulk freezing models. Results are for E9bis test. 

 

From Fig. 5.18, it is evident that the bulk freezing model can replicate the slow, 

downward motion of molten fuel caused by cyclic blockage and re-melting, which was 
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simulated by the crust formation model. Minor deviations emerge in the upper and 

lower column limits after 𝑡 = 40 𝑠, due to axial boundary modifications imposed by the 

crust formation model in case of flow blockage. However, the location of the column 

as well as the transient evolution of melting are equivalent for both models. In this 

context, it is important to mention that the crust formation model involves a laborious 

and time-consuming grid modification mechanism [77], which is not required with the 

bulk freezing model. Therefore, the present model is simpler and can be employed for 

similar applications with relative ease. 

5.2.2.2 Effect of completely annular blanket column 

Under the nominal annular fuel pin design, the melt relocation remains highly 

restricted due to the relative dominance of the viscous forces (of solidification) over the 

fission gas pressurization forces, which are dispersive by nature. The presence of high 

temperature within the molten fuel causes significant thermal expansion, resulting in 

extension of the melt column up to the top of the active core. Post-irradiation data of 

the CABRI tests indeed shows the presence of relocated fuel up to the top of the fissile 

column, where upward penetration is stopped by solid blanket pellets. However, if the 

blanket pellets are in a fragmented state prior to the test, fuel fills the gaps between the 

fragments [33]. This section presents the melt motion behaviour for the initial problem 

defined earlier in Section 5.2.1.1). The alternative geometry consists of annular pellets 

in the fuel and top blanket columns, with solid pellets in the bottom blanket column. All 

other fuel specifications and accident conditions are identical to Sections 5.1.2.2-5.1.2.3 

for isolating the effects of geometrical modification. The effect of geometrical 

modification is presented in Fig. 5.19 and Fig. 5.20 [98].  
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Figure 5.19: Sensitivity of melt relocation to geometric design variation (entry of fuel 

in annular top blanket occurs at melt fraction = 34.2 %). 

 

 

Figure 5.20: In-pin fuel motion in case of annular upper blanket pellets. (a) Thermal 

mapping of the fuel and axial blanket columns during various stages of melting (0, 

10, … 40 % denote the melt mass fractions). (pellet radius is exaggerated for clarity) 

(b) Axial variation of melt mass inside a single fuel subassembly (𝑧𝑡 = 1.3 𝑚). 

 

As discussed earlier, the presence of an open pathway up to the top plenum leads 

to the generation of negative, axial pressure gradients at the site of melting (Refer 
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Section 5.2.1.1). Consequently, an upward shift appears in the melt column evolution, 

as shown in Fig. 5.19. A thermal map of the fuel pin under these circumstances is shown 

in Fig. 5.20. Melt freezing and the resultant viscous resistance continue to constrain the 

relocation. The melt behaviour remains unchanged up to 34.2 % melting, beyond which 

the melt column enters the top blanket. 

 
Figure 5.21: Sensitivity of the melt relocation feedback to geometric variation. 

 

After a substantial amount of melting (~34.2 %), the melt relocates up to the top 

of the fissile column and enters the blanket region. Further rise in power leads to more 

melting and greater penetration of the blanket pellets. The relocation inside the blanket 

pellets occurs due to aggregate motion, driven by the thermal expansion of molten fuel. 

Therefore, the extent of fuel removal from the active core is an apparent function of the 

melt mass fraction, which is dependent on the reactor overpower. The melt does not 

enter the fission gas plenum, despite the presence of a direct flow pathway. Fuel removal 

from the fissile region immediately provides a substantial rise in the safety feedback 

(Figure 5.22).  

Note that in the transient overpower tests conducted in the CABRI reactor; 

annular pins exhibited a high threshold to failure [53]. Power rise up to 315 % in the 



199  

MF2 test, as well as melting up to 57 % in E9 test did not induce clad failure [33,34]. A 

500 µm thick solid fuel layer separated the molten fuel and cladding near the peak power 

position (Refer Table 5.3, radial melt extent at z = 0.37 m). Table 5.4 displays the 

maximum melt fractions and radial melt extent of the FBR-500 fuel pin up to 220 % 

transient power level. The data obtained at the end of overpower (𝑃 = 220 % 𝑃𝑛;  𝑡 =

120 𝑠) are well within the bounds of failure thresholds established in the CABRI tests. 

Moreover, the enhancement in safety feedback is found to occur much earlier (𝑃 =

200 % 𝑃𝑛;  𝑡 = 100 𝑠). Considering both failure threshold and top blanket penetration 

time, we find that the use of annular top blanket pellets gives rise to a substantial safety 

feedback once the melting crosses a threshold (~ 34 %). In a worst-case scenario, if this 

threshold is somehow breached, the rise in negative feedback will limit the power rise 

and prevent cladding failure. Therefore, such a geometrical design variation can be 

beneficial for the mitigation of a worst-case UTOP scenario.  

5.2.2.3 Effectiveness of partially annular top and bottom blanket columns 

From the results of the previous case study, it is evident that a significant 

enhancement occurs in the melt relocation feedback, even if the top blanket column is 

only partially occupied with relocated fuel (Figure 5.22). From Fig. 5.19, it can be 

observed that the influence of the biased fission gas pressurization on the melt motion 

is negated to a large extent by restrictive effects of solidification. Therefore, the 

provision of a direct opening between the fuel cavity and fission gas plena does not 

impact the relocation appreciably. Since the incorporation of annular blanket pellets has 

a corresponding impact on the efficacy of breeding, a more optimized blanket design is 

needed to improve the safety margin without affecting the breeding significantly.  
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To fulfill the above purpose, six modified annular pin geometries with a variable 

number of annular pellets in the top and bottom blankets are investigated to examine 

the effectiveness of melt relocation out of the active core. Among these, three pins 

comprise of 0.033, 0.066 and 0.1 m length cavities in the top blanket column with a 

fully solid bottom blanket column. The remaining three pins contain equivalent cavities 

in the bottom blanket column and a fully solid top blanket column. The blanket cavity 

acts as an extension of the annular fuel pellet cavity. Figures 5.22 and 5.23 present the 

simulation results of melt motion inside the above-described fuel pin geometries (top 

blanket modifications). It is observed that the total amount of fuel removal from the 

active core is a function of the melt mass fraction and length of annular blanket cavity 

(𝑍𝑏𝑙 , Refer Fig. 5.23). It is additionally observed that the upward shift in the melt 

column extension in case of direct opening (𝑍𝑏𝑙 = 0.3 𝑚) does not result in an earlier 

penetration of the blanket column, as compared to the closed cases.  

 
Figure 5.22: Melt column evolution as a function of the top blanket geometry (𝑍𝑏𝑙= 

length of top blanket cavity).  
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Figure 5.23: Fuel relocation in top blanket column as a function of top blanket 

geometrical design (melt mass is specific to central subassembly; total fuel mass is 

48.8 𝑘𝑔).  

 

  
Figure 5.24: Melt relocation feedback as a function of top blanket geometrical 

configuration and time.  

 

The pin with ~ 15 annular pellets (𝑍𝑏𝑙 = 0.1 𝑚) in the top blanket removes the 

same amount of fuel mass from the active core as the pin with fully annular top blanket 

(𝑍𝑏𝑙 = 0.3 𝑚). The pin with ~ 5 annular pellets (𝑍𝑏𝑙 = 0.033 𝑚) in the top blanket 
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removes comparatively smaller amount of melt mass (0.37 % of Zone-1). Improvements 

in the negative reactivity feedback range between 36-84 % (𝑍𝑏𝑙 = 0.033 − 0.1 𝑚) in 

comparison with the current annular fuel pin design (𝑍𝑏𝑙 = 0 𝑚; Refer Fig. 5.24). From 

these results, it is concluded that a minimal number of annular blanket pellets situated 

next to the fuel pellets can be an effective and optimal choice for relocating fuel out of 

the active core. The optimal number of annular blanket pellets can be determined based 

on the desired improvement in the safety margin. 

 
Figure 5.25: Simulation results for partially annular bottom blanket case studies. (a) 

Melt column evolution. (b) Mass of fuel removed from the active core (melt mass is 

specific for the central subassembly). 

 

Figure 5.25 presents the melt motion behaviour for the partially annular bottom 

blanket geometries. Basic characteristics of melt motion in these cases are analogous 

the above presented results (Figure 5.22-5.23). However, it is found that fuel relocation 

out of the active core is considerably slowed down with the bottom blanket cases as 

compared to the top blanket cases. The results are consistent with the previous 

experimental studies on annular fuel squirting, which reported that the annular top 

blanket geometry was most optimal for obtaining maximum fuel relocation out of the 
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active core [26]. In a physical sense, the decrease in fuel removal for bottom blanket as 

compared to top blanket modification cases is a consequence of lower molten fuel 

temperature (𝑇𝑓,𝑙) near the bottom of the fuel column (2597℃) as compared to the top 

of the fuel-column (2708℃) (220 %𝑃 𝑃𝑛⁄ , 𝑡 = 120 𝑠). High coolant temperature at 

the top of the fuel column (𝑇𝑐𝑡 = 755℃, 𝑡 = 120 𝑠 ) ensures the above-mentioned 

difference in melt temperature, due to which aggregate motion is relatively easier near 

the top region.  

5.3 Closure 

In this chapter, an improved numerical algorithm (MITRA) is presented that can 

capture the physically consistent effects of fission gas pressurization force on the melt 

motion. The algorithm is validated against experimental results pertaining to the 

isothermal fission gas release tests (steady-state), FBTR mixed-oxide fuel irradiation 

test (steady-state), CABRI-E9 and E9bis tests (transient overpower), and numerical 

results of the FEAST-OXIDE code. To capture the effects of fission gas pressurization 

on melt motion under fast reactor accident (UTOP) conditions, the algorithm is utilized 

to simulate fuel melting and multi-phase flow under a range of burnup levels (0 − 7 

atom percent). The sensitivity of accident outcome towards core condition (observed 

earlier in Chapter 4) is addressed with a consolidated, whole-core UTOP simulation for 

the equilibrium core (conservative), employing the present model. From the results, the 

following major conclusions are drawn: 

(i) Regardless of the burnup level, the fission gas release-induced pressurization 

force is unable to disperse the melt significantly, and the agglomerated melt 

column remains constrained by the effects of solidification.  
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(ii) The fundamental nature of melt motion remains unchanged for all fuel burnup 

levels, including fresh fuel, in which transient fission gas release is absent.  

(iii) A negative reactivity feedback emerges for all fuel burnup levels with the 

improved algorithm, due to downward relocation driven by gravity and melt 

thermal expansion at high temperature.  

(iv) The melt motion exhibits a moderate sensitivity towards change in fuel burnup, 

due to the associated change in thermal parameters.  

(v) An increase in the whole-core melt propagation occurs in the equilibrium core, 

upon employing the present model. The stabilized, core-averaged melt mass 

fraction is ~ 2.6 %, as compared to the earlier assessment (~1.2 %).  

As a second illustration, the model is utilized to investigate the possibility of fuel 

relocation out of the active core through suitable axial blanket design modifications. For 

a consistent representation of melt penetration in annular blanket pellets, a bulk freezing 

model is incorporated in the model framework. Using the resultant algorithm, 

simulations are performed for the E9bis test. The results are compared with the test data 

as well as the results of the previous algorithm (MITRA), and the level of agreement is 

excellent. The validated algorithm is subsequently utilized towards the numerical 

simulation of melt motion in a modified fuel pin consisting of a completely annular top 

blanket column. Furthermore, the study is extended to alternative axial blanket 

configurations with a variable number of annular pellets in both the top and bottom 

blanket columns. From the results, the major conclusions are as follows: 

(i) The presence of an opening between the pellet cavity and gas plenum does 

not lead to a rapid fuel squirting under typical UTOP accident (~1 −

5 𝑝𝑐𝑚/𝑠), as the melt motion remains constrained by the effects of freezing. 
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(ii) However, once melting exceeds a threshold, fuel relocates out of the active 

core region, because of the continuous growth of the melt column inside the 

pellet cavity. 

(iii) The threshold melt mass fraction is 34 % for FBR-500 annular fuel pin, and 

26 % for the OPHELIE-6 fuel pin irradiated in Phénix reactor. 

(iv) The mass of fuel relocated out of the active core is a function of the amount 

of melting, which in turn is a function of the reactor power level. 

(v) The entry of molten fuel in the blanket column gives rise to a substantial 

enhancement in the negative reactivity feedback magnitude (36-84 %). 

(vi) The provision of a minimal number of annular blanket pellets (~ 5–15) 

situated next to the annular fuel pellets can be an effective and optimal choice 

for relocating fuel out of the active core and enhancing the negative reactivity 

feedback. 

(vii) The provision of a few annular pellets in the bottom blanket can also provide 

the desired removal of melt from the active core. However, the removal is 

slowed down by melt freezing near the bottom of the fuel column. 

The study has established that the impact of fission gas pressurization force on 

molten fuel hydrodynamics in case of annular fuel is insignificant during UTOP. A 

much simpler model for capturing the effects of fuel freezing has been presented, which 

does not require complicated grid modifications. Furthermore, the study has predicted 

an advantageous melt relocation out of the active core by employing suitable 

geometrical changes. The benefits of this relocation can be obtained by providing a few 

annular axial blanket pellets next to the fuel pellets. The next chapter concludes the key 

outcomes of the research work and describes the future scope of work
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Chapter 6 

Concluding Remarks and Future Work 

 

6.1 Conclusions 

The main objective of this thesis has been to systematically investigate the 

melting and relocation of annular, mixed oxide ((U-Pu)-O2) nuclear fuel during UTOP 

in sodium-cooled fast reactors. Emphasis has been placed on capturing the complex 

interaction of hydrodynamic forces, including the pressure forces generated due to 

transient fission gas release, as well as addressing the realistic impact of melt relocation 

on reactor safety. A mathematical model has been developed that adequately resolves 

the hydrodynamics of in-pin fuel motion and supplements the experimental findings of 

the CABRI test reactor. An excellent validation of the model against the benchmark test 

data is achieved. Experimentally consistent predictions of in-pin fuel motion under SFR 

conditions are reported using the developed model. Results have shown that essentially, 

there is a net relocation of molten fuel from the highest neutron density region (around 

the core-mid plane) to relatively lower neutron density regions (i.e., the top and bottom 

regions of the fissile column), which averts an undesirable increase in fuel mass near 

the core mid-plane. The motion has been found to be advantageous towards the inherent 

safety of SFR. A numerical algorithm has been presented to address the intrinsic 

coupling between the hydrodynamics and reactor dynamics of in-pin fuel motion. A 

parallel computing technique with a suitable data-transfer period is selected to reduce 

the computational efforts. The findings from whole-core, numerical simulations of 

UTOP have revealed the nature of propagation of fuel melting in the SFR core and the 

dynamics of the melt relocation reactivity feedback. Major influencing parameters of 

this feedback are the whole-core melt mass fraction and core condition (beginning-of-
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life or equilibrium). The potential of molten fuel vaporisation under UTOP conditions 

has also been brought out clearly. 

A fission gas release model (FGR) has been developed to address the apparent 

sensitivity of the melt relocation reactivity feedback towards the core condition. The 

model has been incorporated with the thermal hydraulic framework, and the resultant 

algorithm (MITRA) is validated with steady-state and transient benchmark data. Results 

have shown that under a physically consistent representation, the effect of pressure 

forces on the melt motion remains insignificant as compared to the effect of melt 

freezing, due to which the melt motion is essentially similar for a wide range of fuel 

burnup levels (0 − 7 atom percent). The propagation of melting in the SFR core is 

found to increase in comparison with that of the earlier reported assessment upon 

utilizing MITRA for a consolidated whole-core simulation. Axial blanket design 

modifications are investigated to examine the possibility of fuel relocation from the 

fissile to the fertile region of the core, which is a highly desirable outcome from the 

perspective of SFR safety. A simple bulk freezing model is also incorporated to 

represent melt penetration in annular blanket pellets satisfactorily. Results have shown 

that in annular SFR fuel pins, the provision of a direct flow path between the fuel pellet 

cavity and gas plenum does not lead to the well-known squirting effect during UTOP. 

However, if a threshold amount of melting is breached, the melt can relocate from the 

fissile to the fertile region. It is concluded that the provision of a small number of 

annular blanket pellets situated next to the annular fuel pellets can be an effective and 

optimal choice for enhancing the inherent safety of SFR. Figure 6.1 gives a brief 

glimpse of the research work as well as its major outcomes. 



208  

 
Figure 6.1: Summary and highlights of the thesis. 
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6.2 Scope for future work 

During the validation studies, it was noticed that after a threshold level of melting 

(~ 27 % for CABRI-E9 and E9bis), the melt occupies the entire fuel pellet cavity, 

resulting in subsequent pressurization of the solid fuel pellets by means of liquid thermal 

expansion. Such a pressurization may result in a small amount of fuel squirting under 

extremely high overpower conditions (> 300 %), as evidenced in the CABRI-MF2 test. 

Furthermore, during steady-state irradiation and accident conditions, the fuel pellets and 

steel clad undergo both elastic and plastic deformations, due to pellet-clad mechanical 

interaction, creep, void swelling, transient fuel swelling, and thermal stresses, resulting 

in an associated impact on the fuel mass relocation characteristics. However, 

incorporation of these effects is not possible under the present modelling paradigm since 

the resolution of the associated mechanics requires a complex structural mechanics 

investigation of mixed-oxide fuel pins under upset conditions. For a better 

understanding of the process, these effects need to be addressed in detail in the 

investigations to follow. Coolant boiling and clad failure models need to be incorporated 

for investigations pertaining to the unprotected loss of flow accident. Intra-granular gas 

bubble coalescence models need to be incorporated for the representation of fission gas 

pressurization forces under rapid reactivity insertion rates. Models pertaining to Joint 

Oxide Grain (JOG) need to be included for an end-of-life (EOL) fuel pin simulation. 

Numerical instabilities in the code framework need to be investigated further using 

techniques such as the method of characteristics and linear stability analysis. A 

probabilistic analysis of MITRA is needed to quantify the uncertainties in code 

predictions. 

 



210  

Appendix A: Thermo-physical properties 

 

This appendix details the thermophysical properties used in the calculations. For 

solid, mushy and molten phases of mixed oxide fuel, the correlations recommended by 

Carbajo have been incorporated [79]. All properties are in S.I. units. All temperatures 

are in Kelvin scale.  

Mixed oxide fuel (𝑼, 𝑷𝒖)𝑶𝟐:  

(𝑇𝑓 ≤ 𝑇𝑠𝑜𝑙) 

𝑲𝒇(𝑇𝑓 , 𝐵𝑢, 𝑥, 𝑝) = 1.158(
1

𝐴+𝐶𝑡
+
6400

𝑡
5
2

𝑒−
16.35

𝑡 )𝐅𝐃(𝐵𝑢, 𝑇𝑓)𝐅𝐏(𝐵𝑢, 𝑇𝑓)𝐅𝐌(𝑝)𝐅𝐑(𝑇𝑓)    (A.1) 

(𝑇𝑓 ≥ 𝑇𝑙𝑖𝑞) 

𝑲𝒇(𝑇𝑓 , 𝐵𝑢, 𝑥, 𝑝) = 2.5                                                                                                   (A.2) 

(𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠  ≤  𝑇𝑓 ≤ 𝑇𝑙𝑖𝑞) 

𝑲𝒇(𝑇𝑓 , 𝐵𝑢, 𝑥, 𝑝) =  (1 − 𝑜)𝐾𝑓(𝑇𝑠𝑜𝑙 , 𝐵𝑢, 𝑥, 𝑝) + 𝑜𝐾𝑓(𝑇𝑙𝑖𝑞)                                                  (A.3)  

Here, 𝐅𝐃(𝐵𝑢, 𝑇𝑓) = 𝜔[arctan(
1
𝜔⁄ )],𝜔 =

1.09

𝐵𝑢3.265
+ 0.0643(

𝑇𝑓

𝐵𝑢
)
0.5
, 𝐅𝐌(𝑝) =

1−𝑝

1+2𝑝
,

𝐅𝐏(𝐵𝑢, 𝑇𝑓) =  1 +
0.019𝐵𝑢

(3−0.019𝐵𝑢)[1+𝑒
−(𝑇𝑓−1200)/100]

, 𝐅𝐑(𝑇𝑓) = 1 −
0.2

1+𝑒
(𝑇𝑓−900)/80

 , 𝑜 =

 
𝑇𝑓−𝑇𝑠𝑜𝑙

𝑇𝑙𝑖𝑞−𝑇𝑠𝑜𝑙
 , 𝐴(𝑥) = 2.85𝑥 + 0.035, 𝐶(𝑥) = (−0.715𝑥 + 0.286), 𝑡 =

𝑇𝑓

1000
  

Expressions for the fuel specific enthalpy (𝐻𝑓) are as follows [134–137]: 

𝐻𝑓(𝑇𝑓 , 𝑦) = (1 − 𝑦)𝐻𝑈𝑂2 + 𝑦𝐻𝑃𝑢𝑂2         (𝑇𝑓 < 𝑇𝑠𝑜𝑙)                                                              (A.4) 

𝐻𝑃𝑢𝑂2 = 𝐻𝑃𝑢𝑂2|𝑇=𝑇𝑎
+ 𝑐𝑃𝑢1 + 𝑐𝑃𝑢2𝑡 + 𝑐𝑃𝑢3𝑡

2 + 𝑐𝑃𝑢4𝑡
3 + 𝑐𝑃𝑢5𝑡

4 + 𝑐𝑃𝑢6𝑡
5 + 𝑐𝑃𝑢7𝑡

−1   (A.5) 

𝐻𝑈𝑂2 = 𝐻𝑈𝑂2|𝑇=𝑇𝑎
+ 𝑐𝑈1 + 𝑐𝑈2𝑡 + 𝑐𝑈3𝑡

2 + 𝑐𝑈4𝑡
3 + 𝑐𝑈5𝑡

4 + 𝑐𝑈6𝑡
5 + 𝑐𝑈7                (A.6) 

𝐻𝑓(𝑇𝑓 , 𝑦, 𝑜) = (1 − 𝑜)𝐻𝑓(𝑇𝑓, 𝑦)]𝑇𝑓=𝑇𝑠
+ 𝑜𝐻𝑓(𝑇𝑓)]𝑇𝑓=𝑇𝑙

      (𝑇𝑠𝑜𝑙 ≤ 𝑇𝑓 ≤ 𝑇𝑙𝑖𝑞)       (A.7) 
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𝐻𝑓 = 2.977 × 106 + 0.931𝑇𝑓 − 4.9215 ×
109

𝑇𝑓
 (𝑇𝑓 > 𝑇𝑙𝑖𝑞)                                                 (A.8) 

𝑇𝑙𝑖𝑞 = 3120.0 − 388.1𝑦 − 30.4𝑦2 − 5𝐵𝑢                                                              (A.9) 

𝑇𝑠𝑜𝑙 = 3120.0 − 655.3𝑦 + 336.4𝑦2 − 99.9𝑦3 − 5𝐵𝑢                                         (A.10) 

𝑇𝑖𝑛𝑡 = 𝑜𝑇𝑙 + (1 − 𝑜)𝑇𝑠                                                                                          (A.11) 

In the above equations  𝑡 =
𝑇𝑓

1000
; 𝑦  is the mole-fraction of PuO2 in mixed oxide 

fuel  (𝑜 =  0.2 − 0.5) ; 𝑇𝑠𝑜𝑙, 𝑇𝑙𝑖𝑞  are the solidus and liquidus temperatures,  𝑇𝑎  is the 

room temperature (298.15 K). The latent heat of fusion is implicit in the enthalpy-

temperature relationship (~248 KJ/kg). As an example, the temperature-enthalpy plot 

applicable towards FBR-500 inner core is shown in Fig. A1. 

 
Figure A1: Enthalpy versus temperature plot for mixed oxide fuel. In the mushy state, 

latent heat and sensible heat exchange occur simultaneously. 

 

The various polynomial coefficients are as follows: 
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 𝑐𝑃𝑢1 = −118.2062, 𝑐𝑃𝑢2 = 311.7866, 𝑐𝑃𝑢3 = 19.629, 𝑐𝑃𝑢4 = −0.752, 𝑐𝑃𝑢5 =

0, 𝑐𝑃𝑢6 = 0, 𝑐𝑃𝑢7 = 7.0131, 𝑐𝑈1 = −78.4303, 𝑐𝑈2 = 193.238, 𝑐𝑈3 = 162.8647,

𝑐𝑈4 = −104.0014, 𝑐𝑈5 = 29.2056, 𝑐𝑈6 = −1.9507, 𝑐𝑈7 = 2.644 

Density correlations [110,134]: 

𝜌𝑓 = 𝜌𝑓,𝑠(273)(0.99734 + 9.802 ∗ 10
−6𝑇𝑓 − 2.705 ∗ 10

−10𝑇𝑓
2 + 4.391 ∗

10−13𝑇𝑓
3)
−3
 (273 ≤ 𝑇𝑓 < 923)                                                                                                               (A.12)                                                                                                            

𝜌
𝑓
= 𝜌

𝑓,𝑠
(273)(0.99672 + 1.179 ∗ 10−5𝑇𝑓 − 2.429 ∗ 10

−9𝑇𝑓
2 + 1.219 ∗ 10−12𝑇𝑓

3)
−3

 

  (923 ≤ 𝑇𝑓 < 𝑇𝑠𝑜𝑙)                                                                                                                                                   (A.13) 

𝜌
𝑓
= (1 − 𝑜)𝜌

𝑓
(𝑇𝑠𝑜𝑙) + 𝑜𝜌

𝑓,𝑙
(𝑇𝑙𝑖𝑞)                                           (𝑇𝑠𝑜𝑙 ≤ 𝑇𝑓 ≤ 𝑇𝑙𝑖𝑞)                (A.14) 

𝜌
𝑓,𝑙
= 8860 − 0.9285(𝑇𝑓 − 𝑇𝑙𝑖𝑞)                                          (𝑇𝑓 > 𝑇𝑙𝑖𝑞)                   (A.15) 

Expressions for pellet outer radius are based on integrated thermal expansion 

coefficients [79]: 

𝑅𝑜
𝑡 = 𝑅𝑓

𝑡=0 (0.99734 + 9.802 × 10−6(𝑇𝑓,𝑚) − 2.705 × 10
−10(𝑇𝑓,𝑚)

2
+ 4.391 ×

10−13(𝑇𝑓,𝑚)
3
)   (𝑇𝑓 ≤ 650)                                                                                   (A.16) 

𝑅𝑜
𝑡 = 𝑅𝑓

𝑡=0 (0.99672 + 1.179 × 10−5(𝑇𝑓,𝑚) − 2.429 × 10
−9(𝑇𝑓,𝑚)

2
+ 1.219 ×

10−12(𝑇𝑓,𝑚)
3
) (𝑇𝑓 > 650)                                                                                     (A.17) 

Here, 𝑇𝑓,𝑚 is the mean pellet temperature at a given axial position. 

Cladding steel: 

The thermophysical properties for cladding steel (D9) are as follows [138,139]: 

𝐾𝑐(𝑇𝑐) = {
7.598 + (2.391 × 10−2)𝑇𝑐 − (8.899 ∗ 10

−6)𝑇𝑐
2(500 < 𝑇𝑐 < 1030)

7.260 + (1.509 × 10−2)𝑇𝑐                                      (1030 ≤ 𝑇𝑐 < 1030)
}       (A.18) 
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𝜌𝑐(𝑇𝑐) = 𝜌𝑐(293)(1 + 10
−2(−0.4247 + 1.282 ∗ 10−3 ∗ 𝑇𝑐 + 7.362 ∗ 10

−7 ∗ 𝑇𝑐
2 − 2.069 ∗

10−10 ∗ 𝑇𝑐
3))

−3
                                                                                                        (A.19) 

𝑅𝑐𝑖
𝑡 = 𝑅𝑐𝑖

𝑡=0 (1 + 𝛼𝑐,𝑚(𝑇𝑐,𝑚))                                                                                 (A.20) 

𝛼𝑐,𝑚 = (𝐶𝑐1 + 𝐶𝑐2𝑇𝑐 + 𝐶𝑐3𝑇𝑐
2) × 10−5                                                                   (A.21)                                                                                                    

𝐶𝑐(𝑇𝑐) = 291.9 + 3.792 ∗ 10
−1 ∗ 𝑇𝑐 − 1.345 ∗

10−4

𝑇𝑐
2     (300 < 𝑇𝑐 < 1300)       (A.22)                   

Here, 𝜌𝑐(293) = 7966 𝑘𝑔𝑚
−3 and the range of validity of Eq. (A.19) is 400–

1300 K. The polynomial coefficients are as follows:𝐶𝑐1 = 1.53, 𝐶𝑐2 = 6.82278 ×

10−4, 𝐶𝑐3 = −4.06195 × 10
−8 

Fission gases: 

Expressions for thermal conductivities are as follows [113,140,141] (SAS4A-

DEFORM): 

𝐾𝑋𝑒 = 0.00515 + 1.69 × 10−5(𝑇𝑔) − 3.5 × 10
−9(𝑇𝑔)

2
                                       (A.23)                   

𝐾𝐻𝑒 = 2.682 × 10
−3 (1 + (1.123 × 10−8 × 𝑃𝑔)) 𝑇𝑔

0.71(1−(2𝑃𝑔×10
−9))

                  (A.24) 

𝐾𝐾𝑟 =
(0.716×10−3)𝑇𝑔

0.5

𝐶𝐾𝑟1
(1 +

𝑏𝐾𝑟0𝛽𝐾𝑟𝑃𝑔

𝑅𝐾𝑟𝑇𝑔
)                                                                    (A.25)           

In the above equations, the coefficients are as follows: 

𝛽𝐾𝑟 = 10
(𝑞𝐾𝑟1+𝑞𝐾𝑟2 log10 𝑡

∗+𝑞𝐾𝑟3(log10 𝑡
∗)2+𝑞𝐾𝑟4(log10𝑡

∗)3 ) 

𝐶𝐾𝑟1 = 𝑒(𝑏𝐾𝑟1+𝑏𝐾𝑟2 ln(𝑡
∗)+𝑏𝐾𝑟3(ln(𝑡

∗))2+𝑏𝐾𝑟4(ln(𝑡
∗))3+𝑏𝐾𝑟5(ln(𝑡

∗))4)           

𝑡∗ =
𝑇𝑔

197.8
, 𝑏𝐾𝑟0 = 0.00069, 𝑏𝐾𝑟1 = 4.6841 × 10

−1, 𝑏𝐾𝑟2 = −5.6991 × 10
−1, 𝑏𝐾𝑟3 =

1.9591 × 10−1, 𝑏𝐾𝑟4 = −3.879 × 10
−2, 𝑏𝐾𝑟5 = 2.59 × 10

−3, 𝑞𝐾𝑟1 = 0.47, 𝑞𝐾𝑟2 =

−1.59, 𝑞𝐾𝑟3 = 1.26, 𝑞𝐾𝑟4 = −0.37, 𝑅𝐾𝑟 = 99.22  
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Appendix B: Discretized equations 

Heat transfer and phase-change: 

Governing equations 

𝐻𝑖,𝑘
𝑡+∆𝑡 = 𝐻𝑖,𝑘

𝑡 + 𝐷𝑟𝑎𝑑𝑖𝑎𝑙
𝑡 [𝑞𝑤𝑒𝑠𝑡

𝑡 − 𝑞𝑒𝑎𝑠𝑡
𝑡 ] + 𝐷𝑎𝑥𝑖𝑎𝑙

𝑡 [𝑞𝑠𝑜𝑢𝑡ℎ
𝑡 − 𝑞𝑛𝑜𝑟𝑡ℎ

𝑡 ] + 𝐶𝑋
𝑡𝑋𝑖,𝑘

𝑡               (B.1) 

𝑇𝑐𝑖,𝑘
𝑡+∆𝑡 = 𝑇𝑐𝑖,𝑘

𝑡 +𝐷𝑐 (
𝑟𝑐,𝑖+

𝑟𝑐,𝑖
) (𝑇𝑐𝑖+1,𝑘

𝑡 − 𝑇𝑐𝑖,𝑘
𝑡 ) + 𝐷𝑐 (

𝑟𝑐,𝑖−

𝑟𝑐,𝑖
) (𝑇𝐶𝑖−1,𝑘

𝑡 − 𝑇𝑐𝑖,𝑘
𝑡 )                            (B.2) 

𝐻𝑐𝑡,𝑘
𝑡+∆𝑡 = 𝐻𝑐𝑡,𝑘

𝑡 + 𝐷𝑐𝑡1(𝑇𝑐𝑜,𝑘
𝑡+Δ𝑡 − 𝑇𝑐𝑡,𝑘

𝑡 ) + 𝐷𝑐𝑡2 (𝐻𝑐𝑡𝑘−1
2

𝑡 − 𝐻𝑐𝑡𝑘+1
2

𝑡 )                                         (B.3) 

Flux definitions 

𝑞𝑒𝑎𝑠𝑡
𝑡 = −𝐾𝑖+

𝑡 𝑟
𝑖+
1

2

(
𝑇𝑖+1
𝑡 −𝑇𝑖

𝑡

𝑟𝑖+1−𝑟𝑖
) , 𝑞𝑤𝑒𝑠𝑡

𝑡 = −𝐾𝑖−
𝑡 𝑟

𝑖−
1

2

(
𝑇𝑖
𝑡−𝑇𝑖−1

𝑡

𝑟𝑖−𝑟𝑖−1
) , 𝑞𝑛𝑜𝑟𝑡ℎ

𝑡 =

−𝐾𝑘+
𝑡 (

𝑇𝑖,𝑘+1
𝑡 −𝑇𝑖,𝑘

𝑡

𝑧𝑘+1−𝑧𝑘
) , 𝑞𝑠𝑜𝑢𝑡ℎ

𝑡 = −𝐾𝑘−
𝑡 (

𝑇𝑖,𝑘
𝑡 −𝑇𝑖,𝑘−1

𝑡

𝑧𝑘−𝑧𝑘−1
)                                                                                                          

Term definitions 

𝐷𝑟𝑎𝑑𝑖𝑎𝑙 =
2∆𝑡1

𝜌𝑓,𝑠(𝑟
𝑖+
1
2

2 −𝑟
𝑖−
1
2

2 )

;  𝐷𝑎𝑥𝑖𝑎𝑙 =
∆𝑡1

𝜌𝑓,𝑠(𝑧𝑘+1
2

−𝑧
𝑘−

1
2

)

;  𝐶𝑋
𝑡 =

∆𝑡1

𝜌𝑓,𝑠𝐴𝑝𝑒𝑙
    

𝑋𝑖,𝑘
𝑡 = �̇�𝑘

𝑡𝐴𝑝𝑒𝑙, 𝐷𝑐 =
∆𝑡𝐾𝑐

𝜌𝑐𝐶𝑐∆𝑟𝑐
2 ; 𝐷𝑐𝑡1 =

ℎ𝑐𝑡2𝜋𝑅𝑐𝑜Δ𝑡

𝜌𝑐𝑡𝐴𝑐𝑡
; 𝐷𝑐𝑡2 =

�̇�𝑐𝑡Δ𝑡

𝜌𝑐𝑡𝐴𝑐𝑡Δ𝑧
  

𝐻𝑐𝑡𝑘+1
2

𝑡 = 𝑓𝑐𝑡1𝐻𝑐𝑡,𝑘+1
𝑡 + 𝑓𝑐𝑡2𝐻𝑐𝑡,𝑘

𝑡 ; 𝐻𝑐𝑡𝑘−1
2

𝑡 = 𝑓𝑐𝑡3𝐻𝑐𝑡,𝑘−1
𝑡 + 𝑓𝑐𝑡4𝐻𝑐𝑡,𝑘

𝑡   

𝐾𝑖+ = 
𝐾𝑖+1,𝑘𝐾𝑖,𝑘

𝑓𝑟+𝐾𝑖+1,𝑘+(1−𝑓𝑟+)𝐾𝑖,𝑘
, 𝐾𝑖− =

𝐾𝑖−1,𝑘𝐾𝑖,𝑘

𝑓𝑟−𝐾𝑖−1,𝑘+(1−𝑓𝑟−)𝐾𝑖,𝑘
  

𝐾𝑘+ =
𝐾𝑖,𝑘+1𝐾𝑖,𝑘

𝑓𝑧+𝐾𝑖,𝑘+1+(1−𝑓𝑧+)𝐾𝑖,𝑘
, 𝐾𝑘− =

𝐾𝑖,𝑘−1𝐾𝑖,𝑘

𝑓𝑧−𝐾𝑖,𝑘−1+(1−𝑓𝑧−)𝐾𝑖,𝑘
, 𝑓𝑟+ =

𝑟𝑖+1−𝑟𝑖+1
2

𝑟𝑖+1−𝑟𝑖
   

  𝑓𝑟− =
𝑟
𝑖−
1
2

−𝑟𝑖−1

𝑟𝑖−𝑟𝑖−1
 ;   𝑓𝑧+ =

𝑧𝑘+1−𝑧𝑘+1
2

𝑧𝑘+1−𝑧𝑘
 ;   𝑓𝑧− =

𝑧
𝑘−

1
2

−𝑧𝑘−1

𝑧𝑘−𝑧𝑘−1
, 𝑟
𝑖+
1

2

= 
𝑟𝑖+1+𝑟𝑖

2
  

  𝑟
𝑖−
1

2

= 
𝑟𝑖−1 + 𝑟𝑖

2
, 𝑟𝑐,𝑖+ = 𝑟𝑐,𝑖 + 0.5∆𝑟𝑐 , 𝑟𝑐,𝑖− = 𝑟𝑐,𝑖  − 0.5∆𝑟𝑐, 𝑓𝑐𝑡1 =

Δ𝑧 2⁄

𝑧𝑘+1 − 𝑧𝑘
 

𝑓𝑐𝑡2 =
(𝑧𝑘+1−𝑧𝑘−Δz 2⁄ )

𝑧𝑘+1−𝑧𝑘
, 𝑓𝑐𝑡3 =

Δ𝑧 2⁄

𝑧𝑘−𝑧𝑘−1
, 𝑓𝑐𝑡4 =

(𝑧𝑘−𝑧𝑘−1−Δz 2⁄ )

𝑧𝑘−𝑧𝑘−1
, 𝜌𝑓,𝑠 = 𝜌𝑓(273)  
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𝐷𝑐1 =
4Dc(𝑅𝑐𝑖+

Δ𝑟𝑐
2
)

(2𝑅𝑐𝑖+
Δ𝑟𝑐
2
)
; 𝐷𝑐2 =

4Δ𝑡ℎ𝑔𝑎𝑝,𝑘
𝑡 𝑅𝑚

𝜌𝑐𝐶𝑐Δ𝑧(2𝑅𝑐𝑖+
Δ𝑟𝑐
2
)
; 𝐷𝑐3 =

4Δ𝑡ℎ𝑐𝑡𝑅𝑐𝑜

𝜌𝑐𝐶𝑐Δ𝑧(2𝑅𝑐𝑜−
Δ𝑟𝑐
2
)
, 𝐷𝑐4 =

4𝐷𝑐(𝑅𝑐𝑜−
Δ𝑟𝑐
2
)

(2𝑅𝑐𝑜−
Δ𝑟𝑐
2
)

    

Boundary Conditions: 

𝑇𝑐𝑖,𝑘
𝑡+∆𝑡 = 𝑇𝑐𝑖,𝑘

𝑡 + 𝐷𝑐1(𝑇𝑐2,𝑘
𝑡 − 𝑇𝑐𝑖,𝑘

𝑡 ) + 𝐷𝑐2(𝑇𝑜
𝑡 − 𝑇𝑐𝑖,𝑘

𝑡 )                                                               

𝑇𝑐𝑜,𝑘
𝑡+∆𝑡 = 𝑇𝑐𝑜,𝑘

𝑡 + 𝐷𝑐3(𝑇𝑐𝑡,𝑘
𝑡 − 𝑇𝑐𝑜,𝑘

𝑡 ) + 𝐷𝑐4 (𝑇𝑐𝑁𝑐,𝑘
𝑡 − 𝑇𝑐𝑜

𝑡 )                                                  

𝑞𝑅𝑖𝑛𝑡
𝑡 = −(ℎ𝑤,𝑓

𝑡 𝐴𝑤,𝑓(𝑇𝑖𝑛𝑡,𝑘
𝑡 − 𝑇𝑓,𝑙,𝑘

𝑡 ) + ℎ𝑤,𝑔
𝑡 𝐴𝑊,𝑔(𝑇𝑖𝑛𝑡,𝑘

𝑡 − 𝑇𝑔,𝑘
𝑡 )) /2𝜋 

𝑞𝑅𝑜
𝑡 = −𝑅𝑚 (ℎ𝑔𝑎𝑝

𝑡 (𝑇𝑐𝑖,𝑘
𝑡 − 𝑇𝑜,𝑘

𝑡 )),    𝑅𝑚 =
𝑅𝑐𝑖 + 𝑅𝑜

2
 

𝑞𝑛𝑜𝑟𝑡ℎ
𝑡 = 0 (𝑧 = 𝑍𝑢), 𝑞𝑠𝑜𝑢𝑡ℎ

𝑡 = 0 (𝑧 = 𝑍𝑙), 𝑞𝑤𝑒𝑠𝑡
𝑡 =  0   (𝑟 = 0) 

𝑇𝑐𝑡(𝑧 = 𝑍𝑙) = 𝑇𝑐𝑡,𝑖𝑛 

In-pin fuel motion: 

Governing equations 

𝐺𝑓𝑘
𝑡+∆𝑡 = 𝐶𝐹1𝐺𝑓𝑘

𝑡 + 𝐶𝐹2 ((𝐺𝑓𝐴𝑉𝑓)𝑘−1
2

𝑡
− (𝐺𝑓𝐴𝑉𝑓)𝑘+1

2

𝑡
) + 𝐶𝐹3𝑆𝑓

𝑡                                      (B.4) 

𝛼𝑓
𝑡+∆𝑡 =

𝐺𝑓𝑘
𝑡+∆𝑡

𝜌𝑓𝑘
𝑡 ,    𝛼𝑔

𝑡+∆𝑡 =  1 − 𝛼𝑓
𝑡+∆𝑡                                                                                    (B.5) 

𝐻𝑓,𝑘
𝑡+∆𝑡 = 𝐻𝑓𝑘

𝑡 + 𝐶𝐹𝐻1 [((𝛼𝑓𝜌𝑓𝐴𝐻𝑓𝑉𝑓)𝑘−1
2

𝑡
− (𝛼𝑓𝜌𝑓𝐴𝐻𝑓𝑉𝑓)𝑘+1

2

𝑡
) +

𝐻𝑓𝑘
𝑡 ((𝛼𝑓𝜌𝑓𝐴𝑉𝑓)𝑘+1

2

𝑡
− (𝛼𝑓𝜌𝑓𝐴𝑉𝑓)𝑘−1

2

𝑡
) + (𝑞𝑓" )𝑘−1

2

𝑡
−(𝑞𝑓" )𝑘+1

2

𝑡
] + 𝐶𝐹𝐻2 [𝑆𝑓

𝑡(𝑒𝑠𝑓 −

𝐻𝑓𝑘
𝑡 ) +

𝛼𝑓
𝑡𝐴𝑐𝑎𝑣

𝑡 𝜌𝑓
𝑡𝑋𝑘

𝑡

𝐴𝑝𝑒𝑙∙𝜌𝑓,𝑠
+ ℎ𝑓−𝑔

𝑡 𝐴𝑓−𝑔𝑘
𝑡 (𝑇𝑔𝑘

𝑡 − 𝑇𝑓𝑘
𝑡 ) + ℎ𝑤,𝑓

𝑡 𝐴𝑤,𝑓(𝑇𝑤,𝑘
𝑡 − 𝑇𝑓𝑘

𝑡 )]                    (B.6) 

𝜌𝑔𝑘
𝑡+∆𝑡 = 𝐶𝐺1𝜌𝑔𝑘

𝑡 + 𝐶𝐺2𝑆𝑔
𝑡 + 𝐶𝐺3 ((𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘−1

2

𝑡
− (𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘+1

2

𝑡
)                        (B.7) 
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𝐻𝑔,𝑘
𝑡+∆𝑡 = 𝐻𝑔𝑘

𝑡 + 𝐶𝐺𝐻1 [((𝛼𝑔𝜌𝑔𝐴𝐻𝑔𝑉𝑔)𝑘−1
2

𝑡
− (𝛼𝑔𝜌𝑔𝐴𝐻𝑔𝑉𝑔)𝑘+1

2

𝑡
) +

𝐻𝑔𝑘
𝑡 ((𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘+1

2

𝑡
− (𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘−1

2

𝑡
) + (𝑞𝑔" )𝑘−1

2

𝑡
−(𝑞𝑔" )𝑘+1

2

𝑡
] + 𝐶𝐺𝐻2[𝑆𝑔

𝑡(𝑒𝑠𝑔 −

𝐻𝑔𝑘
𝑡 ) + ℎ𝑔−𝑓

𝑡 𝐴𝑔−𝑓
𝑡 (𝑇𝑓𝑘

𝑡 − 𝑇𝑔𝑘
𝑡 ) + ℎ𝑤,𝑔

𝑡 𝐴𝑤,𝑔
𝑡 (𝑇𝑤,𝑘

𝑡 − 𝑇𝑔𝑘
𝑡 )]                                            (B.8) 

𝑉𝐺𝑘
𝑡+∆𝑡 =

𝐶𝐺𝑉2

𝐶𝐺𝑉1
𝑉𝐺𝑘
𝑡 +

𝐶𝐺𝑉3

𝐶𝐺𝑉1
((𝛼𝑔𝜌𝑔𝐴𝑉𝑔𝑉𝑔)𝑘−1

𝑡
− (𝛼𝑔𝜌𝑔𝐴𝑉𝑔𝑉𝑔)𝑘

𝑡
) +

𝐶𝐺𝑉4

𝐶𝐺𝑉1
(𝑃𝑘−1

𝑡+∆𝑡 −

𝑃𝑘
𝑡+∆𝑡) −

𝐶𝐺𝑉5

𝐶𝐺𝑉1
+
𝐶𝐷𝑅𝐴𝐺

𝐶𝐺𝑉1
𝑉𝑓𝑘
𝑡 −

𝐶𝑉𝑀2

𝐶𝐺𝑉1
                                                                              (B.9) 

𝑉𝑓𝑘
𝑡+∆𝑡 =

𝐶𝐹𝑉2

𝐶𝐹𝑉1
𝑉𝑓𝑘
𝑡 +

𝐶𝐹𝑉3

𝐶𝐹𝑉1
((𝛼𝑓𝜌𝑓𝐴𝑉𝑓

2)
𝑘−1

𝑡
− (𝛼𝑓𝜌𝑓𝐴𝑉𝑓

2)
𝑘

𝑡
) +

𝐶𝐹𝑉4

𝐶𝐹𝑉1
(𝑃𝑘−1

𝑡+∆𝑡 − 𝑃𝑘
𝑡+∆𝑡) −

𝐶𝐹𝑉5

𝐶𝐹𝑉1
+
𝐶𝐷𝑅𝐴𝐺

𝐶𝐹𝑉1
(𝑉𝑔𝑘

𝑡+∆𝑡 − 𝑉𝑓𝑘
𝑡 ) +

𝐶𝑉𝑀1

𝐶𝐹𝑉1
(𝑉𝑔

𝑡+∆𝑡 − 𝑉𝑔
𝑡) +

𝐶𝑉𝑀2

𝐶𝐹𝑉1
                                        (B.10) 

Flux definitions 

(𝛼𝑔𝜌𝑔𝐴𝑉𝑔
2)
𝑘−1

𝑡
      = {

𝛼𝑔𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑔𝑘−1
𝑡 𝑉𝑔𝑘−1

𝑡  𝑉𝑔𝑘−1
𝑡  ,                𝑉𝑔𝑘

𝑡 + 𝑉𝑔𝑘−1
𝑡 ≥ 0

𝛼𝑔𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑔𝑘−1
𝑡 𝑉𝑔𝑘

𝑡 𝑉𝑔𝑘
𝑡  ,                          𝑉𝑔𝑘

𝑡 + 𝑉𝑔𝑘−1
𝑡 < 0

} 

(𝛼𝑔𝜌𝑔𝐴𝑉𝑔
2)
𝑘

𝑡
          = {

𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘

𝑡  𝑉𝑔𝑘
𝑡  ,                                 𝑉𝑔𝑘

𝑡 + 𝑉𝑔𝑘+1
𝑡 ≥ 0

𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘+1

𝑡 𝑉𝑔𝑘+1
𝑡  ,                          𝑉𝑔𝑘

𝑡 + 𝑉𝑔𝑘+1
𝑡 < 0

} 

(𝛼𝑓𝜌𝑓𝐴𝑉𝑓
2)
𝑘−1

𝑡
      = {

𝛼𝑓𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑓𝑘−1
𝑡 𝑉𝑓𝑘−1

𝑡  𝑉𝑓𝑘−1
𝑡  ,                𝑉𝑓𝑘

𝑡 + 𝑉𝑓𝑘−1
𝑡 ≥ 0

𝛼𝑓𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑓𝑘−1
𝑡 𝑉𝑓𝑘

𝑡 𝑉𝑓𝑘
𝑡  ,                          𝑉𝑓𝑘

𝑡 + 𝑉𝑓𝑘−1
𝑡 < 0

} 

(𝛼𝑓𝜌𝑓𝐴𝑉𝑓
2)
𝑘

𝑡
          = {

𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝑘
𝑡 𝑉𝑓𝑘

𝑡  𝑉𝑓𝑘
𝑡  ,                                 𝑉𝑓𝑘

𝑡 + 𝑉𝑓𝑘+1
𝑡 ≥ 0

𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝑘
𝑡 𝑉𝑓𝑘+1

𝑡 𝑉𝑓𝑘+1
𝑡  ,                          𝑉𝑓𝑘

𝑡 + 𝑉𝑓𝑘+1
𝑡 < 0

} 

(𝐺𝑓𝐴𝑉𝑓)𝑘−1
2

𝑡
= {

𝐺𝑓𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝑉𝑓𝑘
𝑡     ,    𝑉𝑓𝑘

𝑡 > 0

𝐺𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝑉𝑓𝑘
𝑡            ,   𝑉𝑓𝑘

𝑡 < 0
} 

(𝐺𝑓𝐴𝑉𝑓)𝑘+1
2

𝑡
= {

𝐺𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝑉𝑓𝑘+1
𝑡            ,    𝑉𝑓𝑘+1

𝑡 > 0

𝐺𝑓𝑘+1
𝑡 𝐴𝑘+1

𝑡 𝑉𝑓𝑘+1
𝑡     ,   𝑉𝑓𝑘+1

𝑡 < 0
} 

(𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘−1
2

𝑡
= {

𝛼𝑔𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑔𝑘−1
𝑡 𝑉𝑔𝑘

𝑡     , 𝑉𝑔𝑘
𝑡 > 0

𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘

𝑡                , 𝑉𝑔𝑘
𝑡 < 0

} 

(𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘+1
2

𝑡
= {

𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘+1

𝑡             , 𝑉𝑔𝑘+1
𝑡 > 0

𝛼𝑔𝑘+1
𝑡 𝐴𝑘+1

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘+1

𝑡      , 𝑉𝑔𝑘+1
𝑡 < 0

} 
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(𝛼𝑓𝜌𝑓𝐴𝐻𝑓𝑉𝑓)𝑘−1
2

𝑡
= {

𝛼𝑓𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑓𝐻𝑓𝑘−1𝑉𝑓𝑘
𝑡  ,           𝑉𝑓𝑘

𝑡 > 0

𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝐻𝑓𝑘𝑉𝑓𝑘
𝑡  ,                       𝑉𝑓𝑘

𝑡 < 0
} 

(𝛼𝑓𝜌𝑓𝐴𝐻𝑓𝑉𝑓)𝑘+1
2

𝑡
= {

𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝐻𝑓𝑘𝑉𝑓𝑘+1
𝑡  ,                  𝑉𝑓𝑘+1

𝑡 > 0

𝛼𝑓𝑘+1
𝑡 𝐴𝑘+1

𝑡 𝜌𝑓𝐻𝑓𝑘+1𝑉𝑓𝑘+1
𝑡  ,        𝑉𝑓𝑘+1

𝑡 < 0
} 

(𝑞𝑓" )𝑘−1
2

𝑡
= −𝐾𝑓𝛼𝑓

𝑘−
1
2

𝑡 𝐴
𝑘−

1

2

𝑡 (
𝑇𝑓𝑘
𝑡 − 𝑇𝑓𝑘−1

𝑡

∆𝑧
) ; (𝑞𝑓" )𝑘+1

2

𝑡
= −𝐾𝑓𝛼𝑓

𝑘+
1
2

𝑡 𝐴
𝑘+

1

2

𝑡 (
𝑇𝑓𝑘+1
𝑡 − 𝑇𝑓𝑘

𝑡

∆𝑧
) 

(𝛼𝑔𝜌𝑔𝐴𝐻𝑔𝑉𝑔)𝑘−1
2

𝑡
= {

𝛼𝑔𝑘−1
𝑡 𝐴𝑔−1

𝑡 𝜌𝑔𝐻𝑔𝑘−1𝑉𝑔𝑘
𝑡  ,           𝑉𝑔𝑘

𝑡 > 0

𝛼𝑔𝑘
𝑡 𝐴𝑔

𝑡 𝜌𝑔𝐻𝑔𝑘𝑉𝑔𝑘
𝑡  ,                       𝑉𝑔𝑘

𝑡 < 0
} 

(𝛼𝑔𝜌𝑔𝐴𝐻𝑔𝑉𝑔)𝑘+1
2

𝑡
= {

𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝐻𝑔𝑘

𝑡 𝑉𝑔𝑘+1
𝑡  ,                        𝑉𝑔𝑘+1

𝑡 > 0

𝛼𝑔𝑘+1
𝑡 𝐴𝑘+1

𝑡 𝜌𝑔𝑘+1
𝑡 𝐻𝑔𝑘+1𝑉𝑔𝑘+1

𝑡  ,        𝑉𝑔𝑘+1
𝑡 < 0

} 

(𝑞𝑔" )𝑘−1
2

𝑡
= −𝐾𝑔𝛼𝑔

𝑘−
1
2

𝑡 𝐴
𝑘−

1

2

𝑡 (
𝑇𝑔𝑘
𝑡 − 𝑇𝑔𝑘−1

𝑡

∆𝑧
) ; (𝑞𝑔" )𝑘+1

2

𝑡
= −𝐾𝑔𝛼𝑔

𝑘+
1
2

𝑡 𝐴
𝑘+

1

2

𝑡 (
𝑇𝑔𝑘+1
𝑡 − 𝑇𝑔𝑘

𝑡

∆𝑧
) 

Boundary Flux definitions 

(𝛼𝑔𝜌𝑔𝐴𝐻𝑔𝑉𝑔)𝑘−1
2

𝑡
|
𝑘=𝐿𝑏𝑠

= 0; (𝛼𝑔𝜌𝑔𝐴𝐻𝑔𝑉𝑔)𝑘+1
2

𝑡
|
𝑘=𝐿𝑡𝑠

= 0 

(𝛼𝑓𝜌𝑓𝐴𝐻𝑓𝑉𝑓)𝑘−1
2

𝑡
|
𝑘=𝐿𝑏𝑠

= 0; (𝛼𝑓𝜌𝑓𝐴𝐻𝑓𝑉𝑓)𝑘+1
2

𝑡
|
𝑘=𝐿𝑡𝑠

= 0 

(𝛼𝑔𝜌𝑔𝐴𝑉𝑔
2)
𝑘−1

𝑡
|
𝑘=𝐿𝑏𝑠+1

= {
0.25𝛼𝑔𝑘−1

𝑡 𝐴𝑘−1
𝑡 𝜌𝑔𝑘−1

𝑡 𝑉𝑔𝑘
𝑡 𝑉𝑔𝑘

𝑡 ,          𝑉𝑔𝑘
𝑡 ≥ 0

𝛼𝑔𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑔𝑘−1
𝑡 𝑉𝑔𝑘

𝑡 𝑉𝑔𝑘
𝑡  ,                 𝑉𝑔𝑘

𝑡 < 0
 

(𝛼𝑔𝜌𝑔𝐴𝑉𝑔
2)
𝑘

𝑡
|
𝑘=𝐿𝑡𝑠

         = {
𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘

𝑡  𝑉𝑔𝑘
𝑡  ,                               𝑉𝑔𝑘

𝑡 ≥ 0  

0.25𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡 𝑉𝑔𝑘

𝑡  𝑉𝑔𝑘
𝑡 ,                       𝑉𝑔𝑘

𝑡 < 0  
 

(𝛼𝑓𝜌𝑓𝐴𝑉𝑓
2)
𝑘−1

𝑡
|
𝑘=𝐿𝑏𝑠+1

= {
0.25𝛼𝑓𝑘−1

𝑡 𝐴𝑘−1
𝑡 𝜌𝑓𝑘−1

𝑡 𝑉𝑓𝑘
𝑡 𝑉𝑓𝑘

𝑡 ,          𝑉𝑓𝑘
𝑡 ≥ 0

𝛼𝑓𝑘−1
𝑡 𝐴𝑘−1

𝑡 𝜌𝑓𝑘−1
𝑡 𝑉𝑓𝑘

𝑡 𝑉𝑓𝑘
𝑡  ,                 𝑉𝑓𝑘

𝑡 < 0
 

(𝛼𝑓𝜌𝑓𝐴𝑉𝑓
2)
𝑘

𝑡
|
𝑘=𝐿𝑡𝑠

         = {
𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝑘
𝑡 𝑉𝑓𝑘

𝑡 𝑉𝑓𝑘
𝑡  ,                               𝑉𝑔𝑘

𝑡 ≥ 0  

0.25𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝑘
𝑡 𝑉𝑓𝑘

𝑡  𝑉𝑓𝑘
𝑡 ,                       𝑉𝑔𝑘

𝑡 < 0  
 

(𝐺𝑓𝐴𝑉𝑓)𝑘=𝐿𝑏𝑠

𝑡
= 0; (𝐺𝑓𝐴𝑉𝑓)𝑘=𝐿𝑡𝑠

𝑡
= 0; (𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘=𝐿𝑏𝑠

𝑡 = 0; (𝛼𝑔𝜌𝑔𝐴𝑉𝑔)𝑘=𝐿𝑡𝑠
𝑡 = 0   
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(𝑞𝑓" )𝑘=𝐿𝑏𝑠

𝑡
= −𝐾𝑓𝛼𝑓𝑘

𝑡 𝐴𝑘
𝑡 (

𝑇𝑓,𝑙𝑘
𝑡 −𝑇𝑓,𝑘−1,𝑎𝑣𝑔

𝑡

Δ𝑧/2
) ; (𝑞𝑓" )𝑘=𝐿𝑡𝑠

𝑡
= −𝐾𝑓𝛼𝑓𝑘

𝑡 𝐴𝑘
𝑡 (

𝑇𝑓,𝑘+1,𝑎𝑣𝑔
𝑡 −𝑇𝑓,𝑙𝑘

𝑡

∆𝑧/2
)  

(𝑞𝑔" )𝑘=𝐿𝑏𝑠

𝑡
= −𝐾𝑔𝛼𝑔𝑘

𝑡 𝐴𝑘
𝑡 (

𝑇𝑔𝑘
𝑡 −𝑇𝑓,𝑘−1,𝑎𝑣𝑔

𝑡

Δ𝑧/2
) ; (𝑞𝑔" )𝑘=𝐿𝑡𝑠

𝑡
= −𝐾𝑔𝛼𝑔𝑘

𝑡 𝐴𝑘
𝑡 (

𝑇𝑓,𝑘+1,𝑎𝑣𝑔
𝑡 −𝑇𝑔𝑘

𝑡

∆𝑧/2
)  

𝑇𝑓,𝑘,𝑎𝑣𝑔
𝑡 =

∑ (𝑇𝑓,𝑖,𝑘
𝑡 2𝜋𝑟𝑖,𝑘Δ𝑟)

𝑖=𝑁𝑐𝑎𝑣+1+𝐷𝑖𝑛𝑡,𝑘
𝑖=1

𝜋𝑅
(𝑁𝑐𝑎𝑣+1+𝐷𝑖𝑛𝑡,𝑘),𝑘

2   

Term definitions 

Table B.1: Definition of discretized multi-phase flow coefficients (drag term for (a) 

annular and (b) bubbly flow is specified) 

𝐶𝐹1 
(
𝐴𝑘
𝑡

𝐴𝑘
𝑡+∆𝑡

) 
𝐶𝐹2 ∆𝑡

Δ𝑧𝐴𝑘
𝑡+∆𝑡

 
𝐶𝐹3 ∆𝑡

𝐴𝑘
𝑡+∆𝑡

 

𝐶𝐺1 
(

𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡

𝛼𝑔𝑘
𝑡+∆𝑡𝐴𝑘

𝑡+∆𝑡
) 

𝐶𝐺2 ∆𝑡

𝛼𝑔𝑘
𝑡+∆𝑡𝐴𝑘

𝑡+∆𝑡
 

𝐶𝐺3 ∆𝑡

∆𝑧 𝛼𝑔𝑘
𝑡+∆𝑡𝐴𝑘

𝑡+∆𝑡
 

𝐶𝐹𝐻1 ∆𝑡

∆𝑧𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝑘
𝑡  

𝐶𝐹𝐻2 ∆𝑡

𝛼𝑓𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑓𝑘
𝑡  𝐶𝐺𝐻1 

∆𝑡

∆𝑧𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡  

𝐶𝐺𝐻2 ∆𝑡

𝛼𝑔𝑘
𝑡 𝐴𝑘

𝑡 𝜌𝑔𝑘
𝑡  

𝐶𝐹𝑉1 
𝐺𝑓

𝑘−
1
2

𝑡+∆𝑡𝐴
𝑘−

1

2

𝑡+Δ𝑡 +
∆𝑡

8
(𝜌𝑓𝐴𝑤,𝑓𝑓𝐷𝑎𝑟𝑐𝑦,𝑓)𝑘−1

2

𝑡
|𝑉𝑓𝑘

𝑡 | 

𝐶𝐹𝑉2 𝐺𝑓
𝑘−

1
2

𝑡 𝐴
𝑘−

1

2

𝑡
 𝐶𝐹𝑉3 

∆𝑡

∆𝑧
 

𝐶𝐹𝑉4 
𝛼𝑓

𝑘−
1
2

𝑡+∆𝑡𝐴
𝑘−

1

2

𝑡+Δ𝑡 ∆𝑡

∆𝑧
 

𝐶𝐹𝑉5 𝐺𝑓
𝑘−

1
2

𝑡+∆𝑡𝐴
𝑘−

1

2

𝑡+Δ𝑡𝑔Δ𝑡 𝐶𝐷𝑅𝐴𝐺 

(a) 

Δ𝑡𝐶𝐷𝑘
𝑡+Δ𝑡𝜌𝑔𝑘−1

2
 

𝑡+Δ𝑡𝐴𝑓−𝑔𝑘−1
2
 

𝑡+Δ𝑡𝛼𝑔
𝑘−

1
2

𝑡+Δ𝑡2|𝑉𝑟𝑒𝑙𝑘
𝑡 |

2
 

𝐶𝐷𝑅𝐴𝐺 

(b) 

3𝐶𝐷𝑘
𝑡+Δ𝑡∆𝑡𝛼𝑔

𝑘−
1
2

𝑡+∆𝑡|𝑉𝑟𝑒𝑙𝑘
𝑡 |𝜌𝑓

𝑘−
1
2

𝑡+Δ𝑡𝐴
𝑘−

1

2

𝑡+Δ𝑡

4𝑑𝑔
 

𝐶𝑉𝑀2 1

2
(𝛼𝑔𝜌𝑓𝐴)𝑘−1

2

𝑡+Δ𝑡𝑉𝑔𝑘
𝑡 Δ𝑡 (

(𝑉𝑔𝑘+1
𝑡 − 𝑉𝑔𝑘−1

𝑡 )

2Δ𝑧

−
(𝑉𝑓𝑘+1

𝑡 − 𝑉𝑓𝑘−1
𝑡 )

2Δ𝑧
) 

𝐶𝑉𝑀1 𝛼𝑔
𝑘−

1
2

𝑡+∆𝑡𝜌𝑓
𝑘−

1
2

𝑡+Δ𝑡𝐴
𝑘−

1

2

𝑡+Δ𝑡

2
 

𝐶𝐺𝑉1 (𝛼𝑔𝐴𝜌𝑔)𝑘−1
2

𝑡+Δ𝑡 + 𝐶𝑉𝑀1 + 𝐶𝐷𝑅𝐴𝐺

+
∆𝑡

8
(𝜌𝑔𝐴𝑤,𝑔𝑓𝐷𝑎𝑟𝑐𝑦,𝑔)𝑘−1

2

𝑡+Δ𝑡
|𝑉𝑔𝑘

𝑡 | 

𝐶𝐺𝑉2 (𝛼𝑔𝐴𝜌𝑔)𝑘−1
2

𝑡 + 𝐶𝑉𝑀1 𝐶𝐺𝑉3 ∆𝑡

∆𝑧
 

𝐶𝐺𝑉4 (𝛼𝑔𝐴)𝑘−1
2

𝑡+Δ𝑡
Δ𝑡

Δ𝑧
 

𝐶𝐺𝑉5 (𝛼𝑔𝐴𝜌𝑔)𝑘−1
2

𝑡+Δ𝑡𝑔Δ𝑡 - - 
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Appendix C: User instruction manual 

 

This appendix provides the user instructions for MITRA subroutine as well as 

guidance on data input/output. The essential input and output files are as follows: 

Table C.1: MITRA input files (n=1: IRN; IRN = total number of fuel and blanket 

channels in the core). 

S.N. Name Role Description 

1 “pfbr15-bol.n1” Input Grid size, coolant flow rate 

2 “pfbr16-bol.n1” Input Power and worth distribution 

3 “pfbr27-bol.n1” Input Fuel properties, time periods and 

transient time steps 

4 “n_enthalpy_data_1.txt” Input Fuel temperature-enthalpy data below 

solidus 

5 “n_enthalpy_data_2.txt” Input Fuel temperature-enthalpy data between 

solidus and liquidus 

6 “n_enthalpy_data_3.txt” Input Fuel temperature-enthalpy data beyond 

liquidus 

 

Figure C.1: An example input file (‘pfbr27-bol.n1’). 

 

Input files provide essential data for simulation. Core axial and radial distributions 

of power, fuel mass removal worth and mass flow rate are available in PREDIS input 

files. The number of fuel and blanket channels, axial nodes, fuel pin dimensions, and 
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coolant thermophysical properties are available in PREDIS input. MITRA utilizes this 

data by reading PREDIS input files and storing data in its arrays.  

 

Figure C.2: Enthalpy-temperature data input files. 

 

However, several parameters are not present in PREDIS input files. MITRA 

imports this data directly from a separate input file (Figure C.1). Reactor dynamics 
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parameters such as control rod withdrawal worth and rate of reactivity insertion are 

determined within the PREDIS code. Essentially, during transient simulation, MITRA 

only imports the level of over-power from PREDIS. Conversion of fuel enthalpy to 

temperature requires an Enthalpy-temperature database. It is stored in three basic input 

files (Refer Table C.1, S. No. 4-6). A separate code, “enthalpy_data_generator.f95” 

writes these files during pre-processing. This code requires the input file “pfbr27-bol.n1” 

for proper execution (Figure C.1). It generates the enthalpy-temperature database for all 

the fuel and blanket channels by utilizing the mathematical expressions defined in 

Appendix-A (Refer Eq. (A4-A10)). Figure C.2 displays the resultant input files. Table 

C.2 details the input parameters necessary for MITRA to perform its calculations. It 

presents the recommended time steps for various modules. Units and suggested values 

of the variables are also detailed. If the time-steps need to be changed, they must not 

violate the stability criteria (Refer Section 3.2.1) The in-pin fuel motion time steps 

(Delt_1, Delt_2, and Delt_3) can either be greater or equal to their recommended values, 

since the corresponding equations develop large coefficients, once the melt volume 

fraction approaches unity (Refer Eq. (B.8-B.10)). The use of recommended values of 

storage_factor and progress_display_factor results in data storage at every 0.25 seconds, 

and data display at every 2.5 seconds of transient time. Increase in the storage_factor 

results in reduction of the size of output files. Care should be taken that the product of 

storage_factor with Delt_ht_1 should be less than 1 s. MITRA works inside PREDIS 

architecture in the form of a group of subroutines. Table C.3 gives a list of these 

subroutines and briefly mentions the calculations performed in each. The main transient 

calculations occur inside MITRA subroutine. Data storage at regular intervals occurs 

inside MITRA_RECORD. Geometrical parameters for fuel pellets, cladding, and gap 
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width are calculated in MITRA_STEADY_CHANGES prior to the accident (steady 

state). The subroutine GAPCOND_M evaluates the gap conductance based on the 

model detailed in Section 3.1.11.  

Table C.2: MITRA input variables 

S. No. Variable Description Units Value 

1 Bu_Fresh Burnup of fresh fuel Atom % .000e+00 

2 Bu_Eq 
Burnup of fuel at beginning of 

equilibrium 
Atom % .300e+01 

3 T_Heat 
Time period between zero to steady 

power 
s .000e+00 

4 T_Steady 
Time period for initialization of 

steady state 
s .300e+02 

5 T_Solidif 
Time period for post-transient 

solidification 
s .200e+01 

6 T_Maxpower 
Time period for maximum power 

hold-up 
s .000e+00 

7 Delt_Ht_1 
Heat transfer time step before 

melting 
s .500e-03 

8 Delt_Ht_2 
Heat transfer time step after start of 

melting 
s .500e-03 

9 Delt_1 Relocation time step before melting s .150e-03 

10 Delt_2 
Relocation time step after melting 

begins 
s .250e-04 

11 Delt_3 
Relocation time step after end of 

transient 
s .250e-04 

12 Time_exchange Data exchange period s 0.05 

13 storage_factor 

Number of time loops between 

successive calls of 

MITRA_RECORD 

 250 

14 progress_display_factor 
Number of MITRA_RECORD calls 

between successive run-time displays 
 10 

13 Radial_zones Number of radial channels - IRN 

14 LENGTH Length of fuel column m 1.0 
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15 RO Outer radius of fuel pellet m 0.2775e-02 

16 RI Inner radius of fuel pellet m 0.8000e-03 

17 RCO Outer radius of fuel pin cladding m 0.3300e-03 

18 RCI Inner radius of fuel pin cladding m 0.2850e-03 

19 Lower_blanket_bength Length of lower blanket column m 0.3 

20 Upper_blanket_length Length of upper blanket column m 0.3 

21 Lower_plenum_volume Volume of lower plenum m3 1.8117e-05 

22 Upper_plenum_volume Volume of upper plenum m3 0.5103e-05 

23 RO_BL Outer radius of radial blanket pellet m 0.6450e-02 

24 RI_BL Inner radius of radial blanket pellet m 0 

25 RCI_BL Inner radius of blanket pin cladding m 0.6550e-02 

26 RCO_BL Outer radius of blanket pin cladding m 0.7150e-02 

27 Molefr_Inr PuO2 mole-fraction of inner core - .210e+00 

28 Molefr_Otr PuO2 mole-fraction of inner core - .274e+00 

29 Molefr_Bl PuO2 mole-fraction of depleted UO2 - .000e+00 

30 X_Fuel Deviation from stoichiometry for fuel - .200e-01 

31 X_Blanket 
Deviation from stoichiometry for 

blanket 
- .000e+00 

32 Diluent_1 Number of inner diluent channel - - 

33 Diluent_2 Number of outermost diluent channel - - 

34 Poros_Init Initial porosity of fuel - .500e-01 

35 Poros_Blkt Initial porosity of blanket - .700e-01 

36 KC Thermal conductivity of clad W·m−1·K−1 21 

37 CP_CLAD Specific heat of cladding steel J·kg−1·K−1 570 

38 RHO_CLAD Density of cladding steel Kg·m−3 7700 

39 A_NA Effective coolant flow area (per pin) m2 - 

40 RHO_NA Density of coolant kg·m−3 - 

41 CP_NA Specific heat of coolant J·kg−1·K−1 1268 

42 TNA_MIN Coolant inlet temperature °C 397 

43 Escape_constant 
Parameter which governs the rate of 

escape of fission gases 
- -0.1 

44 Assigned_worth fuel mass removal worth distribution pcm (Array) 

45 X_M Fuel power distribution W·m−1 (Array) 

46 M_flow Coolant mass flow rates (per pin) Kg·s−1 (Array) 
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Figure C.3: MITRA Run time output- steady state variables (Transient time = 0.0 s). 

 

Figure C.3 presents an example of the run-time, steady-state output. The data 

shown at zero seconds represents the steady state data. The simulations prior to this time 

are for convergence of steady state data. The total period spent for convergence is 

TIME_HEAT+TIME_STEADY. The input file “pfbr27-bol.n1” contains these 

parameters. Convergence periods required for fuel and blanket channels are 30 s and 80 

s, respectively. Convergence in the blanket channels is optional since melting does not 

occur in this part of the core. Table C.4 details the output files. The file ‘MITRA data 

summary.txt’ provides a summary of the steady-state and transient results. It provides 

the steady state temperature distribution in the core. It provides the melt mass fraction, 

radial melt extent, internal pressure, average fuel, coolant, and clad temperatures as a 

function of time. The file ‘Predis_mitra_comp.txt’ provides a comparison of the 

temperature distributions of PREDIS and MITRA, to identify discrepancies between 

the two. The files ‘Zone n.txt’ and ‘Zone n para.txt’ contain all the recorded data, which 

is internal to MITRA and data control parameters, respectively.  
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Table C.3: MITRA subroutines and functions 

S. No. Subroutine Function 

1 MITRA Transient calculation of melting and 

relocation 

2 MITRA_RECORD Data storage at regular intervals 

3 MITRA_STEADY_CHANGES Change in fuel and clad radial 

dimensions at steady state 

4 MITRA_DATA_ENTRY Entry of data in text files 

5 MITRA_INITIALIZATION Initialization of variables 

6 TEMP_TO_ENTHALPY_ROUTINE calculation of fuel enthalpy from 

temperature 

7 PELLETCOND fuel and blanket thermal conductivity 

calculations 

8 ENTHALPY_TO_TEMPERATURE_

CONVERTER 

conversion of fuel enthalpy to 

temperature using input data files 

9 PELLET_DENSITY Calculation of fuel and blanket densities 

10 XENON_COND Calculation of thermal conductivity of 

Xenon as a function of temperature 

11 HELIUM_COND Calculation of thermal conductivity of 

Helium  

12 GAPCOND_M Evaluation of gap conductance with 

jump distance model 

13 COMPRESS_MODULE Evaluation of reduction in fuel thermal 

density for accommodation of excess 

molten fuel in limited volume  

14 POROSITY_DISTRIBUTION Evaluation of fuel porosity changes due 

to melting and temperature induced 

porosity migration 

15 PRESSURE_CALCULATIONS Free volume calculations 

16 FUEL_MOVEMENT_DATA Entry of relocation data in text file 
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Table C.4: Output files (n=1: IRN; IRN = total number of fuel and blanket channels in 

the core). 

S. No. Name Function 

1 “MITRA data summary.txt” Steady state data, melting and relocation 

feedbacks 

2 “Predis_mitra_comp.txt” Inter-code temperature comparison 

3 “Zone n.txt” Time history of all parameters 

4 “Zone n para.txt” Data for importing “Zone n.txt” 
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