
 

 

 

CHARACTERIZATION OF EUTECTIC In-Bi-Sn ALLOY 

(Field’s Metal) FOR USE IN SINGLE AND TWO-PHASE 

LIQUID METAL FLOW IN NATURAL CIRCULATION 

SYSTEMS 

By: 

Adam Lipchitz 

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of 

Doctorate of Philosophy 

In 

The Faculty of Energy Systems and Nuclear Science 

Nuclear Engineering 

University of Ontario Institute of Technology 

April 2015  

 

 

© Adam Lipchitz, 2015 



 

 

i 

 

CERTIFICATE OF APPROVAL 

Submitted by First Name Last Name 
 

In partial fulfillment of the requirements for the degree of 
 

Master of XXXXXXX in XXXXXXXX 
 

Date of Defence:  Month DD, YYYY 
 

Thesis title:   
 
 

 
The undersigned certify that the student has presented his thesis, that the thesis is acceptable in form 
and content and that a satisfactory knowledge of the field covered by the thesis was demonstrated by 
the candidate through an oral examination.  They recommend this thesis to the Office of Graduate 
Studies for acceptance. 
Examining Committee: 
__________________________________ Dr. First Name Last Name 
      Chair of Examining Committee 
 
__________________________________ Dr. First Name Last Name 
      Research Supervisor 
 
__________________________________ Dr. First Name Last Name 
      Co-Research Supervisor 
 
__________________________________ Dr. First Name Last Name 
      Examining Committee Member 
 
__________________________________ Dr. First Name Last Name 
      Examining Committee Member 
 
__________________________________ Dr. First Name Last Name 
      External Examiner 
 
__________________________________ Dr. First Name Last Name 
      University Examiner 

□ As research supervisor for the above student, the thesis was rendered acceptable without revisions. 
 
           __________________________________   Dr. First Name Last Name 
 

□ As research supervisor for the above student, I read and approved the changes required by the final 
examiners and recommend the thesis for acceptance: 

 
          __________________________________ Dr. First Name Last Name 
 



 

 

ii 

 

ABSTRACT 

  

An In-Bi-Sn eutectic alloy commonly known as Field’s metal was studied and 

characterized for the purposes of liquid metal natural circulation experiments. The initial 

characterization included the development of a method of fabrication, an investigation of the 

chemical compatibility with air and water, and its response to magnetic fields. Significant work 

was then undertaken to determine the thermo-physical properties of viscosity, density, specific 

heat capacity, and thermal conductivity of the metal alloy in its liquid state.  A correlation for 

each thermo-physical property was determined from the experimental results for liquid Field’s 

metal. These correlations were then used to develop one - dimensional steady-state models for 

liquid Field’s metal under natural circulation and under gas-enhanced natural circulation.  The 

work also included a two - dimensional CFD model of the gas-enhanced natural circulation in a 

vertical pipe. A natural circulation experiment using liquid Field’s metal was then performed to 

demonstrate the applicability of the work and to physically measure the steady-state flow 

parameters of liquid Field’s metal under natural circulation. 
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1. Introduction  

Modern technologies, from cars to refrigerators to computers, have become not only 

commonplace, but essential to daily life in Canada in the 21st century. In truth, there are very 

few daily tasks that are not assisted by some type of modern innovation or design.  Two 

common features that unite almost every single one of these designs are the need for power 

and the need to remove heat.  The need for power is usually achieved by connecting the 

technology to a power plant via an outlet connected to the electrical grid or by a battery. The 

removal of heat has traditionally been accomplished by using a fluid such as water or air to 

transport the heat safely to the ambient environment. The fluid acts as the primary coolant. 

The fluid is transported by using either mechanical pumps (e.g., water) or electrical fans (e.g., 

air), absorbing the heat from the heat source and transporting it to the heat sink. 

Unfortunately, as technology progresses the heat transport and removal requirements of these 

advanced technologies becomes increasingly more complex making it more difficult to 

transport heat with traditional coolants [1,2] in a safe and sustainable manner. While true for 

the end user technologies, the demands placed on power plants will require more advanced 

cooling systems.  

The heat transport systems of power plants are critical systems, especially in large scale 

facilities such as nuclear power plants. As the demands increase on the nuclear power plant 

heat transport systems, so have the size and complexity of their components leading to the 

development of advanced nuclear power plant designs that utilize non-traditional fluids as 
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coolants. The most promising of the advance designs of nuclear plants are being pursued by an 

international collaboration called the Generation IV forum (GEN-IV) [3]. 

 GEN- IV nuclear reactor concepts attempt to achieve the objective to build more 

efficient nuclear power plants based on the advances in science and engineering over the past 

half century. GEN-IV designs focus on non-traditional high heat capacity fluids as their coolants 

such as supercritical water, helium, molten lithium-beryllium fluoride salts and liquid metals 

such as sodium, lead and lead-bismuth eutectic (LBE) [3]. Liquid metal cooled nuclear reactors 

have been demonstrated to have several attributes not available in the designs of traditional 

water-cooled nuclear power plants. Particularly, liquid metal cooled designs have the ability to 

harness the energy of the fast neutron spectrum [4], operate at higher efficiencies, burn 

actinides [4,5], breed fissile material and operate at sub-critical conditions using accelerator 

driven systems (ADS) [5,6].     

Liquid metal cooled systems are not limited to large scale nuclear power production, but 

other nuclear applications as well. Concurrent with the development of nuclear power plant 

technology, advanced systems for use in near Earth and deep space applications have also 

begun to implement nuclear technology for both propulsion in deep space and electrical power 

generation as with the Cassini-Huygens probe [7].  This technology also is moving towards using 

liquid metal as one option for its primary heat transport fluid. Several satellites and rockets 

already use liquid lithium cooled heat pipes to remove the decay heat in their current designs 

[8].  The development of enhanced heat transport systems based on liquid metal coolant with a 
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minimum number of moving components and simplified designs could significantly increase the 

safety and efficiency of both nuclear power plants and space based nuclear technology. 

    Thus, improving the knowledge of liquid metal flow and heat transport technology is 

essential to the successful future operation of nuclear power plants, including GEN-IV nuclear 

power plants; nuclear powered satellites and deep-space vehicles. In order to improve the 

effectiveness of the design, a better understanding of the thermal-hydraulic and heat transport 

characteristics of single-phase and two-phase liquid metal flows is needed.   

The proposed GEN-IV liquid metals are extremely hazardous. Sodium is highly reactive 

with air and water [9,10]. Sodium, for example is a significant fire hazard as it is reactive with air 

and water. Furthermore, a sodium-water chemical reaction is a strong exothermic reaction that 

can be explosive and requires significant protective barriers.  Lead is highly toxic and regulated 

in Canada [3], due not only to its toxicity, but it is a widely held public knowledge that lead is 

highly carcinogenic and, as such, a dangerous material to handle.   Sodium and lead are difficult 

materials to use in research applications at a typical Canadian university laboratory setting. The 

hazardous characteristics of sodium and lead necessitate the need to characterize and 

investigate liquid metals of similar properties for use as an analogue fluid to act as an 

experimental model for liquid sodium-based and liquid lead-based coolants.   

One possibility is to use alloys from the In-Bi-Sn ternary system as the analogue fluid. 

The system possesses alloys, such as Field’s metal, with favourable low melting point 

temperatures (< 373 K). Alloys from this system have never been used for this type of 

application, but possess several favourable characteristics for use in a laboratory environment, 
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aside from the low melting point temperatures, which include a significantly lower toxicity 

when compared to lead and lower reactivity when compared to sodium. Field’s metal has the 

potential to act as an analogue fluid for a variety of research applications including natural 

circulation, gas-enhanced flow, and other thermal-hydraulic experiments creating a safer, less 

hazardous environment.  

This work is focused to developing practical applications for heat transport systems in 

the nuclear and space industries by constructing a 2-phase gas-enhanced liquid metal 

experimental flow loop with Field’s metal as the working fluid.  The advances in developing an 

analogue fluid for use in a Canadian University laboratory environment will greatly improve the 

ability to research and study several difficult heat transport problems both in laboratory and 

industrial settings, advancing both theory and applications in liquid metal natural circulation, 

gas-enhanced liquid metal flow, and other similar areas of research.  
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1.1 Objectives 

The objective of this thesis is to characterize a liquid metal for the possible application 

as an analogue coolant for liquid metal thermal-hydraulic research in a laboratory setting at 

Canadian universities to improve the capacity to study nuclear applications of liquid metals. The 

work will achieve this goal by developing a comprehensive understanding of naturally 

circulating single-phase liquid metal flow and two-phase liquid metal flow.  

To accomplish the stated goal the primary objectives of this work are: 

(i) To characterize the eutectic alloy of the In-Bi-Sn system for thermal-hydraulic 

applications by identifying and measuring the thermo-physical properties of the 

material relevant to single and two-phase liquid metal flow by:     

• Determining the general thermo-physical, chemical and electromagnetic 

properties of the eutectic alloy. 

• Determining the density, specific heat, viscosity, and thermal conductivity of 

the eutectic alloy for a specified operating range of temperatures. 

 

(ii) To develop a numerical model of liquid metal flow to demonstrate the capacity of   

In-Bi-Sn eutectic as a viable flow medium for thermal-hydraulic applications and to 

establish the feasibility of liquid In-Bi-Sn as an analogue fluid by: 

• Creating a one - dimensional model of the experimental test section. 

• Verify the model using the experimental work described in objective (i). 
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• Verifying numerical results of the one-dimensional model by comparing the 

eutectic In-Bi-Sn to traditional liquid metals such as sodium and lead-bismuth 

eutectic. 

1.2 Original Contributions to Knowledge 

The original contributions to knowledge related to this work are significant.  This work is 

the first to measure the thermo-physical properties of Field’s metal in the liquid range. In this 

endeavour the work is also the first to investigate the non-Newtonian behaviour of Field’s 

metal. Furthermore, a novel approach is developed to measure the thermal conductivity of 

liquid metals.  Lastly, the work is also the first in the open literature to measure the speed of 

sound in Field’s metal. 

This work is the first attempt at developing natural circulation numerical models liquid 

Field’s metal undergoing natural circulation and gas-enhanced flow in a one-dimensional 

steady-state model in MATLAB and a two-dimensional CFD model in FLUENT. This is the first 

attempt at developing numerical models for Field’s metal in the open literature. The work 

experimentally measures the steady-state velocities of natural circulation and gas-enhanced 

liquid Field’s metal flow, which previously had not been found in open literature.   

This works uses the experimental results and numerical models to directly compare 

liquid Field’s metal to liquid metals, such as sodium, lead, and LBE used in the energy and space 

industries. The comparison is the first step in developing an analogue fluid for these industrial 

liquid metals. Furthermore, it is the first documented comparison between liquid Field’s metal 

and these industrial liquid metals.  
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This work discusses and reviews the literature with regards to related nuclear 

applications, liquid metals, ADS, and two-phase flow in Chapter 2. Chapter 3 describes the 

methodology used for each experimental investigation performed as part of this work and 

characterizes the design of the experimental loop and related apparati and instrumentation.  

Chapter 4 presents the results of the Field’s metal characterization experiments, while Chapter 

5 presents the results of the thermo-physical properties experiments. Chapter 6 presents the 

results of the numerical models. Chapter 7 presents the results of the natural circulation 

experiments. Finally, Chapter 8 analyzes, compares, and discusses the results of Chapters 5-7.  

The findings of the work are summarized with concluding remarks and recommendations for 

future work in Chapter 9. Lastly, a list of publications associated with this work is presented in 

Appendix A. 
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2. Literature Review  

The following literature review discusses the research relevant to liquid metal 

applications and research in the field of nuclear engineering coolants. This chapter will discuss 

the current power plant designs in operation and under development as well as ADS, 

extraterrestrial applications, and nuclear spallation devices. The review will also cover the 

current research done currently on Field’s metal and the In-Bi-Sn ternary system. Lastly, this 

chapter will discuss experimental and numerical work being performed on liquid metal flow and 

the related phenomena. To begin, it is best to start with a review of nuclear power and a brief 

history of nuclear reactor design. 

2.1 Current Status of Nuclear Reactor Design   

Nuclear power is currently used throughout the world as a safe and effective source of 

power. There are various reactor designs that have been proposed at one time or another with 

many achieving operation [11].  Figures 1 and 2 present the numbers of reactors currently in 

operation, according to the International Atomic Energy Agency (IAEA), by number of plants 

and total capacity [11]. The reactor types have been categorized by IAEA based on their coolant, 

moderator, and neutron spectrum.  
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Figure 1: Number of nuclear reactors currently in operation by reactor type [11] 

 

Figure 2: Total electrical capacity of nuclear reactors in MWe by reactor type [11] 
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In general, nuclear reactors can are categorized based upon their neutron-type, coolant-

type, and their purpose, i.e., power production, propulsion, research, isotope production, etc. 

Table 1 is a non-exhaustive list of the design, the coolant, and the purpose of several nuclear 

reactors currently in the design, construction and operational phases around the world. Two 

other important design features also need to be mentioned. The first design feature is the type 

of fuel which can vary from natural uranium oxides to highly enriched uranium-plutonium 

metal fuel.  Next, is the type of moderator being used, which can vary from water or graphite in 

thermal reactors to no moderator in a fast reactor. In this work it is best to define a reactor 

design by its primary coolant as that is the most important feature for this work. 
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Table 1: List of several nuclear reactor designs currently in various stages of their lifecycle [11,12] 

Reactor Type Purpose Coolant Current Status 

ABWR Power Production Light Water Operational 

Advanced Candu 
Reactor (ACR) 

Power Production Light Water Designed 

AGR Power Production Carbon Dioxide Operational 

Alfa-class Submarine  Propulsion LBE Decommissioned 

AP-1000 Power Production Light Water Under Construction 

BN Power Production/ 
Fast Reactor 

Sodium Operational 

BWR – general design Power Production Light Water Operational 

CANDU 6 Power  Production Heavy Water Operational 

CAREM Small Modular 
Reactor – PWR type 

Light Water Under Construction 

Clementine Research Reactor Mercury Decommissioned 

Darlington-type 
CANDU 

Power Production Heavy Water Operational  

European Pressurized 
Reactor (EPR) 

Power Production Light Water Under Construction 

FLibe Energy Small Modular 
Reactor – MSR type 

Molten Salt (FliBe) Design Phase 

Hyperion Power 
Module 

Small Modular 
Reactor  

LBE Design Phase 

Integral Molten Salt 
Reactor 

Small Modular 
Reactor – MSR type 

Molten Salt Design Phase 

KLT Propulsion Light Water Operational 

KLT-40 modified Small Modular 
Reactor - PWR  

Light Water Designed 

LBE – Cooled GEN IV Power Production LBE Design Phase 

Liquid Fluoride 
Thermal Reactor 
(LFTR) 

Power 
Production/Breeder 
Reactor 

Molten Salt Design Phase 
 
 
 
 

Magnox Power 
Production/Plutonium 
Production 

Carbon Dioxide Operational 

McMaster Nuclear 
Reactor – Pool Type 

Research and Isotope 
Production 

Light Water Operational 

MONJU Prototype 
Power/Breeder 
Reactor 

Sodium Long-term Shutdown 
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Reactor Type Purpose Coolant Current Status 

mPower Small Modular Rector 
– PWR type 

Light Water Designed 

MSR – GEN IV Power Production Molten Salt Design Phase 

MYRRHA Research and Isotope 
Production 

LBE Design Phase 

Na – Cooled GEN IV Power Production Sodium Design Phase 

National Research 
Universal (NRU) 

Research and Isotope 
Production 

 Operational 

NuScale Small Modular Rector Light Water Design Phase 

Open Pool Australian 
Light Water (OPAL)   

Research and Isotope 
Production 

Light Water Operational 

Pb- Cooled GEN IV Power Production Lead Design Phase 

PBMR Small Modular 
Reactor – Pebble Bed 

Helium Design Phase 

PRISM Small Modular 
Reactor – IFR type 

Sodium Designed 

PWR – general design Power Production Light Water Operational 

RMBK Power Production Light Water Operational 

S6W Propulsion Light Water Operational 

SCWR – GEN IV Power Production Super-critical 
water 

Design Phase 

SLOWPOKE – Pool 
Type 

Research Reactor Light Water Operational 

SUPERPHÉNIX Prototype 
Power/Breeder 
Reactor 

Sodium Decommissioned 

Toshiba 4S Small modular 
Reactor 

Sodium Designed 

VHTR – GEN IV Power Production Inert Gas/Helium Design Phase 

WR1 Prototype  
Research Reactor 

Organic Decommissioned 
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The most common nuclear reactor power plant designs are light water cooled reactors 

(LWR), simply due to the wealth of knowledge surrounding power production using water. 

LWRs typically use an enriched uranium oxide fuel and either use light water or graphite as a 

moderator, although there are several variations to the LWR design. The two most common 

LWR designs are pressurized water reactors (PWR) and boiling water reactors (BWR). The main 

difference between these two types of reactors is that a BWR is a direct cycle plant and a PWR 

is an indirect cycle plant that uses a heat exchanger for physical separation of the primary and 

secondary heat transport system. In a BWR, the core is placed inside a large pressurized vessel 

and the water is allowed to boil and produce steam to directly feed a turbine. So the reactor 

and the boiler are not in separate vessels although a steam drum may be used. BWRs are in use 

across the world for large-scale power production. PWRs also place the reactor in a pressurized 

vessel where the reactor transfers its energy to the circulating light water and then transfers 

the heat to a secondary side to feed a turbine (indirect cycle). The heat is transferred from the 

primary side to the secondary by the use of a boiler acting as a heat exchanger. Therefore, in 

PWRs the reactor is in a separate pressurized vessel from the boiler. 

In Canada, the current power plant designs are pressurized heavy water reactors 

(PHWR) called a CANDU ™ reactor [11]. The CANDU ™ is a Canadian designed heavy water-

cooled and moderated reactor that utilizes pressurized tubes that separate the moderator and 

the coolant. The use of heavy water as the moderator allows for CANDU reactors to use natural 

uranium as its fuel. CANDU designs have been built across the world and have a long history of 

being a safe and effective source of electricity. Within Canada, there are also several pool-type 

research/isotope producing reactors such the McMaster Nuclear Reactor and the Slowpoke 
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reactors with a reactor at the bottom of a pool of light water. Furthermore, Nordion Inc. 

operates NRU at Canadian Nuclear Laboratories; a research/isotope producing reactor that also 

utilizes heavy water to cool the reactor. 

The current crop of operating reactors faces several issues going forward. Importantly, 

LWRs and PHWRs are limited by the temperatures of their primary heat transport systems (i.e., 

the choice of coolant). The temperature limit of these reactors creates a limit to the thermal 

efficiency of the power plant [11]. Hence, reactor designs capable of achieving a higher 

temperature and a higher efficiency would improve the competiveness and effectiveness of 

nuclear energy. Liquid metal coolants are capable of achieving these higher temperatures and 

resultant thermal efficiencies in nuclear power plants [3,9].  So as new power plants are built to 

replace aging power plants or to meet increasing global energy demands, advanced nuclear 

power plant designs using coolants that achieve a higher thermal efficiency as compared with 

the traditional designs of LWRs and PHWRs. The newer designs also attempt to resolve other 

general issues related to the current operating reactors, e.g., the creation of waste with long 

lived radionuclides (actinides). Table 2 presents the significant general issues facing current 

operating reactors (GEN-II and GEN-III) that advanced reactors designs are attempting to 

ameliorate. 
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Table 2: Description of design issues facing GEN-II and GEN-III reactors currently in operation [3,11] 

Issue Description 

Relatively low thermal limits Low temperature limits and 
gradients reduce efficiencies of 
the power plant 

Relatively low thermal 
efficiencies 

Can only achieve efficiencies in 
the 27-35% range 

Production of long-lived 
radionuclides 

Waste by-product contains long-
lived radionuclides  

Lack of passive safety systems Many designs do not specifically 
include or take into account 
inherent or passive safety 
features 

 

Globally, several other reactor designs have been developed or are under development. 

Currently, the majority of the work currently being undertaken on these advanced reactor 

designs is connected to the GEN-IV. GEN -IV is an international co-operative forum, involving 

Canada, United States, China, Japan, and the European Commission, with the objectives to 

develop and build the next stage of nuclear power reactors. The forum is looking beyond water-

cooled reactors and their limited thermal efficiencies, to look at other reactor designs that 

utilize various fluids as the coolants, including very high temperature gas (e.g., helium, CO2) 

[3,12,13], molten salts (e.g., fluoride-lithium-beryllium salts) [3,12], supercritical fluids (e.g., 

water, CO2) [3], and liquid metals [3,12]. Many of these designs are considered to be able to 

improve the performance of nuclear reactors and solve many of the current issues facing the 

nuclear industry including improving the thermal efficiency of nuclear power plants by 

increasing the operating temperatures of the primary heat transport system of the reactor. 

Furthermore, liquid metal cooled designs have the potential to reduce many of the concerns 
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related to nuclear waste by creating means of removing the actinides from the waste and, 

therefore, reducing the duration for which nuclear waste products need to be stored [4]. 

Some design-types, including liquid metal cooled reactor designs, molten salt reactor 

designs, and very high temperature reactor designs have been built to various stages of 

development in the 1950s – 1970s. Recently, interest in very high temperature reactor 

concepts has led to the concept being investigated extensively, especially the pebble bed 

reactor design. Pebble bed reactors are a unique design where the fuel is encapsulated into a 

tristructural-isotropic (TRISO) fuel pellet or pebble [13]. The pebbles are packed and distributed 

in the reactor bed so as to achieve a chain reaction and, hence, power production. Pebble beds 

are typically gas-cooled, normally with helium, and can achieve temperatures over 1000 K. The 

Eskom pebble bed modular reactor was to be built as a power reactor in South Africa; however, 

it never reached operations and was scrapped due to regulatory and cost issues [14].  

Fortunately, the pebble bed reactor design is still being pursued although in a different form. 

The pebble bed modular reactor (PBMR) is being developed for a variety of tasks due to the 

design concept’s very high temperatures and improved thermal efficiencies [12].  

The United States conducted extensive research on molten salt reactors beginning in 

the 1950s at Oak Ridge National Laboratories.  The design concept originated as part of an Oak 

Ridge program to develop a nuclear reactor for use in military aircraft. The project reached an 

experimental stage with the construction of the Aircraft Reactor Experiment (ARE) in 1954. The 

control and chemistry of the molten salt was not fully understood at that time so the ARE was 

only operated for short period of time [15].  A few interesting features of the design is it used 
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helium as the secondary coolant, beryllium oxide as the moderator and Inconel as the primary 

structural material in the reactor. While the experiment successfully demonstrated the 

concepts of molten salt reactors, ultimately the mass of shielding required for a pilot to safely 

operate a nuclear powered aircraft led to the cancellation of the aircraft reactor project [15,16].  

The results of the ARE project led Oak Ridge to develop a conceptual molten salt reactor 

for power production at the same site as the ARE. The Molten Salt Reactor Experiment (MSRE) 

was commission in 1964 and ran successfully without incident until it was decommissioned in 

1969. Figure 3 presents a diagram of the MSRE. Several of the MSRE design features are 

present in current designs such as the MSR-FUJI design [12] including a graphite moderator, the 

ability to run on multiple fuel types (Pu-239, U-235, U-233), the use of a molten salt as the 

secondary coolant and the introduction of Hastelloy as the primary structural material in the 

reactor [16].  The experiments and experiences associated with the MSRE not only 

demonstrated that a molten salt reactor can be operated safely and effectively it also formed 

the basis of the current design and concept of molten salt nuclear reactors. The MSRE also 

importantly demonstrated that an alternative coolant could reach the high temperatures and 

heat fluxes that result in the desired increase the overall plant thermal efficiency.  Adding to 

the discussion that alternative coolants such as molten salt and liquid metals can improve the 

thermal efficiencies and limits compared to traditional LWR and PHWR reactor designs.   
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Figure 3: Layout of molten salt reactor experiment core taken from [16] 

 

Since then, the completion of the MSRE program for molten salt reactors has yet to 

develop into commercial power plants, although experimentation and design of molten salt 

reactors has continued to progress through the 1970s to the present day. Several designs, 

including the MSR-FUJI, Terrestrial Energy and LFTR concepts have been proposed as the next 

stage of the molten salt reactor [12].   In the early 1980s Accelerated Molten Salt Breeder 

(AMSB) reactors were developed based on the concepts developed from the MSRE program. 

This development allowed thorium to become a viable fuel for molten salt reactors, which has 

led to the thorium research community to continue to investigate molten salt reactor design 
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[17,18].  Further research is still needed to overcome the obstacles related to molten salt 

reactors, such as, chemistry control and material issues. The design is promising to resolve the 

issues facing the current generation reactors as well as liquid metal cooled reactors, gas cooled 

reactors and supercritical water reactors.  

The final Gen-IV concept is the supercritical water cooled reactor (SCWR).  SCWRs work 

similar to LWRs in that light water is acting as the primary coolant. The difference is that the 

water in the SCWR is heated to temperatures above 600 K and pressures above 24 MPa. At 

these high pressures and temperatures the fluid reaches a supercritical state which allows the 

reactor to achieve the desirable high thermal limits and thermal efficiencies that are the 

objective of GEN-IV concepts. Much of the ongoing research with SCWRs is with respect to 

creating thermal-hydraulic models and resolving the material and chemistry issues involved 

with operating at these high pressures and temperatures [19,20]. The design of the SCWR is less 

developed than the other GEN-IV designs as it is still in the conceptual phase with a number of 

testing facilities currently performing research on the subject [21]. However, it is considered a 

promising concept with the potential to achieve 50% thermal efficiency [21]. The work is being 

pursued by China, Japan, Korea, Russia, Europe, and Canada [3]. In Canada, the Canadian-SCWR 

concept is being developed by Canadian Nuclear Laboratories in conjunction with the Canadian 

research community including UOIT and other Canadian universities [22,23].      

2.1 Liquid Metal Nuclear Applications 

 Liquid metal coolants are currently being used in a variety of applications across many 

diverse industries. However, for the purpose of this thesis, only applications related to the 
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nuclear energy are considered. One application is the cooling of nuclear reactors as the primary 

or secondary coolant. The liquid metal coolant allows for the reactors to transport heat at 

higher temperatures improving the thermal efficiency of the reactor. Furthermore, liquid metal 

coolants are the common coolant type used in the design of fast reactors [10,11], particularly 

liquid sodium. Liquid metal coolants could also be used to cool other components in a nuclear 

power plant as well such as certain electronic systems. Even liquid metal cooled gas turbines 

have been investigated in the past [24]. 

 Liquid metal coolants can also be used for a variety of non-power nuclear industry 

related applications. Importantly, liquid metal can be used to cool spallation applications or act 

as the spallation target [4,25,26]. ADS can use nuclear spallation to drive sub-critical nuclear 

reactors for a number of applications including power production and actinide burning [4].  ADS 

are a key application utilizing natural circulating liquid metal flow and gas enhanced liquid 

metal flow and is described further as part of Section 2.2.   

A burgeoning application for nuclear technology is in the space industry as a means to 

power and propel satellites and deep space vehicles [27]. Liquid metal cooled heat pipes are a 

common mode of cooling not only for nuclear powered devices in space [8,27], but non-nuclear 

power devices as well [8]. A description of current extraterrestrial nuclear applications is 

provided as part of Section 2.3. 

 The liquid metal cooled applications discussed above use a variety of liquid metals 

including mercury [28], sodium-potassium [29], sodium [10], lead [30], lead-bismuth eutectic 

(LBE) [31], and lithium [32]. Each of these metal coolants has safety challenges when working 
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with them in a Canadian university laboratory environment. Mercury and lead are controlled 

substances that have been demonstrated to be highly toxic and highly carcinogenic. Sodium is 

explosive when contacted by water and ignites when exposed to air at temperatures greater 

than 398 K. Yet clearly, with all these current and potential applications further understanding 

of the flow behaviour and thermal-hydraulic of liquid metals through increased research of 

liquid metals in Canada could create several future research and commercial opportunities. 

Therefore, the characterization and development of a liquid metal that reduces the safety 

requirements at a Canadian university for this type of research is an important contribution to 

the public knowledge in Canada and a preparatory step for more complicated experiments 

using more hazardous metals.  

Liquid metal coolants are of interest to the nuclear industry as it allows for more 

effective heat transport in the primary systems of a reactor and related systems so that the 

heat transport system can reach higher temperatures while maintaining the coolant in a liquid 

state at atmospheric pressure.   Liquid metals have been used as the coolant in nuclear fast 

reactors for decades, beginning with Clementine in 1946, a mercury cooled reactor [33]. The 

success of the Clementine reactor led to the development of more liquid metal cool 

experimental reactors called Experimental Breeder Reactors (EBR) [33,34].   The EBR program at 

Argonne National Laboratories eventually led to the design of the Clinch River liquid metal 

cooled power reactor, which was scrapped before it reached operation due to regulatory and 

cost issues [35,36]. Ultimately, the failure at Clinch River over the regulatory concerns brought 

about the sodium-cooled Integral Fast Reactor (IFR) [35]. Currently, several designs of liquid 

metal cooled reactors have been researched and developed in the United States, Russia, 
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France, Japan, and China, including multiple designs that have achieved operation such as BN-

600 in Russia, MONJU in Japan, and Superphénix in France. The sodium-cooled Russian BN-600 

has been the most successful of these reactors having been in operations since 1984 and 

connected to the grid since 1993 [11]. The design demonstrates the improved efficiencies of 

liquid metal-cooled reactors with a gross efficiency of 41% [11]. On the other hand load 

availability has averaged 77% since the start of operation and in 2012 reached its highest load 

factor of only 82% [11]. The design has also spawned the BN-800 and BN-1200 which are 

currently under construction in Russia [11]. 

Lastly, there are a few alternative applications of liquid metals that need to be 

discussed. First, liquid metals are being use in radiative cooling such as heat pipes. Heat pipes 

and other radiative cooling techniques are prevalent in nuclear extraterrestrial applications. 

Lithium is the most common liquid metal used in heat pipe and related cooling technology 

applications [8,37]. Other applications of liquid metal coolants are in transmutation 

technologies and sub-critical reactors utilizing lead-bismuth as both the coolant and the 

spallation target. Furthermore, many fusion reactor designs require a liquid metal blanket 

consisting of lithium or lead-lithium to achieve power production. Currently, there is a need to 

increase the understanding of heat transfer and fluid flow especially for two-phase gas-liquid 

metal flow. Particularly, an improvement in knowledge is required in terms of modelling the 

thermal-hydraulics from both a safety and performance standpoint.  Therefore, there is a need 

to understand liquid metal two-phase flow phenomena, to improve two-phase flow diagnostic 

techniques and develop safe and accurate models, both numerical and experimental, for liquid 

metal flows.   
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2.1.1 Generation IV Liquid Metal Cooled Nuclear Reactors 

GEN-IV has selected three types of liquid metal cooled reactor concepts for further 

investigation; the lead cooled reactor concept, the LBE cooled reactor concept, and the sodium 

cooled reactor concept.  Although, lead cooled and LBE cooled reactor concepts are considered 

to be one general design type [3,38]. All three are fast reactor designs that have been 

investigated by European countries (mainly France and Russia), the United States, and Japan to 

the test reactor stage [3]. Superphénix, which is a sodium-cooled fast reactor, operated for 

nearly 12 years as a commercial power reactor in France; however, its construction and 

operation were at times highly contentious due to opposition from anti-nuclear groups that 

strongly lobbied local political organizations and governments against the Superphénix project.   

One significant issue with sodium cooled reactors, whose conceptual design is shown in Figure 

4, is the reactivity of sodium with air and water. Sodium will ignite in contact with air and water 

making it a dangerous substance outside of highly controlled environments.   

MONJU, a Japanese sodium-cooled design presented in Figure 5, is currently a prototype 

under operational testing.   The reactor reached criticality in 1994 and operated briefly in 1995 

before being shut down due to a fire [10,38]. MONJU, is a large full scale prototype reactor; 

however, liquid metal cooled reactors can also be small modular type designs such as the 

Toshiba 4S. A diagram of the 10 MWe design is presented in Figure 6.  The reactor has yet to be 

built, but is designed to be a reactor that runs for 30 years without refuelling, providing reliable 

small-scale energy production [9]. The important individual components of the Toshiba 4S have 

been tested under full scale conditions.     
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Figure 4: Diagram of Gen-IV Sodium Cooled Fast Reactor concept [3] 

 

Figure 5: Diagram of MONJU, a sodium-cooled Japanese fast breeder reactor prototype [10] 
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Figure 6: Diagram of Toshiba 4S, a small sodium-cooled pool-type reactor concept [9] 

 

 Lead/LBE reactors have also been studied and constructed before the start of the GEN-

IV project. Lead cooled fast reactors were constructed in the 1970s, the most famous being a 

reactor designed to operate in the Alfa class U.S.S.R. submarines [39]. The current designs of 

the lead-cooled reactors do not require forced circulation for emergency cooling, but rather 

have been designed for cooling by natural circulation, creating a further need to understand 

both natural and forced circulation of liquid metal flow. In terms of operational limits both the 

lead and LBE have a higher melting and boiling point than sodium. All 3 liquid metal cooled 

reactor concepts have a similar operating temperature range in the 500 – 700 K with heavy 

metal-cooled reactors simply having  a higher margin between the operating temperatures and 

the boiling point.  Lead/LBE are significantly less reactive than sodium and therefore due not 
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possess the compatibility issues with air and water [3].  An illustration of the general GEN-IV 

design is presented in Figure 7.    

 

Figure 7: Diagram of Gen-IV Lead Cooled Fast Reactor concept [3] 

Liquid metal-cooled GEN-IV concepts still require more research and development for 

both normal operating and abnormal conditions for the reactor physics [30,40], thermal-

hydraulics [9,39], materials and chemistry [4,39] perspectives. Several research groups and 

institutions across the globe are working to resolve these issues and to establish liquid metal-

cooled reactors as a viable future technology.  Some of the more significant issues are the 

sodium-water interaction and the prevention of sodium fires [10,39], the production of 

polonium in LBE-cooled reactors [39], and reactor transients [30,40]. Another important area of 

research is the thermal-hydraulics of liquid metal systems. Considerable effort is being put into 

understanding and modelling the thermal-hydraulics of liquid metal flows. Sections 2.2-2.4 will 

discuss the literature related to the thermal-hydraulic issues in more detail. 
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2.1.2 Accelerator Driven Systems 

Accelerator Driven Systems are subcritical reactor designs that are being developed to 

reduce the amount of waste produced when using a particle accelerator to transmute waste for 

storage or reuse as fuel.  The Nuclear Energy Agency (NEA) [4] and the IAEA [5,6] both have 

reports on status and feasibility of ADS for transmutation and fast reactors. A common general 

design includes a liquid metal spallation source. The liquid metal is typically lead or LBE. The 

liquid metal is transported throughout the spallation loop by using natural circulation or gas-

enhanced two-phase flow. A particle beam contacts the source generating neutrons. The 

particle beam also heats the liquid metal initiating the natural circulation. Then depending on 

the design, the neutrons are used to maintain a subcritical nuclear reaction to generator 

nuclear power or to transmute materials either for storage or future use in a reactor. A general 

schematic of an ADS is shown in Figure 8. 

Currently, the ADS design closest to realisation is the Belgian research reactor multi-

purpose hybrid research reactor for high-tech applications (MYRRHA) [4].  The construction 

phase is scheduled to begin in 2017 and reach full operation by 2025. A general schematic of 

MYRRHA is presented in Figure 9. Importantly, there are a number of experimental test 

facilities whose purpose is to research and develop ADS technology.   
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Figure 8: Schematic of an Accelerator Driven System [6] 

 

Figure 9: Schematic of MYRRHA Reactor concept with a liquid metal spallation loop [25] 
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CIRCE is an experimental loop at Brasimone Labs in Italy. The experimental loop is based 

upon recent ADS designs such as MYRRHA. Its purpose is to understand the thermal-hydraulics 

of liquid heavy metals, specifically LBE. LBE is the primary choice for ADS systems as it can be 

used as a spallation target and possesses the best neutronic characteristics for this purpose [4].  

CIRCE consists of a large main cylindrical vessel that can contain up to 70 tonnes of liquid LBE 

[26].  Importantly, a subsystem of CIRCE, called the Natural Circulation Experiment (NACIE) is 

being designed to study the natural circulation phenomena of LBE. The NACIE loop is designed 

to handle 1000 kg of LBE at 823 K [26]. A schematic of CIRCE and NACIE is presented in Figure 

10 and 11 respectively. It should be noted that NACIE, like the loop being designed and 

characterized in this work, is a heavy metal natural circulation loop. Furthermore, there are 

several similarities in the two loops designs including the use of an ultrasonic flow meter, a 

vertical test leg, and a heat source at the beginning of the vertical leg. Several papers from the 

research group at Brasimone Labs discuss the thermal-hydraulic phenomena present in ADS 

and other LBE systems [26,42,43]. The work focuses on understanding the thermal-hydraulics 

and accurately modelling LBE flow under natural circulation and gas-enhanced flow via gas 

injection. Two different liquid metal applications for an ADS reactor exist. One is as the primary 

coolant of the system. The other application in ADS for liquid metal flow is to use the liquid 

metal as the neutron spallation target. The liquid metal flows along the spallation loop 

transporting the heat from the spallation reaction to a heat sink. This application typically uses 

natural circulation to drive the liquid metal flow in the spallation loop. Hence, the ability to 

transfer heat in the spallation loop is a key factor in the effectiveness of an ADS reactor and an 

important reason to investigate natural circulation liquid metal flows. However, even with 
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these facilities there is still the need to make significant gains in these areas of research. As the 

papers suggest there is still considerable work needed to complete the understanding of heavy 

metal flow and create accurate models.  

Several papers from a research group at the Royal Institute of Sweden examined the 

feasibility of ADS designs from a kinetics and safety point of view [40]. This work demonstrates 

that the principles with respect to kinetics and safety are sound. However, there are still safety 

scenarios that can be further studied and understood before ADS reactors reach operations. 

The work in Europe has demonstrated ADS are safe, technologically feasible systems that 

provide a solution to the issue of nuclear waste and possibly as a source of electrical power. 

Continued research and development is needed to bring this technology to fruition.  
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Figure 10: Schematic of CIRCE with main S100 main vessel, S200 storage tank, and S300 LBE transfer 

tank [42] 

 

Figure 11: Schematic of NACIE Loop: A natural circulation loop for liquid metals [42] 
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2.1.3 Extraterrestrial Nuclear Applications 

Space vehicles and platforms require large amounts of energy density (at least 110 kWe 

[44,45] and up to 2.8 MWe [46]) for power generation and propulsion depending on the 

purpose of the spacecraft. Nuclear energy and, therefore, nuclear reactors or nuclear batteries 

are being considered for use in future missions and applications; both in near Earth orbit 

(satellite and moon-based) and deep space. Nuclear power is being considered especially for 

deep space missions as the decreasing intensity of solar energy due to the increasing distance 

between the spaceship and the sun renders solar power impracticable [47] and, thus a greater 

need for alternative energy sources. Nuclear reactors for space have been studied for over four 

decades beginning in the U.S.S.R. (now Russia) in the 1960s where the Soviets eventually 

developed a reactor to power satellites. Between 1970 and 1988, the U.S.S.R. launched several 

nuclear powered satellites into orbit. Since then several satellites using nuclear batteries have 

been launched and nuclear batteries have also been used in recent exploratory unmanned 

missions to Saturn and Pluto [7,48].  Nuclear batteries utilize the thermal decay heat of 

radioactive material to provide power to systems and to warm electronics in the coldness of 

space.  The Cassini-Hugyens mission to Saturn uses a radioisotope thermoelectric generator 

with a Plutonium core as main power source since its launch in 1997 and it was still operating 

as of 2015 as it orbited around Saturn [7].  The next generation of future spacecraft may also be 

powered by ion engines. In deep space missions, ion engines require power from nuclear 

sources such as a nuclear reactor [45].  As applications in space increase and exploration 

ventures further out into the solar system the demand for space reactors is expected to 

increase.   
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Space reactors differ in design requirements from traditional terrestrial reactors used 

for power plants, or even those on submarines, because of the environmental differences 

between Earth and space. Everything from the coolant and the shielding being used to the 

thermal-hydraulics and neutronics of the reactor must be considered for various space 

environments. For example, steam generation and boiling in space are difficult due to 

microgravity and its effects. Even maintenance is made of more because of the issues involved 

with having highly pressurized vessels in the remote environments of deep space. The designs 

must utilize radiators to reject the heat. The radiators replace the steam generators by acting as 

the medium to transport the heat from the reactor to the electrical generator. The radiators 

can use outer space as the heat sink which can be considered a black body, thus greatly 

improving the efficiency of the radiators [8,32].  

The inclusion of the radiator removes the need for water to act as a medium of heat 

transport. This allows for designs that utilize different modes of heat transport, such as liquid 

metal heat pipes, and reactor types such as sodium cooled reactors, to be considered because 

the safety issues associated with water reacting with some types of liquid metal, especially 

sodium, are no longer a concern [44]. In the case of propulsion, electrical generation may not 

be necessary, but radiators will still be necessary to remove the heat from the reactor and 

propulsion systems. Once in space, the reactors will be difficult to repair so reliability and 

operational life requirements increase in importance to ensure successful completion of the 

mission. If power cannot be provided to the ship or outpost it could leave people stranded 

without the power in the middle of space. So, ensuring operation life and removing any single 
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point failures is a key aspect of space reactor design [47]. Figure 12 presents a diagram of the 

basic systems of a nuclear powered manned spacecraft.  

 

Figure 12: Concept design of a nuclear power plant for support of a space based facility [44] 
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Currently, several new designs of space reactors for both power generation and 

propulsion are being studied and developed by NASA and other space agencies [27,49]. These 

studies are focusing on advanced reactor designs such as fast energy spectra reactors [31-36].  

The majority of the designs use various types of lightweight fast reactors to power or propel 

various applications and are either gas cooled or liquid metal cooled reactor designs.  Fast 

Spectra reactors are considered to be quite suitable to applications in spacecraft and satellites 

due to their small space requirements and long lifetime, and importantly because they have 

been designed to eliminate single point failures [48].  Several fast reactor designs have been 

proposed. Table 3 gives an overview of the fast reactor designs for space applications 

[44,45,49]. Figures 13-17 show schematics for each type of reactor design. It is important to 

note that almost all of the designs for these space reactors include the use of a liquid metal in 

some capacity. 

Table 3: Fast Spectra Nuclear Reactor Designs for Space Applications [44,48,51] 

Reactor Design Lifetime(years) Power Cooling Method 

SAIRS—Scalable AMTEC 
Integrated Reactor Space 
Power system 
(Figure 13) 

10-15 30-35We/kg 
18, 5.6 -24, 4.2 kWe 

Amtec Units 

Lithium heat pipes 

Heat pipe cooled reactor with 
segmented thermoelectric 
Module converters (HP–STMCs) 
(Figure 14) 

10-15 110 kWe Lithium heat pipes 
(Figure 18) 

Sectored, compact reactor 
(SCoRe) space power system 
(Figure 15) 

4 2. 5 MW thermal Convectively cooled 
with circulating  

liquid NaK 

Submersion-subcritial, safe space 
(S^4) reactor power 
System (Figure 16) 

10-15 471 kWth 
93 kWe 

He-Xe Binary mixture 

Sterling Engine 
(Figure 17) 

N/A 12 MWth 
2.8 MWe 

Lithium cooled heat 
pipes 
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 These spacecraft designs vary in detail and in their state of progress; however, they all 

require some method of heat transport beyond that of traditional terrestrial methods, such as 

mechanical pumps. In most of the designs liquid metal cooled heat pipes are considered as the 

primary means of heat transport [8,37,50]. Figure 18 displays a diagram of a proposed liquid 

metal heat pipe design concept.  Liquid metal heat pipes are being proposed for heat transport 

in space reactors as they possess the qualities such as small space requirements, small mass 

requirements and no moving parts to be effective in outer space. Heat pipes work by using 

wicking pressure and capillary action to transport mass and heat. Heat pipes can suffer from 

vapour lock or dry out and have limitations with regards to heat transfer. These difficulties 

could be overcome by the further study and understanding of liquid metal flow and EMHD-

enhancement of liquid metal flow. Capillary pumped loops [32,50] and EMHD enhancement of 

capillary pumped loops to improve heat transport in these applications has also been shown to 

be another possible solution.   
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Figure 13: Schematic of the SAIRS concept reactor [45] 

 

 

Figure 14: Schematic of the HP–STMCs concept reactor [45] 
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Figure 15:  Schematic of the SCoRe S11 concept reactor [45] 

 

Figure 16: Schematic of the S^4 CBC concept reactor [45] 
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Figure 17: Schematic of the Stirling Engine Reactor concept [44]

 

Figure 18: Lithium heat pipe for a HP-STMCs [51] 
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2.2 Liquid Metal Flow  

Liquid metal flow has been used in a variety of applications and research areas from the 

forging of steel to the neutronic poisoning of nuclear reactors. This section will focus on the 

published literature that is most relevant to the applications in this work. Specifically the liquid 

metals and liquid metal flow this work is attempting to emulate with the In-Bi-Sn alloys: two-

phase flow and naturally circulating liquid metal flow for the purpose of heat and mass 

transport.  

2.2.1 Current Liquid Metals  

Traditionally, the research in liquid metals used mercury, as it is a liquid at room 

temperature or alkali metals (Li, Na, and K) [28,52,53]. Alkali metals such as sodium and lithium 

are common liquid metals in heat transfer applications, while potassium is similar to these 

materials with a low melting temperature (~336.5 K) [54]. Several other studies use a sodium-

potassium eutectic for their work [29].   Many of these initial studies on liquid metal flow 

focused on the physical phenomena of liquid metal and not the thermal-hydraulic applications 

of the materials. However, the initial research performed done during this time established the 

knowledge base that led to the development of thermal-hydraulic principles pertaining to liquid 

metals for power and energy applications. The behaviour of liquid metals undergoing boiling 

[54], natural circulation [55], and two-phase flow [28,52,53] were all studied and documented 

beginning with research dating back to the 1960s. The two-phase flow studies included 

investigations on void fraction [53] and pressure drop [29]. For two-phase flow the 

experimental setup usually pairs the metal with an inert gas, typically either argon or nitrogen 
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[28]. During the period from the 1960s to the early 1980s, liquid metal cooled reactors, nuclear 

fusion, and heat pipe technology advanced the applications of sodium, lead, lead-bismuth, and 

lithium metals [52,56,57].  Several papers characterized potassium, mercury, sodium, sodium-

potassium eutectic, and lithium in two-phase flow and developed a correlation for pressure 

drop and heat transfer [50-56]. Importantly, the effect of magnetic fields and 

magnetohydrodynamics (MHD) on liquid metals was also significantly studied [54-56]. The 

studies during this period established the concepts and behaviours of the current MHD 

applications such as electromagnetic pumps being used in the current design of liquid metal 

cooled nuclear reactors [57]. Most of the research in this time period comes from American and 

Japanese researchers. Not surprisingly, as many of these (research) studies form the basis for 

the knowledge and concepts used in both past and modern alkali metal cooled reactor designs 

from the USA (e.g., IFR) and Japan (e.g., MONJU).  

Liquid heavy metals, such as liquid lead and LBE were investigated in the past largely by 

Russian researchers. The combined knowledge of these studies and investigations is nicely 

summarized and discussed in the “Lead – Bismuth Eutectic and Lead Handbook” published by 

the NEA [39] which includes chapters on the thermo-physical properties [58], the 

thermodynamic behaviour [59] and the thermal-hydraulic behaviour [60] of the two most 

common liquid heavy metal coolants. The handbook clearly describes a need to further 

understand the material properties and thermal-hydraulic behaviour of lead and LBE, especially 

with regards to the heat transport of low-Prandtl number heavy metal flow. 
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The research on these types of phenomena becomes more prevalent with the renewed 

interest in nuclear power and outer space applications. Recently, lead-bismuth has been 

studied using electrostatic precipitators for droplet generation [61]. Furthermore, Lead-Bismuth 

also has been used in experimental two-phase flow natural circulation loops (with air as the 

second phase) and its physical behaviour in the loop studied using neutron radiography [62,63].    

2.2.2 Field’s Metal and other In-Bi-Sn alloys  

There are very few commercial applications for Field’s metal and other In-Bi-Sn alloys, 

typically limited to the occasional use as a non-lead low melt solder and as a basic teaching 

tool/ science experiment to demonstrate low melting temperature metal alloys.  As such, there 

is little literature on the In-Bi-Sn system or Field’s metal characteristics as a liquid.  The primary 

manufacturer of alloys from the In-Bi-Sn system is Indium Corporation which sells many similar 

materials as low melt solder. The data available from Indium Corp was previously presented in 

Section 1.2. Field’s metal has also been investigated for use as a latch in microelectronics. This 

work also determined that there is relatively little information available for Field’s metal, its 

physical properties, or its behaviour beyond its low melting temperature and composition [64]. 

Significant research is required in this area to fully characterize the In-Bi-Sn system and to fill 

the gap in the knowledge with respect to its behaviour as a flowing liquid. A significant portion 

of this gap in knowledge will be covered by the research performed in this work and presented 

and discussed in the following chapters. 

Field’s metal is the eutectic mixture of an indium, bismuth, and tin ternary system. 

Field’s metal consists of 51% indium, 32.5% bismuth, and 16.5% tin by weight percent. Field’s 
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metal has been chosen for this work as the primary metal alloy of interest to act as the flow 

medium in the liquid metal loop because of its low toxicity, low melting temperature, and low 

chemical reactivity when compared to traditional liquid metal flow mediums of sodium, lead, 

lead-bismuth, and mercury. Field’s metal melts at 333 K. It is non-reactive with air and water. 

Therefore, it is a safe alternative for experimental study to the more caustic metals present in 

nuclear power plants and other industrial applications. The increased safety factor should allow 

for a more expansive approach to experimentation in laboratory settings.   Although, it does 

contain a significant neutron absorber (indium) this work will show it is still a reasonable option 

for neutron radiography based two-phase flow studies. Also, while indium does possess a high 

absorption cross-section in the thermal neutron energy range it is lower in the fast neutron 

range [65].   

Commercially, there is minimal publicly available information available about Field’s 

metal and its potential applications.  Traditionally, Field’s metal had been limited, usually as a 

non-toxic alternative for dye casting, moulding, and rapid prototyping, similar to the main 

applications of other low-melt indium and bismuth alloys. Typically, such alloys contain lead 

and cadmium, both highly toxic heavy metals that require a high level of ventilation and careful 

handling. Similar alloys are also used in welding, soldering, and in bending operations due to 

their low melting temperatures. Field’s metal is available for purchase from several small 

manufacturers, such as on-line science stores in UK and USA. These companies manufacture it 

in small quantities and do not provide any information besides weight percent and melting 

temperature.  Indium Corporation does produce Field’s metal for sale under the name Indalloy 

19 and sells other In-Bi-Sn alloys as well. Normally, these alloys are marketed as a lead-free 
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solder.  However, the cost of purchasing the alloy from a manufacturer is assumed to be 

significantly more than fabricating it in house. Multiple attempts were made to determine the 

exact cost; however, when approached, Indium Corporation was reluctant to sell the alloy and 

would not provide a quote for the quantities needed in this work or provide a price per kg as 

the quantities (approximately 5 kg) were too small. Tables 4 and 5 present the information for 

the In-Bi-Sn system, as made available by the Indium Corporation.  Figure 19 presents a 

photograph Field’s metal in its solid and liquid state.  

 

Table 4: Known Thermo-physical properties of Field’s Metal as provided by Indium Corporation [66] 

Property Value 

Liquidus Temperature 60 ⁰C (E) 

Solidus Temperature 60 ⁰C 

Density (solid) 7.88 g/cm3 

Electrical Conductivity 3.3% IACS 

Thermal Conductivity (solid) .19 W/cm⁰C @ 40.1 ⁰C 

Thermal Coefficient of Expansion 22 PPM/⁰C @ 20 ⁰C 

Tensile Strength 33 439.6 kPa (4850 psi) 

Brinell Hardness 11 

 

Table 5: Known Properties of other In-Bi-Sn eutectic alloys as provided by Indium Corporation [66] 

Alloy Properties 

Indalloy 27 (54 Bi – 29.7 In – 16.3 Sn) 
 

Tmelt = 81⁰C Eutectic 
Density = 8.47 g/cm3 

Indalloy 174 (57 Bi – 26 In – 17 Sn) 
 

Tmelt = 79⁰C Eutectic 
Density  = 8.54 g/cm3 
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a)  b)  

Figure 19: Photograph of Field's Metal fabricated as part of this work; a) as a solid b) as a liquid 

 

Very little thermal-hydraulic research has been performed with Field’s metal as a 

medium and no previous study has been performed to determine whether Field’s metal is a 

good model for lead, LBE, or sodium. Therefore, as part of the work, a study on the physical 

properties and heat transport characteristics of the material is required. The understanding of 

the thermo-physical properties of a material and their behaviour over a wide range of 

temperatures at various states of matter is essential to the creation of accurate thermal-

hydraulic models. The study of the physical phenomena of the heat and mass transport of liquid 

metal flow and gas-enhanced liquid metal flow is predicated on the determination of these 

thermo-physical properties.  In this regard, the literature review will summarize the limited 

public knowledge of these properties for Field’s metal and the other possible candidate alloys 

from the In-Bi-Sn ternary system.  
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The In-Bi-Sn system has been investigated to determine the thermodynamic makeup of 

the system. Schepereel and Peretti first investigated the system in 1967 [67]. That work 

determined the system consists of phases of tin, bismuth, and indium bismuthide. Further it 

established that the two key indium compounds in the system were InBi and In2Bi. The work 

also identified the eutectic composition (Field’s metal).  After the 1960s, little research was 

performed on the system. In recent years, the system once again was investigated as it offered 

an alloy system of low melting temperatures suitable to advance new found methods and 

techniques such as the development of lead-free solders.  Updated ternary diagrams and 

thermodynamics of the system have been well established by work done in Aachen, Germany 

[68].  

The work by Rex et al. [69] and Witusiewicz et al. [70] first investigated the 

microstructure of the system, particularly the eutectic alloy. These works established two key 

features of Field’s metal.  First, the eutectic alloy phase composition is In2Bi + γ-Sn. Second, the 

eutectic composition consists of a “highly regular lamellar structure” [69] compromised of 

alternating layers of the three phases; γ-Sn, BiIn2, and β-In. Figure 20 is an image taken from a 

scanning electron microscope of the lamellar microstructure of Field’s metal as provided by Rex 

et al. in their work [69].  
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Figure 20: Lamellar microstructure of Field's metal taken from a scanning electron microscope by Rex           

et al. where the grey columns are γ-Sn, the black columns are BiIn2, and the white columns 

are β-In [69] 

 

The same authors published an updated phase diagram of the system to 

thermodynamically re-optimise the system [68]. The work used a differential scanning 

calorimeter to experimentally measure 29 different alloys. The system was then modelled using 

the CAPHAD method and the Thermo-Calc software program to create the phase diagram. In 

that work, the enthalpy of melting, melting temperatures and phases of the system were also 

presented. The phase diagram generated by Witusiewicz et al. is presented in Figure 21 [68]. 

  

γ-Sn BiIn2 Β-In 
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Figure 21: Phase diagram of the In-Bi-Sn ternary system where E2 represents Field’s metal, E1 

and U1 represent Indalloy 174 and Indalloy 27 respectively [68] 
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Lastly, Akbulut et al. [71] expanded the knowledge of the system by determining the 

interfacial energies between the liquid and solid phase of the eutectic alloy using the grain 

boundary groove -method. Interestingly, in order to calculate the interfacial energy the thermal 

conductivity must be known. So, the work experimentally measured the thermal conductivity of 

solid Field’s metal at the melting temperature and then used the Bridgman growth apparatus to 

calculate the liquid thermal conductivity at the melting temperature. The results of the work 

are summarized in Table 6 along with the other data published on the thermal conductivity of 

Field’s metal. The work performed by Akbulut et al. [71] on thermal conductivity shows good 

agreement with the values from the Indium Corporation, but is about 50% lower than the 

results of Akbulut et al. (see Section 5.4). 

Table 6: Published values for the thermal conductivity of Field's metal  

Field’s metal T (K) k (W/m-K) R = kL/ks Γ (K-m) σSL (J/m2) 

Liquid  [71] 332.15 28.07 ± 5% 0.96 1.42 ± 0.07 

(10E-7)   

49.6 ± 5 

(10E-3) Solid [71] 332.15 29.24 ± 5% 

Solid [66] 313.25 19 N/A N/A N/A 
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2.3 Natural Circulation 

Natural circulation is the process where a fluid is transported through a system by the 

forces naturally present in the system, e.g., gravity and buoyancy.  Therefore, a fluid can 

transport heat and mass in this system without the need of additional man-made forces, such 

as mechanical pumps.  The fluid enters a heated area where the additional heat energy causes 

the fluid to rise. As the fluid rises, the heat energy dissipates causing the fluid to cool. As it 

cools, the fluid becomes denser and will flow in the direction of gravity. If the gravitational 

forces pull the fluid back to the heat source the fluid can continue to circulate. If the fluid is 

liquid at the entrance to the heat source it can be heated until the fluid becomes a gas. The 

bubbles created from the boiling of the fluid improve the natural circulation of the system by 

generating stronger buoyancy forces and more heat energy. This is known as two-phase natural 

circulation and is an important aspect of the design of nuclear power plants as it allows for the 

cooling of reactors without needing power from the electrical grid [72].   

Two-Phase flow can occur as gas-gas, gas-liquid, liquid-liquid, liquid-solid and gas-solid 

flows. In nuclear and heat transport applications the most common flow is gas-liquid. Figure 22 

describes the various forms of two-phase flow in the vertical leg of the gas-liquid system similar 

to the natural circulation experimental loop at UOIT. Note for this type of natural circulation 

experimental loop, the separation tank removes the gas such that horizontal two-phase flow 

need not be considered.   
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Figure 22: Expected Two-phase flow regimes in the vertical leg of a gas-liquid metal two-phase flow 

system 

 

The transition and characterization of vertical two-phase flow regimes has considerable 

documentation most notably by Mishima and Ishii [73]. The flow regime is principally 

dominated by the velocities of the fluids, especially the gas velocity. In natural circulation, the 

momentum is derived largely from the buoyancy forces of the gas phase and hence, the 

velocity of the gas phase is required to determine the flow regime and correlating behaviour. 

The three main flow regimes in vertical gas-liquid flow are bubbly flow, where small bubbles are 

present within the liquid flow and occur at low gas velocity. Slug flow, where large oblong 

bubbles are present along with the primary liquid flow and occurs at medium gas velocities. The 

final flow regime is annular flow, where the gas flow has pushed the liquid flow to the wall of 

Qg 

φ 

Liquid 
metal 

g 



 

 

52 

 

the pipe and is now the primary fluid flowing through the center of the channel and it occurs at 

high gas velocities.  Gas-liquid systems can both improve heat transport by increasing the 

potential heat load and cause significant damage in the form of dry out and critical heat flux to 

metal, plastic, and ceramic surfaces [74,75].  

In current nuclear power plants, steam-water is a well-studied two-phase flow that 

occurs within the reactor, often due to boiling. While controlled boiling is necessary for the 

production of power, boiling near the fuel can cause a significant increase in void fraction 

leading to critical heat flux without even taking into account the effect increased void fraction 

has on reactivity. In a laboratory setting two-phase steam-water flow is often simulated using 

air-water in both natural and force circulation environments [76,77]. Research related to 

understanding two-phase flow and critical heat flux are typically investigating flow regime, 

bubble, and droplet formation. Void fraction measurement techniques are commonly used to 

measure these parameters and phenomena in experimental settings [78,79].  

For liquid metal cooled applications the same concerns of possible enhanced heat 

transfer from boiling and deteriorated heat transfer from dry out and critical heat flux exist. 

However, there is expected to be significant differences between steam-water and gas-liquid 

metal behaviour as the thermo-physical properties differ greatly between water and liquid 

metal. For example, the gas phase will not occur from boiling of the liquid metal, but more 

likely from either a gas ingress scenario or a gas injection scenario.  A gas ingress scenario is 

likely only to happen unintentionally in a power plant such as by a leak or other ageing 

phenomena. Most likely, the leaking fluid would be either air or water. In certain cases, for 
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example at a sodium-cooled power plant, this could be a significant safety case. A gas injection 

scenario would be the intentional injection of an inert gas into a system to enhance the flow 

(i.e., gas-enhanced natural circulation). In naturally circulating liquid metal cooling systems, gas 

injection exists in ADS to enhance the flow on the nuclear spallation liquid metal loop and could 

possibly be implemented to enhance passive safety systems in liquid metal cooled reactors.   

Gas-enhanced flow and single-phase natural circulation are especially important aspects 

for lead/LBE-cooled designs that incorporate passive cooling via natural circulation. Heavy 

metals are considered to have a high capability for natural circulation and gas-enhanced 

circulation [26,30].  Therefore, natural circulation has been included in lead/LBE cooled reactor 

concepts as the primary means of transporting the coolant and as a passive safety feature 

[30,80].  One significant advantage of natural circulation is that it reduces the pumping power 

needed for the coolant system under both normal and emergency situations. Notably, the 

pumping power is larger in heavy metal-cooled designs due to the high densities of heavy 

metals [30]. However, for single phase natural circulation it requires an open loose pool-type 

design to achieve natural circulation which results in a lower neutron economy [30]. Hence, in a 

closed loop system, gas-enhanced natural circulation is required as the additional buoyancy 

forces help to create momentum and propel the liquid metal to circulate [26,80].   

Natural circulation has an effect on the pressure drop and heat transfer of the system.  

The change in pressure is directly affected by the friction present in the system, which is 

determined by the friction factor. Generally, as the velocity increases the friction factor lowers 

thereby reducing the pressure drop [74].  Thus, for single phase natural circulation the slower 
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velocities compared to forced circulation should cause an increase in the pressure drop. When 

a second phase is introduced, e.g., gas injection, it would increase the velocity and reduce the 

pressure drop compared to single-phase flow. Comparing the liquid heavy metal natural 

circulation to water there is also a significant loss in pressure due to the density (ρ), 

gravitational constant of acceleration (g), and elevation (h) also known as the gravitational head 

(ρgh) as the densities are approximately 8-10 times larger for liquid heavy metals than water or 

liquid sodium [58]. The addition of a second phase via gas injection would reduce the overall 

density of the flow and reduce the pressure drop generated from the gravitational head.   

The slower velocities incurred during natural circulation compared to forced circulation 

also effects the heat transfer of the system.  The lower velocities can improve heat transfer 

across an interface as the materials have more time to exchange heat. Furthermore, it can lead 

to higher temperatures and higher temperature gradients in the system.  Depending upon the 

desired effect, this can either be a beneficial result or a concern [30,81]. In the gas 

enhancement scenario the injected gas increases the momentum of the flow which results in a 

reduction of heat transfer at an interface.  In a gas-enhanced flow there is more control of the 

heat transfer as the velocities can be controlled via the gas flow rate. The addition of the 

second phase also would affect the heat transfer properties of the flow, such as thermal 

conductivity and heat capacity. There would be a decrease in the conductivity and an increase 

in heat capacity. The flow would be able to retain a larger amount of heat, but the exact 

amount would be dependent on the amount of gas in the system and the type of gas used.  In 

practice, the gas injected would be an inert gas such as nitrogen or argon so as to not introduce 

oxides into the flow or, in the case of sodium, prevent a volatile reaction [42,80]. In this work 
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the gas injected is compressed air as it is readily available and cheaper than inert gases, but it 

does not significantly react with Field’s metal. This exemplifies one of the advantages of Field’s 

metal and other heavy metals, that is, their general chemical inertness with air and water which 

allows for their use in laboratory experiments. 

2.4 Numerical Modelling 

The literature identifies two specific areas of numerical modelling. First, the modelling 

of natural circulation and two-phase flow, which has been extensively researched especially 

with regards to the nuclear industry [72]. Secondly, the modelling of liquid metal flow which has 

been performed with alkali metals and lead alloys [81].   

The modelling of two-phase flow and natural circulation has been studied by a number 

of methods including 1-D analytical technique, finite difference methods, and 3-D 

computational fluid dynamics (CFD) methods [55,72].  The work is characterized in several 

papers and books. The models typically look at traditional coolants such as water, air, or 

refrigerants. Liquid metals models have also been developed for sodium and lead alloys. The 

work in these papers forms a solid basis to develop a numerical model of In-Bi-Sn liquid metal 

flow under natural circulation and under gas-enhanced flow. 

In many cases the work is related to modelling ADS systems and Liquid Metal Fast 

Reactors (LMFR) using system codes. Cuccoluto et al.,  using the system code RELAP5, modelled 

the single phase LBE natural circulation flow of the loop at Brasimone Labs [26]. The work also 

used CFD turbulent models to study the 3-D effects of the flow [26]. The work to date has been 

used to help characterize the experimental facility at Brasimone discussed in Section 2.2. 
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Currently, the system codes are being used to validate the experimental data for a pool-type 

heavy metal-cooled reactor and the published results suggest RELAP5 is promising in this regard 

[42]. In the future, the goal is to apply the models to safety scenarios for a heavy metal-cooled 

reactor for both normal and accident conditions. First, the code needs to be expanded to 

include two-phase gas-enhanced flow [26,43]. 

  ATHLET has also been used to model liquid LBE and gas-enhanced LBE flow for ADS in 

China and Europe. Zuo et al. using the system code ATHLET-X modelled a Chinese designed 

natural circulation LBE system with a gas-lift type pump [80]. The work focused on the two-

phase flow of the system including void fraction and bubble diameter, thereby demonstrating 

that gas-enhanced liquid flow can be modelled. The work also studied and determined 

appropriate correlations for capturing the heat transfer behaviour of the system.  Most 

importantly it showed that small changes in the gas phase, such as bubble diameter, 

significantly affected the thermal-hydraulics of the system. The work concluded the need to 

further study the characteristics of this gas-liquid metal flow to determine the optimal flow 

characteristics for both passive cooling during operation and in accident scenarios.   

Palazzo, in conjunction with GRS in Germany and Brasimone in Italy modelled the 

spallation loop present in the MYRRHA reactor design using ATHLET and coupled it with the CFD 

code CFX [25]. This work considered gas enhanced and natural circulation of LBE for the 

purposes of spallation and not the flow inside the reactor core. The work demonstrated the 

ability to couple CFD and system codes for liquid metal flows. The target zone of the spallation 

loop is modelled to determine if gas-injection would affect the surface undergoing spallation. 
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The work was able to couple the codes, but the work was limited by the computational power 

available and a more detailed analysis of the target zone is needed before any final conclusions 

can be made. It was able to predict the steady-state flow rate of the flow as well as describe 

some of the flow characteristics.    

Idaho National Laboratories in the U.S. has used another system code (ATHENA) to 

model lead and LBE flow [30,81].  The work looks at a pool-type heavy metal-cooled reactor for 

actinide burning. The work models liquid Pb and LBE flow in the auxiliary cooling system of the 

design considering both forced and natural circulation. The work focused on the safety aspects 

particularly the cladding temperature for a loss of the primary heat sink, and on the principle 

cooling being performed by the auxiliary system. The work demonstrated ATHENA can be used 

to model reactor transients in a liquid metal cooled reactor.  
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3. Methodology and Experimental Techniques  

The methodology and experimental techniques used in this work are described in this 

chapter.  The chapter begins with describing the methods and techniques used to characterize 

the natural circulation loop for this work in Section 3.1. Next, the chapter covers the 

experimental methodology for the experiments relating to the characterization of Field’s metal 

in Section 3.2.  Section 3.3 describes the theory, methodology, and inputs of the numerical 

work. Finally, Section 3.4 describes the methods and experimental techniques for the liquid 

metal natural circulation experiment. 

3.1 Characterization of Natural Circulation Loop 

To build a model of the experimental flow loop, the physical loop needs to be 

characterized.  The characterization of the two-phase natural circulation flow loop using air-

water allows the experimental loop performance to be verified and improves the 

understanding of the expected physical phenomena. The methods discussed in this section 

were used to characterize the behaviour of natural circulation and forced circulation for an air-

water two-phase flow loop. The work also helps determine any modifications the loop required 

to convert to the liquid metal system.  Figure 23 is a schematic of the natural circulation 

experimental loop.  
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Figure 23: Schematic of Two-Phase Flow Experimental Loop with 12 mm inner diameter 

pipes, fluid flows clockwise through the loop.   
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The loop begins with a vertical test section attached to a separation tank. The 

separation tank is open to the atmosphere by a vertical pipe attached to the top of the tank. 

The separation tank is also connected to a small vertical pipe. The small vertical pipe connects 

to a horizontal pipe and a control valve below the separation tank. The horizontal pipe connects 

to another vertical pipe. At the centre of this section of vertical piping is a reservoir tank. The 

reservoir tank is also open to the atmosphere by a vertical pipe attached to the top of the tank.  

The vertical pipe then connects to another section of horizontal piping that connects back to 

the originating vertical test section, thus closing the loop.   

The vertical test section contains an inlet nozzle attached to an air compressor that 

allows of air to be injected into the loop. Between the injection nozzle and compressor is a 

rotameter that measures and controls the air flow into the loop.  The air injection system can 

capable of achieve air flow rates up to 4.5 L/min. 

The injected air initiates flow in the loop by using the buoyancy forces of the air to raise 

the liquid to the separation tank. In the separation tank the air exits to the atmosphere. After 

the separation tank the liquid travels by gravity to the reservoir tank, which is located at a 

lower elevation than the separation tank. Between the two tanks a control valve is used to 

regulate the liquid flow. From the reservoir tank the liquid flows to the entrance of the vertical 

test section using gravitational forces. The liquid continues to circulate in this manner as long as 

the buoyancy forces are present.   

The instrumentation used in the vertical test section consists of two ultrasonic 

transducers placed along the test section. Furthermore, attached to the bottom of the tank is 
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an ultrasonic transducer to measure the water level of the separation tank. The transducers are 

attached to a multiplexer which is connected to a computer with a built-in digital oscilloscope. 

The oscilloscope is operated using Winspect software [82]. The ultrasonic transducers are used 

to measure the liquid flow rate, void fraction, bubble speed, separation tank water level, and to 

determine the flow regime. A series of T-type thermocouples are located along the loop at the 

air injection inlet, the test section outlet, inside the separation tank, and at the entrance and 

exit of the lower horizontal section. 

Finally, an Al-Sonic HL Series portable ultrasonic flow meter is attached along the lower 

horizontal section of the loop to measure the liquid flow rate of the loop.  The two ultrasonic 

transducers are secured the top of the pipe at a distance of 2 mm apart. The downstream 

transducer is placed 5.5 mm from the nearest elbow, while the upstream one is 13 mm from 

the nearest elbow (near the purge valve). The transducer uses a V-pattern transit time pulse-

echo technique to measure the velocity and flow rate. This is similar to the technique used for 

the water level except an upstream transducer emits a pulse that reflects of the opposite pipe 

wall and is received by a downstream transducer. The flow meter then internally determines 

the velocity based on the distance travelled by the wave and the transit time. Previous 

experiments by Faccini et al. [78,79,83,84] and Adenariwo et al. [76] have been conducted at 

room temperature for the natural circulation only configuration using a similar experimental 

design and apparatus.  

  The loop was then modified for forced circulation so that the loop can operate in free 

and forced circulation modes. The modification included the addition of a pump and pump by-
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pass section located in the lower section of horizontal piping. Figure 24a displays the 

experimental loop in natural circulation only configuration and Figure 24b displays the 

experimental loop with the modifications for forced circulation. In the forced circulation 

configuration the flow through the system can be in either natural or forced circulation mode.  

In the experimental loop; bubbly, slug and annular flow were observed.  A flow regime 

map of the vertical test section was determined previously for this loop under gas injected air-

water two phase natural circulation [76].  The flow regime is dependent upon the circulation 

mode and the velocity of the air. For this work the loop was characterized in both air-water 

natural circulation and forced circulation modes.  
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Figure 24: Schematic of Experimental Loop in a) natural circulation and b) forced circulation 
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3.1.1 Ultrasonic Measurement Techniques 

Ultrasonic transducers are piezoelectric devices that utilize voltage oscillations to 

generate an oscillation in the piezoelectric crystal. The oscillation of the crystal is converted into 

a sound wave. The transducers used in this thesis are the pulse-echo measurement type. The 

transducer produces a pulsed sound wave that propagates away from the transducer.  As the 

pulse travels through different media the pulse speed is altered as the speed of sound changes 

for each media. Some of the pulse energy is then directed back at the transducer. This wave is 

known as the echo or the reflection.  

The oscilloscope then receives the echo pulses as peaks in voltage.   The voltage versus 

time graph produced by Winspect [82] is referred to as an A-scan.   The A-scan records the time 

between pulses and the amplitude of each pulse. A schematic of the ultrasonic transducer and 

the important interfaces is displayed in Figure 25. A typical A-scan is shown in Figure 26. 

In order to determine the water level, void fraction, and flow regime in the test section, 

a C-scan is generated. A C-scan is a time-averaged pictorial representation of the sound pulses 

travelling through the pipe that plots the voltage intensity (amplitude) versus time. The 

amplitude is then set to a colour scale creating a diagram of the flow during the specified time. 

The C-scan captures the changing surface waves in the separation tank or the size and 

frequency of the air bubbles present in the vertical test section. Figure 27 is a schematic of the 

converts of an A-scan to a C-scan.  Figure 28 is a typical C-scan for the water level measurement 

in the separation tank. 
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Figure 26: Typical A-Scan for an ultrasonic pulse travelling through water inside a stainless steel pipe 
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Figure 27: Convert A-scan images into a C-Scan 
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Figure 28: Typical C-Scan for water level at various air flow rates 
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To calculate the water level in the separation tank a transit-time method is used.  The 

water level is determined by the time it took the ultrasonic pulse to reach the surface, reflect 

and travel back to the transducer. As the speed of sound in water is known, the water level is 

determined using the following equation: 

�ℓ =	 ����       (1), 

where Lℓ represents the water level, cw represents the speed of sound in water and t represents 

the transit time for the ultrasonic pulse.  

The void fraction is determined by the ratio of the volume of the gas phase to the liquid 

phase. The C-scan provides a two-dimensional side view of the interior of the pipe that can be 

used to approximate the gas phase volume (i.e., bubble shape) if it is assumed that the gas 

phase is perfectly symmetrical cylindrical distribution. Therefore, a calculation of the void 

fraction is performed using the following equation: 

∝	= 	
���
       (2), 

where α represents the void fraction, D represents the inner diameter and δ represents the 

distance between the wall and the gas phase (i.e., bubble).  Figure 29 presents an illustration of 

the void fraction in the system.  
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The flow regime is then determined based on the size and frequency of the bubbles and 

the volume of the void fraction. The water level and void fraction for all three cases were 

calculated under both natural circulation and forced circulation created by throttling the 

control valve from 100%-75%-50% open. A determination of flow regimes is made for each 

case. Figure 30 presents typical instantaneous void fraction profiles for each flow regime. The 

experimental results are discussed in Section 4.1. 
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Figure 29: Diagram of void fraction calculation 
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Figure 30: Typical flow regime patterns for instantaneous void fraction over time 
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The ultrasonic flow meter uses a two transducer transit time technique. The upstream 

transducer emits a pulse which reflects off the far pipe wall and is received downstream by the 

downstream transducer. The flow meter then measures the flow rate based on the transit time 

of the ultrasonic pulse between the transducers.  Figure 31 is a schematic of the technique used 

by the ultrasonic flow meter. 
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Figure 31: Diagram of two transducer transit time method 
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3.2 Characterization of Field’s Metal  

The characterization of several chemical, magnetic and thermo-physical properties of 

Field’s metal are essential to the primary objective of this work. This section discusses the 

methodology and techniques used for the following experiments:  

• development of a method to fabricate Field’s metal; 

• investigation of chemical reactivity of Field’s metal with air and water; 

• investigation of Field’s metal response to magnetic fields; 

• determination of the speed of sound in Field’s metal; 

• development of a method to verify sample composition; 

• investigation of neutron cross-sections of Field’s metal for neutron radiography 

and the feasibility of neutron radiography techniques to study gas – liquid Field’s 

metal interactions; 

•  determination of viscosity of Field’s metal; 

• determination of density of Field’s metal; 

• determination of specific heat capacity of Field’s metal; 

• determination of thermal conductivity of Field’s metal 

The initial series of experiments were undertaken to determine; the ease of fabrication, the 

general chemical and magnetic properties of Field’s metal, the speed of sound in Field’s metal, 

a means to verify composition, an investigation of the feasibility of using radiography 

techniques, and their experimental design. The methods used for these initial experiments are 

discussed in Sections 3.2.1-3.2.6.  The methods and experimental techniques used for the 
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thermo-physical properties experiments are presented in Sections 3.2.7-3.2.10. The methods 

throughout this section used a reference sample fabricated at Fukui University of Technology 

(FUT) by Dr. Sungawa as a standard for comparison and verification purposes. 

3.2.1 Fabrication of Field’s Metal 

The purpose of this exercise was to develop a technique to fabricate Field’s metal in the 

laboratory at the University of Ontario Institute of Technology (UOIT) and compare it to a 

reference sample. The fabrication process uses 99.9% indium, mainly from the Indium 

Corporation, 99% tin from a variety of sources, and bismuth of 99% purity obtained from 

previous work by Khaial and coworkers at McMaster University [83,84].  The impurities present 

in the base metals are trace elements such as other metals and possibly very low 

concentrations of oxides. For more information on the metals used in this work the material 

safety data sheets of indium, bismuth, and tin are in Appendix D.1 and the typical impurities are 

in Appendix D.2. Table 7 summarizes the general information regarding the indium, bismuth 

and tin used in this work. 

Table 7: General information on base metals used in the fabrication process of Field's metal 

Material Purity Source/Supplier Special Instructions 

Indium 99% - 99.9% TA Instruments 
Indium Corporation 

Do not ingest  
Wash hands after contact 

Bismuth  99%* Khaial et al. McMaster 
University 

Do not ingest  
Wash hands after contact 

Tin 99% - 99.9% TA Instruments 
Rotometals 
Indium Corporation 

Do not ingest  
Wash hands after contact 

*Purity of bismuth was measured using X-ray fluorescence. The source bismuth was not 
purchased from a manufacturer and as such no certificate of purity was able to be obtained. 
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The process is based on fabricating Field’s metal by weight percent (51% In – 32.5% Bi – 

16.5% Sn), the base metals are first cut into small pieces and weighed. The next step differs 

depending on batch size. At first, only small batches were fabricated (<100 g). For these small 

batch sizes the metal was placed in an open borosiliciate glass container such as a test tube or 

beaker. The container was then heated using either a butane torch or a heat gun. The 

temperature of the metal was monitored using a Fluke 62 mini infrared thermometer. This 

method differs from the method described by Sunagawa et al. [85] in one distinct manner. In 

that method the metals were packed in carbon powder and then heated. The carbon power 

was not used for the alloys fabricated at UOIT. Occasionally, water was used at UOIT to prevent 

dry heating. Figure 32 presents a diagram of the fabrication method at FUT. Once, the base 

metals began to melt mixing was initiated using a stainless steel stir stick. The mixture was then 

poured through a paper filter and into a beaker filled with water.  The paper filter was sufficient 

to remove the oxides created during fabrication. This refinement process is shown in Figure 33. 
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Figure 32: Simple heating to produce In-Bi-Sn alloys 

 

 

 

 

 

 

 

 

Figure 33: Refinement of In-Bi-Sn alloys 
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The fabrication process was recorded on video. The video recording was performed by a 

COHU CCD camera and recorded using hardware from Honestech. A diagram of the complete 

experimental setup is presented in Figure 34. The initial investigations (the methods described 

up to Section 3.2.3) used the small batch size method. Results are discussed in Section 4.2 

 

 

Figure 34: Schematic of Experimental Setup 

 

For medium (100-500 g) and large (> 500 g) batch sizes a slightly different experimental 

setup was used.  A convection oven set to broil was used to preheat a ceramic container. The 

metal mixture was placed in the heated container and left to sit in the oven. Again, the 

temperature of the metals was monitored using a Fluke 62 mini infrared thermometer. Once 

the metals reached 473 K the container was removed from the oven and placed on a preheated 

hot plate. Mixing was then initiated using a large stainless steel stir stick. Once the alloy has 

been completely mixed it was poured through a conical paper filter and placed into a storage 

Heat Gun 
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container. The experimental designs from 4.6 onwards primarily used the medium/large batch 

technique. 

3.2.2 Chemical Properties of Field’s Metal 

 The purpose of the experiments was to investigate the chemical interaction between 

Field’s metal and four common laboratory materials; air, water, borosilicate glass, and stainless 

steel. The purpose was to observe any gross chemical interactions between Field’s metal and 

these common materials.  To achieve this Field’s metal was exposed to air and water in several 

conditions in both borosilicate glass and stainless steel vessels.  

 Solid Field’s metal was placed in an open glass container and heated directly (via a heat 

gun) through its transition to a liquid and then maintained in the liquid state for up to 30 

minutes. The expectation was that there would be a slow chemical reaction between air and 

Field’s metal, except for possibly the formation of oxides.  Next, solid Field’s metal was placed 

in a glass container filled with water. The water was heated directly via a heat gun and 

indirectly via a hot plate. The water was heated to boiling and through the melting point of 

Field’s metal. The boiling water is reasonable as the expectation was that no reaction between 

water and Field’s metal would occur. This identifies Field’s metal reactivity with water as both a 

solid and a liquid. Finally, Field’s metal was heated in an inclined stainless steel pipe using a 

heat gun to observe Field’s metal ability to flow in a stainless steel pipe.  The experiments were 

also recorded using the same setup as described in Section 3.2.1.  
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3.2.3 Magnetic Properties of Field’s Metal 

Two experiments were designed based on the theoretical response of liquid metal to 

magnetic field forces. When exposed to strong electromagnetic fields liquid metals have been 

seen to take the shape of the field lines [86]. Therefore, Field’s metal should also respond to a 

static magnetic field of sufficient strength. Secondly, the liquid metal flow should respond to a 

strong static magnetic field in the perpendicular direction to the flow direction because of a 

braking effect. The deceleration or braking can then be observed as a decrease in velocity of the 

liquid metal flow [87,88]. This particular response can be tested by creating an experiment that 

models a simplified version of a magnetohydrodynamic brake.  

Static neodymium permanent magnets were used to create a magnet field. The 

magnetic field strength was measured using a kilogauss meter (Figure 35). 

 

Figure 35: Diagram of Magnetic Field Measurement 
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The shape of the magnetic field was determined using iron filings. The magnets were 

stacked to increase magnetic field strength. Maximum field strength is reached when six 

magnets are stacked together (Figure 36). Anymore did not cause a significant increase in Field 

strength due the cancellation of the forces from each individual magnet’s magnetic field.  

 

Figure 36:  Strength of the magnetic field versus the number of stacked magnets in negative 

polarity 

  The image analysis of the recorded experiments was performed to determine the 

effect of the magnetic field. Movement and velocity of the material is determined by calculating 

the distance and time travelled using the recorded images and image analysis techniques. The 

software Avimeca [89] tracks the path of the object, then using a reference distance present in 

the video, the distance travelled can be calculated. During the experiment the magnet was 

suspended below the container for the air-metal and air-water experiments. The stacking 

causes a strong magnetic field at the center of the stack as seen in Figure 37. For the inclined 

pipe experiments the magnets were attached to the pipe using a type of silicon grease. 
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Figure 37: Iron Filing Distribution Showing the Magnetic Field of Permanent Neodymium 

Magnets 

 

The water-metal experiments then had two distinct experimental setups. The first setup 

is the same configuration as Figure 34 with the inclusion of water inside the container and a 

magnet placed below the container. Figure 38 depicts the second experiment where flakes of 

Field’s metal were placed on the surface of the water. The flakes were then accelerated using 

the magnetic forces. The velocity and size of the flakes were determined using image analysis. 

 

Figure 38: Liquid Flakes on the Surface of Water set in Motion by Permanent Magnets 
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The inclined pipe experimental setup is displayed in Figure 39. The pipe was inclined at 

an angle of 10°. The magnets were attached to the bottom of a half-pipe. The magnets were 

alternating north pole (positive) and south pole (negative) to create a stable and static 

magnetic field acting perpendicular to the flow.  The top of the pipe was removed so the 

experiment could be filmed. The metal was melted at the top of the pipe and allowed to flow 

into a beaker at the bottom the pipe. The results of all the experiments are presented in 

Section 4.1. 

 

 

 

 

Figure 39: Inclined Pipe Experiment Showing a) The arrangement of the Permanent Magnets 

along the Pipe b) Liquid Metal Motion Affected by Permanent Magnets 

  

a) 

b) 
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3.2.4 Speed of Sound of Field’s Metal 

 The speed of sound in Field’s metal was determined in order to measure the flow rate 

and velocities using an ultrasonic flow meter.  Liquid Field’s metal was poured into a stainless 

steel pipe 62 mm long with an outer diameter of 12.7 mm. The metal was allowed to solidify in 

the pipe. A photograph of the sample is shown in Figure 40.  A Panametric ultrasonic transducer 

was placed at the end of the sample. The transducer was attached to a Sonic - 260  multiplexer 

[90] and to a computer with a CompuScope internal oscilloscope and Winspect 6.0 software 

[82]. The instrumentation and technqiues used are the same as described in Section 3.1.1 

except for a different brand of pulser (Sonic instead of UTEX) was used.     

 

 

Figure 40: Photograph of stainless steel pipe filled with Field's metal 
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The speed of sound is calculated based on the transit time of the ultrasonic pulse using 

the following equation: 

�� =	2� ��           (3), 

where cFM represents the speed of sound, L represents the length of the pipe (distance 

travelled) in metres and t represents the time.  The distance the pulse travelled is the length of 

the sample and is measured physically using Vernier callipers. The transit time was recorded by 

the software and is considered the time from the initial pulse to the reflected pulse. The 

experimental design is presented Figure 41.  The technique is similar to that described in 

Section 3.1 except that it uses an A-scan to determine the speed of sound instead of a distance.  

The speed of sound in stainless steel, copper, and aluminium were also measured to compare 

the accuracy of the technique.  The results of the speed of sound experiment are presented in 

Section 4.5. 
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Figure 41: Schematic of Speed of Sound Experiment 
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3.2.5 Sample Composition Verification 

Composition verification was performed using an X-ray Fluorescence technique (XRF).  

XRF is a phenomenon that occurs when an atom is bombarded with X-rays or other high energy 

photons such as gamma rays. The X-ray when it interacts with the atom can excite the electrons 

in the inner K shell.  The excited electron will then break free leaving a vacancy in the K shell.  

An electron from an outer shell, usually the L or M shell, will then move to the K shell to 

stabilize the atom.  However, in order to move to a lower orbital the electron must release 

energy, which it does in the form of an X-ray. This characteristic release of a secondary or 

fluorescence X-ray is XRF. Importantly, the secondary X-ray is lower in energy than the initial X-

ray; otherwise this unique and useful result would not occur [91].  Figure 42 is a diagram of the 

release of a fluorescence X-ray at the atomic level. 
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Figure 42: Diagram of atom undergoing X-Ray Fluorescence 

 

XRF is an effective method of determining the chemical composition of many materials, 

especially common metal alloys. XRF uses the characteristic X-ray spectrum, known as the 

characteristic radiation ,that is ascribed to each element to determine the chemical 

composition of a material.  Typically, an XRF system utilizes software that can sort the 

characteristic radiation using wavelength or photon dispersive techniques.  Once, the data has 

been sorted the software can then analyze the intensity of each type of characteristic radiation. 

The atomic percent of each element present in a compound is proportional to the amount of 
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radiation measured. The intensity is directly related to how much of an element is present in 

the material.   

This work attempted to develop a technique to determine the chemical composition of 

In-Bi-Sn alloys using an INNovX portable XRF unit. The XRF system, shown in Figure 43, consists 

of an X-ray source that transmits a 40 keV incident X-ray to the target. The sample was placed 

on the target window. The shield was lowered and the sample was bombarded with X-rays for 

60 s.  The software recorded the counts/s of measured X-rays at all energies below 40 keV. The 

current version of software cannot determine the percent composition of these alloys as the 

software cannot distinguish indium from tin. Therefore, a technique using the raw spectra data 

is developed to determine the percent composition.   

   

Figure 43: XRF Experimental Apparatus 
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XRF was performed on two types of indium-bismuth alloy, two types of tin-bismuth 

alloys and several types of indium-bismuth-tin alloys to determine their material composition 

by atomic percent and verify the accuracy of the fabrication method. The alloys were fabricated 

in laboratory conditions at UOIT and FUT. Table 8 presents the samples tested using XRF. 

 

Table 8: Alloy test matrix for XRF experiment with expected atomic composition  

Sample # Alloy/Sample (Location of Fabrication)  Composition (% a) 

 ------------- In Bi Sn 

In Indium 100 0 0 

Bi Bismuth 0 100 0 

Sn Tin 0 0 100 

5 In – Bi (FUT) 64.5 35.5 0 

6 In - Bi (FUT) 78.2 21.8 0 

SnBi Bi – Sn (UOIT) 0 44 56 

4 Bi – Sn (FUT) 0 38 62 

FM In – Bi – Sn (Field’s Metal -UOIT) 60.1 21.1 18.8 

1 In – Bi – Sn (Field’s Metal -FUT) 60.1 21.1 18.8 

I-174 In – Bi – Sn 

(Indalloy-174 -UOIT) 

35.2 42.5 22.3 

3 In – Bi – Sn 

(Indalloy-174 -FUT) 

35.2 42.5 22.3 

2 In - Bi - Sn (FUT) 39.5 39.5 21 

7 In – Bi - Sn (FUT) 21.8 54.3 23.9 

8 In – Bi - Sn (FUT) 26.9 40.6 32.5 

9 In – Bi - Sn (FUT) 28.1 48.7 23.1 

10 In – Bi - Sn (FUT) 15 60.3 24.7 
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Unfortunately, there are 2 significant issues with XRF for this application: 

• XRF is poor at measuring low Z elements (light elements) and as such oxides in 

the alloy cannot be identified or measured.  

• Indium was not measured directly by the current XRF apparatus as its 

fluorescent X-ray energies and intensity are recorded as elements more common 

in material analysis such as tin.  

The first point is a shortcoming of XRF and cannot be overcome with the current 

equipment. The remaining issues we have attempted to resolve with the development of the 

following method. First, the energy spectra of indium, bismuth, and tin need to be measured; in 

order to identify the spectra, XRF was performed on samples of 99% purity tin, bismuth, and 

indium (100% case). Once the pure metal cases have been characterized, a method was 

established to determine the material composition of the samples by normalizing the data to 

the counts of bismuth and attempt to correct for the apparatus’ sensitivity of bismuth. The 

method first recorded the spectrum of tin-bismuth and indium-bismuth respectively.  The ratio 

of the intensity of bismuth to indium and tin was determined. The method then normalizes a 

resultant XRF spectrum of an alloy to the peak bismuth intensity of the resultant spectrum. The 

ratios of tin and indium to bismuth were used to correct for the over estimation of bismuth. 
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3.2.6 Dynamic Neutron Radiography 

Neutron radiography is a type of industrial radiography where thermal neutrons are 

used to produce an image of an object. Neutrons, just as X-rays, have the ability to penetrate 

certain materials allowing for an image of the internal structure of an object to be produced.  

Neutron radiography is an important application in the nuclear industry both as an application 

for reactors and as a non-destructive testing method [92]. 

Neutrons have the ability to penetrate certain materials, such as heavy metals, that 

other radiographic sources, such as X-rays cannot. Neutron radiography, therefore, is used over 

other types of radiography in a variety of applications. Typically, neutron radiography is used in 

applications involving heavy metals as neutrons can penetrate metals like lead and steel and in 

applications involving water, organic material, and explosives as neutrons are attenuated by 

hydrocarbons [93]. Also, neutron radiography is often used to distinguish between similar 

materials of different densities. Therefore, neutron radiography is ideal for observing liquid 

metal flow inside of steel pipes [94]. 

The purpose of this investigation was to examine if neutron radiography was capable of 

identifying indium-bismuth-tin alloys. Neutron radiography could then be used as a technique 

to investigate air-liquid alloy two-phase. There was a concern that the presence of indium will 

make radiography impractical as indium has a large neutron absorption cross-section [95].  The 

cross-section of Field’s metal and Indalloy 174 was estimated using NIST software as part of this 

work to determine the alloys’ cross-sections. 
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The experimental design was divided into two phases; the development of the casting 

process to create the samples and the radiography of the samples. The target samples required 

a unique design where the thickness and shape of the sample could be controlled, so that the 

samples could be easily identified in the neutron radiographs. The alloys were melted and cast 

into a mold to fit the requirements of the study.  

Two samples were cast and fabricated. One sample of Field’s metal, which contained 

the highest content of indium, and a sample of Indalloy 174, which had a lower content of 

indium. Both samples contained voids to simulate air bubbles in two-phase flow.  Once 

fabricated the samples underwent neutron radiography. The resultant radiographs were 

analyzed using image processing techniques. 

  To artificially simulate a void in the samples the casting mold was designed with two 

inner rings inside a larger outer ring. The two inner rings have two different shapes (circle and 

ellipse), but the same diameter of 1 cm. To accomplish the variation in shape, one ring is slightly 

deformed as to appear misshapen, while the second inner ring remains undamaged. The 

variation in shape allows for an analysis of the edges to see if the resolution of the radiograph 

and image analysis process was high enough to determine the difference in shape. The mold 

consists of thin aluminum rings fixed to an aluminum pan. The pan had a diameter of 10 cm. 

The outer ring was 6.5 cm in diameter and forms the outer boundary of the sample. Two inner 

rings were placed inside the larger ring each with a diameter of 1 cm.  Figure 44 is a schematic 

of the casting mold design. 
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Figure 45: Photograph of casting mold filled with liquid Field's metal 

 

The rings were wrapped in a non-stick coating of Teflon tape and placed on an 

aluminum tray. The alloy was heated and poured into the mold. Once the sample cooled the 

mold was removed. Figure 45 is a photograph of the Field’s metal sample after it was casted. 

The sample had two hard edges with the voids exposed to the atmosphere.  One side of the 

sample is capped in order to provide more surface area for the radiograph and to provide a thin 

layer of material between the void and atmosphere to simulate a thin layer inside a pipe wall, 
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as expected in the case of annular flow. Figures 46 and 47 are photographs of the completed 

samples of Field’s metal and Indalloy 174 respectively. 

 

 

Figure 46: Photograph of fabricated Field's metal sample 

 

 

Figure 47: Photograph of fabricated sample of Indalloy 174 
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3.2.6.1 Neutron Radiograph Facilities and Image Processing 

The samples were taken to the McMaster University Reactor and placed in the neutron 

radiography test loop in beam port 3. The samples were placed on a turntable and stand in the 

neutron beam target in the test loop. Next, the shield doors of the beam port were closed. The 

shutter was opened remotely allowing a neutron beam with a flux of approximately 107 thermal 

neutrons/cm∙s2 to be collimated through the shutter [96]. The beam then passed through the 

target sample. A CCD camera focused on the target sample. The camera captured the neutron 

beam interacting with the sample producing a neutron radiograph of the sample in digital real-

time. A diagram of the beam port is presented in Figure 48, while a diagram of the test loop 

setup is displayed in Figure 49. 

 

Figure 48: Diagram of Beam Port 3 [96] 
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Figure 49: Diagram of Neutron Radiograph Setup 

 

The samples were rotated 360° at a rate of 10° per turn at 5 seconds per angle. In total 

the samples were exposed to the beam for 1- 4 minutes. The activity immediately outside the 

beam port was measured by a meter located at the entrance of the beam port. The samples 

were activated during the experiment due to the high concentrations of Indium and left in the 

beam port to decay. The samples were removed from the neutron target and placed to the 

side. The process was repeated to produce a radiograph of the background.  Once both 

radiographs have been recorded the videos were copied to DVD. 

The DVD was uploaded to a computer, then VLC and Image-Pro Plus software [97] were 

used to take several still images of the radiographs of the samples and the background which 

 x 
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convert the images to bitmap. These images were imported to MATLAB where a frame 

averaging program was used to average the images of each object together to produce one 

image of higher quality. The frame averaging program was created in MATLAB and can be 

viewed in Appendix E. The frame averaged images were then transferred back to Image-Pro 

Plus 5.0 [97] for image analysis.  

The background image was subtracted from the sample image using a background 

correction with a black level of 15. The image process uses 3 passes of a 3x3 rank filter with a 0 

threshold setting to sharpen the image. The image then undergoes a best fit equalization to 

optimize the contrast. Next, the edges of the object are sharpened using a sharpen filter of 10 

strength and 3 passes. The results of the image processing and analysis are presented in Section 

4.7 and Appendix E.  

3.2.7 Measurement of Viscosity 

Viscosity is an important characteristic of a material’s fluid dynamic properties of the 

material and is unique to the material itself. The viscosity allows the prediction of how easily a 

substance will overcome the inertial forces and initiate flow from an applied external force. To 

develop thermal-hydraulic models, an accurate value of the viscosity through the desired range 

of temperatures is needed. While the viscosity of pure metals and common metal alloys have 

been experimentally determined [98,99] and numerically modelled [100,101], the viscosities of 

several metal alloys are not publicly available or remain undetermined due to the difficulty in 

measuring viscosity of liquid metal alloys [102,103]. The primary issues with measuring liquid 

metal viscosity are reactivity, toxicity, and high melting temperature. The difficulty measuring 
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viscosity is significantly reduced if the metal alloy has a low melting temperature so that the 

heating requirements to maintain a liquid state are significantly reduced [102,104].   

The dynamic viscosity of Field’s metal was measured from 333 K to 363 K using a 

rheological rotational viscometer.  The viscosity of liquid Field’s metal was experimentally 

determined using a FungiLabs Smart Series Model L viscometer with a circulation jacket and a 

Fungilabs A10 thermostatic bath with an AC-150 temperature controller. A sample of 120 g of 

liquid Field’s metal was manufactured in the laboratroy. The Fields’ metal was melted before 

being placed into a 14 mm wide container open to atmosphere with the temperature controlled 

via a thermostatic bath. The bath was filled with deionized water for the initial work and with 

silicone oil for the later measurements. The bath was attached to a circulation jacket 

surrounding the container via plastic tubing. The spindle was then attached to the viscometer 

and lowered into the container filled with liquid Field’s metal. In this experimental setup the 

viscometer used an aluminum L1 spindle. The viscometer that can vary spindle speed up to 100 

rpm. Figure 50 displays a schematic of the experimental setup, while Figure 51 displays a 

photograph of the experimental apparatus.  

 

Figure 50: Schematic of viscometer with thermostatic bath and circulation jacket 
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Figure 51: Photograph of viscometer with thermostatic bath and circulation jacket 

The spindle was attached to a spring inside the viscometer. The apparatus operates 

based on the relationship between shear stress, shear rate, and viscosit.  The spindle rotates 

causing the liquid to shear along the surface of the spindle enacting a force on the spring. The 

viscometer calculated the viscosity from the force the shear stress places on the spring. The 

resulting deformation of the spring was recorded and displayed by the viscometer as the 

elasticity of the spring (% EOS). The % EOS measures the curvature of the spring relative to its 

normal state, i.e., 100% EOS.  

The apparatus measured viscosities in the range of 9 - 60 mPa∙s at the 100 rpm setting. 

The settings of the viscometer are initally based on the approximation of expected viscosity of 

Field’s metal as discussed in Section 3.2.7.1. The experiment operated in a temperature range of 

341 K to 362 K with viscosities recorded every 5 K increase in the thermostatic bath. The  

temperature range was selected so that the temperature is always higher than the melting 

temperature of 333 K.  For this experimental setup the bath temperature limit was set to 368 K 
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for water and 373 K for silicone oil. The chamber temperature was measured using a T-type 

thermocouple and multimeter inserted into the liquid metal inside the chamber.  

 Viscosity measurements were valid when (according to the manufacturer) the % EOS is 

in the range 15-95% [105].  If the % EOS is outside of this range then different settings for 

rotational speed and spindle type are usually required, while best results typically occur at a 

spring compression (% EOS) of greater than 35% and less than 65% with an ideal value of 50% 

[105].   Thus, for this work, viscosity measurements are evaluated between 35% and 65% EOS. 

Finally, the instrumentation was connected to a Lenovo laptop computer with FungiLabs 

data acquisition software. The software was used to record and acquire the data.  The 

viscometer was set to a sampling rate of 0.2 samples/s and is used for 5 minutes. The 

equipment can take up to a minute to produce an accurate result as it requires time for the % 

EOS to stabilize; however, it typically stabilized in 30 s. 

The measured dynamic viscosity and density was used to calculate the kinematic 

viscosity. The kinematic viscosity is calculated using the following equation: 

� = 	 ��                      (4), 

where � represents the kinematic viscosity, ρ represents the density and µ represents the 

dynamic viscosity.   

The first step in the experimental method was to approximate the viscosity of the Field’s 

metal. The viscometer required the frequency of the revolution of a spindle to be calibrated to 

the force of the spring to measure the viscous force. Therefore in order to accurately measure 



 

 

99 

 

the viscosity an approximation of the expected value is calculated. The estimation was used to 

determine the spindle type, spindle speed and the calibration of the viscometer.  Without an 

expected viscosity it would have been difficult to determine the necessary settings and 

equipment to accurately measure viscosity. 

3.2.7.1 Approximation of Viscosity 

The viscosity was estimated using an inclined pipe experiment, where liquid Field’s metal 

was recorded flowing along an inclined pipe under the force of gravity. The experiment was 

recorded using a Cohu CCD type camera [106].  The viscosity was approximated from a force 

balance method assuming the forces acting against the accelerated flow are only acting against a 

gravitational force. The viscosity was estimated by balancing the gravitational force to the 

frictional forces and solving for the viscosity. 

�� =	��	          (5), 

where Fg represents the net gravitational forces and Fv arepresent the net viscous forces. 

Equation (5) can then be expanded to include the force components in Equation (6) and 

rearranged algebraically, in Equation (7), to solve for viscosity; 

������ ! = 	"# $
%              (6). 

" = &��'()*!%
+$                  (7), 

where m represents the mass, g represents the acceleration due to gravity, θ represents the 

angle of inclination, A represents the area, u represents the terminal velocity and y represents 
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the thickness of the flow along the surface.  A diagram of the approximation is presented in 

Figure 52.  

 

Figure 52: Estimate for viscosity of Field's metal based on inclined pipe experiment 

 

3.2.7.2 Non-Newtonian Fluid Experiment 

Liquid metal coolants have traditionally been considered to be Newtonian fluids for 

thermal-hydraulic applications. Specifically, the Lead-Bismuth Eutectic Handbook discusses 

viscosity mentions its Newtonian behaviour [58]. Previous experimental thermal-hydraulics 

investigations of liquid metals have assumed the coolant behaves as a Newtonian fluid. 

However, as stated in the literature review in Section 2, many recent studies have shown liquid 

metals do exhibit some non-Newtonian behaviour [102]. In order to observe non-Newtonian 

effects, the shear rate of the experimental apparatus must be altered.   

This was achieved by altering the spindle speed from 30 RPM to 100 RPM, which will 

directly change the fluid velocity and hence the shear rate. The relationship between velocity 

and shear rate (γ) is captured in the following equation: 
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,- = .
/0                          (8), 

where U represents the velocity of the moving plate in meters per second and dp represents the 

distance between plates in meters. Considering the shear rate calculation is dependent on 

geometry an equation can be developed based on Equation (8). If, the spindle is located in the 

center of the circulation jacket the distance between plates can be considered constant and is 

defined as the distance from the wall to the spindle. The shear rate for the described 

experimental apparatus is: 

,- = �12 3 456
78


9:�����
;

-
                                                                                (9), 

where r represents the radius of the spindle in meters, DCJ represents the inner diameter of the 

circulation jacket in meters,  tw represents the wall thickness of the circulation jacket in meters 

and Ds represents the diameter of the spindle in meters. The geometry of the circulation jacket 

with spindle is presented in Figure 53. 

 

 

 

 

 

 

42.5 mm 

14 mm 5 mm 5 mm 

Spindle 

Circulation 
Jacket wall 

Figure 53: Schematic of circulation jacket with L1 spindle 
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3.2.7.3 Sensitivity Analysis – Effect of Viscosity on the Friction Factor 

The viscosity data produced a range of data for Field’s metal that was dependent on the 

shear rate of the system. Therefore, it was necessary to determine the effect of viscosity on the 

friction factor and pressure drop of the experimental loop by performing a sensitivity analysis. 

The analysis was based upon the test section of the natural circulation loop (See Section 3.3) 

and the expected velocities. The test section consisted of a pipe that was 500 mm long with an 

inner diameter of 12.7 mm orientated in the vertical direction. The velocities were estimated to 

be in a range of 0.25 m/s to up to 0.5 m/s based on work in Section 3 and 6 at an operating 

temperature of 358 K. 

The friction factor and pressure drop are based upon the Reynolds number for the 

system. The equation for Reynolds number of the test section is as follows: 

<= = �.

� 	                                                                                (10), 

where ρ represents the density of Field’s metal, U represents the velocity, D represents the 

inner diameter of the pipe and µ represents the dynamic viscosity. The equation for friction 

factor is dependent upon the flow regime and Reynolds number of the system. Hence, the 

equations for the friction factor are as follows: 

�>���>?	�@AB:	D = 	 64<=	�<= < 2300! 

J?>������A�	�@AB:	D = 0.027	                                                                (11). 

JM?NM@=��	�@AB: D = 	 0.316<=P.�Q 	�<= > 20	000! 
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Lastly, considering only the major losses due to the frictional forces in the system the 

pressure drop is calculated as follows: 

∆T = UV



�.W
�                                                                                  (12), 

where L represents the length of the test section. The resultant pressure drop and friction 

factor from different viscosities were then compared to determine if there was a significant 

effect on the system. 

3.2.8 Measurement of Density 

The density of Field’s metal was investigated due to its importance in fundamental 

thermal-hydraulics. There are several methods to measure density, the simplest method being 

the basic displacement technique, where the density of an object can be measured by relating 

the amount of volume it displaces and to the mass. The measurement of the volume and its 

accuracy can be difficult to achieve for liquids at high temperatures. Therefore, other methods 

such as pycnometers, have been developed that enable precise control of the volume to 

produce accurate results. This work uses a pycnometer to measure the density of liquid and 

solid Field’s metal. Pycnometers are a classical method that has been demonstrated to measure 

the density of liquids accurately [107].  

A pycnometer works on the principle that if two systems have the same volume, but 

different masses then the density of each system can be determined.  The pycnometer was 

filled with a reference material with a known density, in this case water, and weighed under the 

same conditions as the test sample. This method is more accurate than a simple displacement 
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method as it minimizes the error in the volume measurement [107].  Once the mass of the 

reference case has been recorded the density of the sample can be calculated with the 

following equation: 

X' = &;
Y;

= 	 &;��
&��&�Z

         (13), 

where, ρs represents the density of the sample, ms represents the mass of the sample, Vs 

represents the volume of the sample, ρw represents the density of the water, mw represents the 

mass of water, m’w represents the mass of the total mass of the system filled with water and 

the sample. In this work, as Field’s metal is non-reactive with water, the sample was weighed in 

a pycnometer filled with water (as shown in Figure 54) to determine the density of Field’s metal 

in its solid state. 
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a)    

 

b)    

Figure 54: a) Schematic of pycnometer filled with water and solid Field's metal b) Photograph of 

pycnometer filled with water on top of a hot plate and attached to a thermocouple and 

multi-meter 
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The pycnometer for the solid density measurement experiment consisted of an 

Erlenmeyer flask, a rubber stopper, and a pipette to contain the extra volume as the 

pycnometer was heated. Field’s metal was placed inside the vessel as a solid and then the 

container was filled with distilled water until it was at its volumetric capacity. The pycnometer 

was slowly heated using a hot plate. The temperature was monitored using a K-type 

thermocouple and a Fluke true-rms digital multi-meter 287 with a thermocouple input.  A 

photograph of the experimental apparatus was shown in Figure 54b.  At frequent intervals the 

temperature was recorded and the thermocouple was detached from the multi-meter.  The 

pycnometer was placed on a scale and weighed. Afterwards the thermocouple was reattached 

and the temperature recorded again for accuracy. 

A slightly different method was used for the measurement of liquid density of Field’s 

metal. A smaller pycnometer made of polychlorotrifluroethylene was used with a volume of 0.6 

mL. The smaller experimental apparatus allowed for the method to reach higher temperatures 

as the smaller apparatus can be placed inside a furnace. Furthermore, it allowed for a smaller 

volume of liquid metal to be used, which further reduced the heating requirements of the 

experimental design. In this method the pycnometer was first filled with water and weighed. 

Then the vessel was emptied. Next the chamber was filled with the liquid sample and weighed. 

The pycnometer was placed in a furnace with the liquid. A thermometer inside the furnace was 

used to measure the temperature of the system. The technique worked because as the liquid 

metal was heated the excess volume of liquid metal leaked out of the pycnometer. This excess 

material was removed. The pycnometer was then weighed using a digital scale and the density 

change can be determined by the change in mass resulting from the loss of material. The 
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experimental apparatus is presented in Figure 55. The method also uses Equation 13 to 

calculate the density.  

a)   b)     

 c)  

Figure 55: Photography of pycnometer for liquid state density measurements a) front view b) top view 

c) Schematic of liquid metal density experimental apparatus inside of the furnace 

Lid 

Container 
Lid 

Container 
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3.2.9 Measurement of Specific Heat Capacity  

  This work utilized a method to measure the specific heat of liquid metal alloys in the 

indium-bismuth-tin system. The compositions of the various alloys used in this study are 

described in Table 9 along with their critical (melting) temperatures. 

Table 9: Composition by weight percent of eutectic liquid metal alloys [58,66] 

Indium-Bismuth-Tin Eutectic Alloys 

Alloy Name (Weight Percent) Critical Temperature/ Reaction 

Field’s Metal (51 In /32.5 Bi/ 16.5 Sn) 333 [K] Eutectic 

 

Local Eutectic Reactions for In-Bi-Sn System  

Indalloy 27 (54 Bi /29.7 In/ 16.3 Sn) 

 

354 [K] 

 

Indalloy 174 (57 Bi/26 In/17 Sn) 

 

352 [K] 

 

Other Eutectic Alloys 

Bismuth-Tin (52 Bi/48 Sn) 415 [K] Eutectic 

Lead – Bismuth (45.5 Pb/55.5 Bi) 397 [K] Eutectic 

 

Field’s metal is considered to be the primary eutectic reaction occurring in the ternary 

system as it has the lowest critical temperature 333 K. This study examined the specific heat 

capacity of all three In-Bi-Sn alloys. The property of specific heat capacity (Cp) is chosen as it is a 

fundamental parameter to thermal-hydraulics and fluid dynamics research. Specific heat 

capacity is dependent on the material, its state of matter, and the temperature. Specific heat in 

this work was measured using a differential scanning calorimeter (DSC) which has been 

demonstrated to effectively measure the specific heat of liquid metals [108,109,110]. The metal 

alloys’ specific heat was measured using a TA instruments Q20 v.23.4 DSC.  
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DSCs work by heating two materials, the sample and the reference, at a constant 

specified rate. The calorimeter records the time-dependent temperature of each material using 

a thermocouple.  The specific heat capacity of the reference and the sample are different, but 

the samples are being heated at the same rate, this will result in the reference and the sample 

being at different temperatures with respect to time. This difference in specific heat capacity is 

innate to materials themselves. Thus, the recorded temperature difference between the two 

materials can be used to calculate the specific heat capacity. Figure 56 is a schematic of the 

type differential scanning calorimeter employed.    

 

 

Figure 56: Schematic of a TA Q20 series differential scanning calorimeter [110] 
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There are several methods to calculate specific heat from a DSC. The method used in 

this work is called the cell constant method [110]. The cell constant method is based on the 

following equation:                                             

C\ = 	 ]∗_∗`Pa∗_b
.                                                                          (14), 

where E represents the cell constant, H represents the heat flow, m represents the mass and Hr 

represents the heating rate.  The system’s cell constant (E) was determined using a built-in 

function of the DSC software. In order for the software to complete the calculation a pure 

sample of indium was required to run until it reaches its melting point. Indium was used as it is 

considered a reference material for this type of work due to the consistency at which it heats. 

Next, the background heat rate was determined by placing two empty pans into the DSC. The 

heat flow was calculated by subtracting the background from the recorded data. 

The DSC was used with nitrogen purge gas and platinum reference pans. The samples 

were placed inside a reference pan and sealed. Each sample was heated at a rate of 5 °C/min up 

to 150 °C (423 K) except in the case of Sn-Bi, where it was heated to 180 °C (453 K) due to its 

higher melting temperature.  

 Figure 57 is a description of the heat flow curve generated by the DSC.  The heat flow 

changes as energy is added or removed from the system. For metals, a significant change in the 

positive direction in heat flow is from the solidification or exothermic process of the liquid. A 

significant change in the negative direction was melting (seen as an exothermic process by the 

DSC) or endothermic process. In the following figures the endothermic process is the melting of 
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the metal alloy. For the specific heat measurement the region of interest was the heating 

section of the curve where the temperature was rising (See Figure 58).   

 

Figure 57: Description of heat flow vs. temperature curve for a differential scanning calorimeter with 

exothermic and endothermic reactions; 1) starting point 2) start of melting (endothermic) 

3) peak energy of melting 4) isothermal 5) cooling region (liquid) 6) start of solidification 

(exothermic) 7) peak energy of solidification   

-  

Figure 58: Determination of melting temperature for a liquid metal based upon the experimental 

calorimetric data.  The melting point is determined at the intersection of the tangent to the 

slope and the baseline. 
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The melting temperature occurs at the point where the tangent of the inflection point 

intersects the base of the curve (as seen in Figure 58). In order to determine the melting 

temperature the point can be determined from an examination of the heat flow curve. A tie 

line was drawn from the beginning of the reaction (across the valley) to the end of the reaction. 

From here a line was drawn from the inflection point until it intersected with the tie line. The 

point where the lines intersect was the eutectic melting temperature.  The heat curve of Field’s 

metal in Figure 58 has a double peak shape. The curve then has two points of interest. The first 

point, at the intersection of the tie line and inflection point, is the eutectic melting point.  

3.2.10 Measurement of Thermal Conductivity 

Thermal conductivity is an important thermo-physical property for studying the 

thermal-hydraulic behaviour of fluid flow, including liquid metals. Thermal conductivity was a 

difficult parameter to measure. Both wetting and convection needed to be considered when 

designing the experiment [58].  This means ensuring the liquid metal was stationary and heated 

at a steady rate.  Procurement of a highly accurate thermal conductivity measurement 

equipment is very expensive. Hence, it was necessary to develop our own apparatus. 

The experimental apparatus for the thermal conductivity experiment consisted of a 13 

mm x 100 mm borosilicate glass test tube with 5 T-type thermocouples, a heat source (butane 

torch), and insulation.  The glass test tube had 5 holes drilled into it. Each penetration housed a 

T-type thermocouple sealed using high temperature sealant putty. Field’s metal strongly wets 

the surface of glass (See Section 4.3). So, the measurement cannot be taken from the wall, but 

was taken directly from the center of the liquid metal itself. 
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 The lower third of the test tube was filled with solid bismuth and contained two 

thermocouples. The bismuth was poured as a liquid into the test tube and left to cool until it 

solidified. The upper two-thirds were also filled by pouring liquid Field’s metal into the test tube 

and left to cool. In the experiment, the apparatus was heated from the top using a butane 

micro torch with the flame pointed at the experimental chamber. The apparatus was allowed to 

cool until room temperature with the metals remaining frozen in the test tube. The method 

was repeated for each experimental run.  Figure 59 is a schematic of the experimental 

apparatus.   

                                      

Figure 59: Schematic of thermal conductivity experimental apparatus 
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The thermocouples were attached to a NEC Remote Scanner JR DC-3100 data 

acquisition system provided by Dr. Sunagawa at FUT. The system was set to record the 

temperature of all five thermocouples simultaneously with a sampling rate of 0.5 s for all five. 

The temperature of the system was also monitored using Fluke 62 mini Infrared thermometer 

and a Fluke Ti105 thermal imager.   

A key component of the experimental design was the selection of the reference metal. 

The reference metal was placed at the bottom of the experimental chamber and heated via the 

Field’s metal above. For this work, the reference metal was bismuth. Bismuth was chosen for 

several key reasons. First, it is compatible with Field’s metal reducing the safety concerns of the 

experiment. Also, bismuth has the lowest thermal conductivity of any metal and provides a 

large and consistent temperature gradient during the experiment to improve the accuracy and 

precision of the experiment.  Lastly, Bismuth has a melting temperature of 545 K meaning it 

stays solid throughout the experiment and is unlikely to change its properties.  

The known thermal conductivity of the reference metal allows for a calculation of the 

thermal conductivity using the following equation:  

   cdd = − fg∆hg
ig

= − fj6∆hj6
ij6

                                                              (15), 

where kr and kFM represent the thermal conductivity of the reference and Field’s metal 

respectively in W/m∙K, ∆T represents the temperature difference across the thermocouples in 

Kelvin and z represents the axial distance between thermocouples in meters.   

 



 

 

115 

 

3.2.10.1 Thermal Conductivity Proof of Concept Test 

A proof of concept test was performed to determine the ability of the experimental 

apparatus to measure the thermal conductivity of liquid Field’s metal. This test demonstrated 

the proposed apparatus and methodology was capable of measuring the thermal conductivity 

of Field’s metal. Figures 60 - 62 show the experimental apparatus and the concept test.  

The method uses the following equation: 

k = 	 li+∆h                                                                                  (16), 

where q represents the heat power, z represents the axial distance between temperature 

probes, A represents the area and T represents the temperature difference along z. The 

method has the following general experimental design: 

 

 

 

 

 

 

  

Q 

Z2 Z1 

Thermocouples 

Figure 60: Schematic of general design for axial conduction experimental 

method 
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A 1200 W heat gun was used as the heat source. The heat gun heated the closed end of 

the test tube. An anemometer measured the temperature and velocity of the air at contact 

with the test tube. These values were used to calculate the heat transfer from the air to the 

glass and then from the glass to the liquid metal using the following equation: 

 

     m = nop∆J                                                                         (17), 

 

where P represents the heat energy, W represents the mass flow rate, Cp represents the 

specific heat and ∆T represents the temperature.  The temperature was measured using T-type 

thermocouples attached to a Fluke thermometer 52 II. Figures 61 and 62 show photographs of 

the proof on concept experimental setup. 
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Figure 61: Photograph of concept experimental chamber filled with liquid Field's Metal 

 

 

Figure 62: Photograph of concept test of experimental apparatus 
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3.3 Development of Natural Circulation Models 

 A one-dimensional model of the natural circulation loop was developed for this work 

along with a two-dimensional model. The following section describes the theory and 

methodology behind the numerical models. 

3.3.1 Theory 

The numerical models are based upon theories of the physics of natural circulation and 

associated mathematical techniques involved in modeling them.  This section describes the 

theory used to create the numerical models described in Sections 3.2.2 and 3.2.3. 

3.3.1.1 Theory of One -Dimensional Single-Phase Natural Circulation Model 

 The one-dimensional model is based on the principle that natural circulation is driven by 

frictional and buoyancy forces. The purpose of the model was to calculate the steady-state 

mass flow and velocity of the system. To begin, consider the direction along the flow path to be 

s, which is travelling axially along the loop. From here a Boussinesq approximation [72] can be 

used to account for the variation in density caused by the temperature change from the hot to 

cold legs of the loop. The remaining thermo-physical properties were considered to be constant 

and taken at the average temperature of the hot leg. The derivation of the model begins with 

the steady-state momentum equation: 

qp
q' = 	−X� ∙ ='s − �'          (18), 

where p represents the pressure, g represents the acceleration due to gravity,  es represents 

the unit vector in the positive direction, and Fs represents the friction force. Next, equation (18) 

is integrated along the length of the flow loop: 
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� tXuv = w
�t X��!D

$W

�'! u�     (19). 

Noticeably, the pressure term is eliminated as the loop is considered to be closed. Now, 

as mass must be conserved, the mass flow rate W must reach a constant steady-state in the 

loop: 

='s ∙	�x t Xuv = yW
� t U


�'!��'!+;W u�     (20). 

In equation (20) the left hand side represents the buoyancy force and the right hand 

side represents the friction force (frictional loss).  The momentum and energy equations govern 

the flow and heat transfer of the loop.  The next step is to determine the energy equation of 

the loop. Assuming the loop is symmetrical the energy equation is written as follows: 

opn qh
q' = c						                Heat Source     (21a). 

opn qh
q' =	−zJow{|}�J −	J((~!   Heat Sink – Hot Leg    (21b). 

                         opn qh
q' =	−zJo�{|'�J −	J((W�    Heat Sink – Cold Leg                   (21c). 

opn qh
q' = 0    Piping System     (21d). 

The variables in equation (21) are: q represents the input power per unit length, Tii1 and Tii2 

represent the average secondary side temperatures for the hot and cold legs, D represents the 

diameter of the pipes in the loop, and HTC represents the heat transfer coefficient. 

  Equation (21) is now rearranged and integrated to solve for the temperature difference 

across the heat source: 



 

 

120 

 

J��! = 	J� +	 l'
y�0 					0 < � < 	�}     (22). 

∆J} =	 lV4y�0 =	 �
y�0      (23), 

where P represents the input power, ∆TR represents the temperature difference across the heat 

source; and LR represents the length of the heat source. 

 Equations (21b), (21c) and (21d) are now integrated and arranged so that the 

temperature of the fluid through the heat sink is a function of the distance (s) such that: 

J = 	J� − ∆h4�'��V4�V;!�
�V; 																		��} + �'! < � < ��} + 2�'!   (24). 

Equations (18) and (19) are substituted into Equation (20). Now the buoyancy term and 

the friction term are integrated. The buoyancy term is then defined as: 

='s ∙ �x t Xu� = ��∆J}X��'	      (25), 

where β represents the thermal coefficient of expansion in K-1 and the friction term is then 

defined as: 

yW
� t U


�'!��'!+;W u� = n�� U~V4

~+~W�� +

�UWV�

W+WW�� +

�U�V;

�+�W���    (26). 

The first term on the right hand side is the frictional losses from the heat source, the second 

term is the frictional losses from the adiabatic piping and the third term is the frictional losses 

from the heat sink. Lastly, where f represents the friction factor and can be expressed using the 

Blasius correlation: 
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D = 	 P.P��w
y

~
�
�+��
 �w/�       (27). 

Next, substituting Equations (24) and (25) back into (18) and then substituting in 

Equation (23) for ∆TR, the equations can be expressed as: 

n� = ��W��∆�V;/�0
��~�4�~�~W

�W�W��
�W�WW

�W���;
����W

�       (28). 

Substituting the correlation into Equation (27) the steady-state mass flow rate is now 

defined as: 

n''
~~
� =	 ����W���V;/�0

� � 
¡~¢~W

�¢~£¤�¡~ !
~
�� W�¥

¡W¢WW
�¢W£¤�¡W !

~
�� W�¦

¡�¢�W
�¢�£¤�¡� !

~
��

     (29), 

where: 

o§ = 1
0.0791 

Finally, the cooling in the cold leg of the loop is considered separately. It is defined as: 

J��! = 	J� −	∆h4�'��V4��V;!��V; 		 ; 			��} + 2�'! < � < ��} + 3�'!    (30). 

The buoyancy term can now be redefined for the cold leg as: 

='s ∙ �x t Xu� = �
���∆J}X��'	      (31). 

This results in an increase in the buoyancy term by increasing the gravity head by a 

factor of 0.5 for the cold leg. However, there is no change in the friction term. The steady-state 

mass flow rate (Wss) for the system under natural circulation is expressed as: 
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n''
~~
� =	

�
W����W���V;/�0

� � 
¡~¢~W

�¢~£¤�¡~ !
~
�� W�¥

¡W¢WW
�¢W£¤�¡W !

~
�� W�¦

¡�¢�W
�¢�£¤�¡� !

~
��

     (32). 

3.3.1.2 Theory of One - Dimensional Two-Phase Natural Circulation Model 

Equation (32) is valid for single-phase natural circulation. However, for two-phase flow 

the gas phase needs to be considered. Rewriting Equation (20) so that: 

−�∮Xu� = 	yW
���∑ � UV


+W +
¬
+W

®(¯w )    (33), 

where Nt represents the number of pipes, f represents the friction factor, and K represents the 

minor losses. From here the steady-state mass flow rate for two-phase natural circulation was 

determined based on an approach by Vijayan et al. [72]. An approximation was then made for 

the buoyancy term to reflect the changing buoyancy and density in the system, where: 

X = 	 X2[1 − �±�ℎ − ℎ2!]    (34), 

where ρr represents the reference density, βh represents the enthalpic thermal expansion 

coefficient, and h represents the enthalpy. The buoyancy term is now written as: 

�X� ∮��ℎ − ℎ2!u�      (35). 

For the friction term, the two-phase flow is accounted for by introducing a two-phase 

friction factor multiplier ΦVµ� .  The friction term (FT) is now divided in the single-phase section, 

the non-heated two-phase section and the heated two-phase section (boiler): 

yW
��� ¶∑ �UV·��
+W �( +

w
V4

;(¯w ∑ �UV·��
+W �t ΦVµ�
V4
V; ��!u� + ΦVµ� ∑ �UV·��
+W �(

�(¯	4�w
4(¯;�w ¸ (36). 
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In this model, air was injected to generate the gas phase. The boiling term can be 

eliminated as boiling does not occur in a gas injection system. The friction factor was found 

using a correlation with respect to the Reynolds number [72]. For a generic flow the following 

correlation was used: 

D = 	 ¹
}º»¼

     (37), 

where a and b are constants based upon the flow behaviour.  Equation (36) is now rewritten as: 

�X� ∮��ℎ − ℎ2!u� = ¹��¼yW½¼
��� ¶∑ � V·��


~¾¼+W½¼�( +
;(¯w ΦVµ� ∑ � V·��


~¾¼+W½¼�(
�(¯	4�w ¸  (38), 

using the same method to solve for the Wss as with single phase, the steady-state mass flow 

rate was calculated by: 

	

n'' = 	¿���ÀW���
¼+W½¼
¹�À¼�Á

	Â
� ~
�½¼!

      (39), 

where a = 64 and b = 1 for laminar flows and a = 0.316 and b = -0.25 for turbulent flows and FT 

is expressed as: 

�h = VÁ

 �∑ � V·��


~¾¼+W½¼�( +
;(¯w ΦVµ� ∑ � V·��


~¾¼+W½¼�(
�(¯	;�w �    (40), 

where  ΦVµ�   for liquid metals [80] is defined as: 

ΦVµ� = ¿1 + Ã Ä �À
���wÅÂ ¿1 + Ã Ä �À

�Æ½~
ÅÂ

�P.�Q
   (41), 

and x is the quality and is expressed as: 
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Ã = 	 yÆ
yÆ�yÀ

       (42). 

3.3.1.3 Considerations for Liquid Metals 

The single and two-phase steady-state mass flow rate equations were derived for any 

generic fluid where the friction factor correlations are valid. Some special considerations need 

to be taken into account for applying these theories to liquid metals for two-phase flows. For 

single-phase natural circulation the only significant differences are the thermo-physical 

properties, mainly the difference in density. Heavy liquid metal flows are considerably denser 

than typical liquids such as water. The density term is considerably higher, but it has no direct 

effect on the theories or equations themselves. 

It is accepted practice to apply correlations developed for water for the Reynolds 

number and friction factor to liquid metal flow [60]. The coefficients and constant used in the 

numerical models in this work used this practice. For example, the Co term is based on the 

thermal-hydraulic behaviour of water and the Reynolds number.  The practice seems 

reasonable for modelling the macro level aspects of liquid metal flow according to the literature 

[26,60,80]. Natural circulation of liquid metal flow is expected to be entirely gravity dominant 

due to the high density of the material and the resultant large gradient in density in the 

flow/model. The physics for water and liquid metals are similar and as such the thermal-

hydraulic models are transferable with minor changes.  In the future an investigation into the 

viability of this concept for all conditions and on a micro-scale is recommended.  

The same assumption for the thermal coefficient of expansion (β) is made for the 

model. The thermal expansion of the liquid, in this liquid metal, is essential to the physics of the 
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model. The thermal coefficient of expansion acting in a manner similar to water is an essential 

assumption of this work, especially for two-phase flow.  Water in its liquid range has an 

approximate value of 6 x 10-4 K-1 for β, which is similar enough to the value for liquid metals (33 

x 10-4-181 x 10-4 K-1). Therefore, it is reasonable to assume that the thermal expansion of liquid 

metal is similar enough to liquid water that the physics of the model are satisfactory. 

 For two-phase flow there are several considerations with regard to the friction factor 

and the friction factor multiplier. The friction factor is expressed in Equation (37) is a typical 

form for water. This friction factor approach is also commonly applied to liquid metal flows [80] 

and as is considered appropriate for this model.  However, it needs to be noted that this 

relationship was not directly derived for liquid metal flows. The same statement can be applied 

to the friction factor multiplier as well.   

3.3.2 One - Dimensional Natural Circulation Model 

A single-phase numerical model of naturally circulating liquid Field’s metal and LBE was 

created in MATLab R2010a [111]. The model used equation (32) (derived in Section 3.3.1) to 

calculate the steady state mass flow rate: 
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    (32). 

The equation uses a combination of geometry dependent and thermo-physical 

dependent parameters.  The geometry based terms are length (L), diameter (D), and area (A). 

The thermo-physical property terms are density (ρ), specific heat capacity (Cp), coefficient of 

thermal expansion for a liquid (β), and the kinematic viscosity (ν). The remaining terms are the 



 

 

126 

 

gravitational constant (g), the input power (P) and the coefficient of friction (Co), which is 1/f 

where f represents the friction factor.  In the laminar region of liquid metal flow the friction 

factor calculation is determined using the correlation according to Zuo et al. [80]:    

                             f = 0.316/ReP.�Q                                                      (43), 

where Re represents the Reynolds number. The Reynolds number is a dimensionless number of 

the ratio of inertial forces to viscous forces. The Reynolds number is defined as: 

Re = 	 ÇÎÏÐ                                                                                   (44), 

where ρ represents the density of the alloy, u represents the velocity of the alloy, D represents 

the diameter of the pipe and µ represents the dynamic viscosity of the fluid.  Finally, the steady-

state velocity was calculated using the steady-state mass flow rate: 

Ñ'' =	y;;
�+                                                                                  (45). 

The reference cases for both Field’s metal and LBE are described in Table 10. The 

thermo-physical properties for LBE were determined using the experimental results presented 

in the Nuclear Energy Agency Handbook on LBE [58].  The determination of the thermo-physical 

properties of Field’s metal is of particular interest to the numerical model as the properties are 

not well established in literature, especially as a working fluid [68,64,66]. Several experiments 

were performed as per Section 3.2.7-3.2.10, to ascertain the values of some thermo-physical 

properties of Field’s metal. Importantly, the thermal coefficient of expansion was assumed for 

Field’s metal to be equal to LBE.  A sensitivity analysis of each thermo-physical property is also 

performed. 
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Table 10: Properties of Reference Cases 

Lead-Bismuth Eutectic Field’s Metal 

Parameter Reference 
Value 

Parameter Reference 
Value 

Temperature (K) 423 Temperature (K) 423 

Pressure (kPa) 101.3 Pressure (kPa) 101.3 

Specific Heat (J/kg-K) 149 [58] Specific Heat (J/kg-K) 325*  

Density (kg/m3) 10 535 [58] Density (kg/m3) 753*  

Thermal Exp. Coeff. (K-1) 1.26 x 10-4 [58] Thermal Exp. Coeff. (K-1) 1.26 x 10-4 

Viscosity (mPa∙s) 2.94 [58] Viscosity (mPa∙s) 20*   

Heater Length (m) 0.4 Heater Length (m) 0.4 

Cooler Length (m) 0.4 Cooler Length (m) 0.4 

Inner Pipe Diameter (mm) 12 Inner Pipe Diameter (mm) 12 

Power (kW) 1-10 Power (kW) 1-10 

Thermal Conductivity (W/m-
K) 

14 [58] Thermal Conductivity (W/m-
K) 

19* 

*As determined in the thermo-physical experiments described in Sections 3.2.7-3.2.10 
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Figure 63: Schematic of simulated natural circulation loop 
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3.3.3 Two - Dimensional Model of Vertical Test Section with Gas-Enhanced Two-Phase Flow 

A CFD model of the vertical test section of the experimental loop was created for this work. 

CFD simulations are conducted using GAMBIT 2.4 [112] to build the mesh and FLUENT12 [113] 

as the CFD solver.  FLUENT [113] uses the following governing equations to model the flow:   

oA����M��Ò:																																													 q�q� + ∇. �XÔx! = 0																																																																		�46!. 

ÕA�=��M�:															 q���Öx!q� + ∇. �XÔxÔx! = −∇T + ∇. ["�∇Ôx + ∇Ôxh] + X�x + �x																										�47!. 

×A@M�=	D?>��A�:																																				 qØÙq� + Ôx. ∇ÚÛ = 0																																																														�48!. 

×A@M�=	D?>��A�	A���?>���:																	ÚÛ + ÚV = 1																																																																				�49!. 

GAMBIT 2.4 was used to construct a bubble column mesh with gas injection from the 

bottom. The mesh is a 2-D planar mesh in the x-y plane with gravity acting on the negative y 

direction. The Multiphase Mixture model was chosen because it had the best compatibility with 

the flow conditions using a two equation k- ω SST viscous model.   Where k is defined as: 

k = 	 $W��W�iW�        (50). 

For u, v and z which are the velocities in each dimension and k is in m2/s2.  Next ω is defined as: 

Ý = Þ
f       (51), 

where ω is in s-1 and ε is defined as: 

ß = Xo� fW
�®        (52), 
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such that Cµ represents a proportionality constant, µt represents the turbulent viscosity and ε is 

in m2/s3. 

This type of model was chosen after a series initial test simulations to ensure that the 

viscous model satisfies the convergence criteria of 10-3 for all residuals; velocity, kinetic 

turbulent energy, turbulent energy dissipation rate, and void fraction. 

The simulations conducted were transient type simulations (time-dependent) due to the 

nature of the flow. The time period for each run was 20 s with 200 time steps. Several contours 

were taken at key time steps along the flow.  The solution scheme used was SIMPLE.  It was 

chosen to save computation time and provide adequate convergence for all cases. The pressure 

discretization model used was PRESTO. It was chosen to improve compatibility with two-phase 

flow conditions, the rest of the spatial discretization options were left as first order upwind. The 

inlet condition was chosen as a velocity inlet where both phases’ velocities are defined along 

with the initial void fraction and the estimated outlet conditions at a pressure outlet open to 

the atmosphere. 

The model consisted of the vertical test section from the inlet of the gas to the entrance 

of the separation tank. The vertical test section was 50 mm in length with a hydraulic diameter 

of 12 mm. The nozzle was located in the centre of the pipe, and faced upwards. The liquid 

phase present in the loop was either LBE or Field’s metal. In order to model Field’s metal in CFD 

the thermo-physical properties were programmed into FLUENT by creating a custom material. 

The gas phase injected was nitrogen as is simpler to model in FLUENT, and air is approximately 

78% nitrogen. 
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The results of the air-water investigation showed many similarities between the 

characteristics of the air-water systems and gas-liquid metal [62] and as such, the air-water 

results were used to help refine and estimate the initial conditions of the CFD model.  The 

results of these experiments were used to determine the geometric mesh and boundary 

conditions of the CFD simulation. Importantly, the steady state natural circulation superficial 

velocities and the void fraction at the inlet of the vertical test section, where bubble 

entrainment on the surface of the nozzle was observed during experimentation. The numerical 

model was designed to match the characteristics of the vertical test section of the experimental 

loop. Two different inlet gas phase velocities were used; 0.06 m/s (1.8 L/min) which is expected 

to simulate slug flow, and 0.4 m/s which is expected to simulate annular flow. Lastly, as per 

section 3.2.8, there was consideration of the non-Newtonian behaviour of liquid metals in 

natural circulation and an investigation of the sensitivity of viscosity in the model was also 

undertaken.  Table 11 presents a list of the conditions taken from the experimental results. 

Table 12 presents the test matrix for the CFD model. 
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Table 11: Initial Conditions for 2-D dimensional model of the vertical test section 

Parameter Value 

Liquid Phase Field’s Metal or LBE 

Gas Phase Nitrogen 

Length of Test Section 50 mm 

Hydraulic Diameter of Test Section 12 mm 

Pressure Atmospheric 

Temperature 420 K 

Void Fraction at Gas Inlet 60% 

Superficial Liquid Velocity 0.05 m/s 

Superficial Gas Velocity 0.06 m/s, 0.4 m/s 

 

Table 12: Test Matrix for CFD model of N2 – liquid metal vertical test section 

Test Liquid Metal Parameter Varied 

Low Velocity Test (Slug Flow) LBE & Field’s Metal Void Fraction Backflow 
(0%, 20%) – For LBE only 

High Velocity Test (Annular 
Flow) 

LBE None 

Viscosity Sensitivity Field’s metal Viscosity 
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3.4 Liquid Field’s Metal Natural Circulation Experiments 

The purpose of the liquid Field’s metal natural circulation loop experiments was to 

determine the steady-state mass flow rate and velocity of liquid Field’s metal under natural 

circulation and gas-enhanced flow. The experiment was designed for single-phase liquid Field’s 

metal flow and air- liquid Field’s metal flow.  

The natural circulation loop was the same as the one characterized in Section 3.1 with 

one key difference. The reservoir tank has been removed and replaced with a section straight 

piping of the same diameter present in the rest of the loop. This matched the geometry of the 

numerical model and reduced the volume of liquid metal needed for the experiments.  

An ultrasonic flow meter was attached to the cold leg of the loop to measure the liquid 

velocity of the loop. Five T-type thermocouples were attached to the loop. The first 

thermocouple penetrated the pipe wall and was located at the site of the air injection. A second 

was located inside the separation tank. The remainder are located on the outer pipe wall at key 

sites. The thermocouples were attached to a DAQ acquired from FUT. It was set to record a 

measurement every 1.5 s.  Figure 64 is a schematic of the loop’s altered geometry and 

instrumentation. 
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Figure 64: Schematic of Two-Phase Liquid Metal Natural Circulation Loop 
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To heat the loop the piping of the loop was wrapped in electrical heating tape with total 

power of 614 W except for the location of the ultrasonic transducers and the location of the 

primary heat source (torch). To vary the power in the experiments the heaters were attached 

to a Variac. The sides of the separation tank were wrapped in insulation.  The bottom of the 

vertical hot leg was heated via a spot flame provided by a butane torch. For gas-enhanced flow 

air was injected into the loop at the entrance to the vertical test section with an air injection 

rate of 0.25 L/min. 

To fill the loop, the loop was heated to an average temperature of 343 K using the 

electric heaters.  The Field’s metal was heated using a hot plate. The metal was then poured 

through a filter and into the separation tank. At the end of the first experiment the metal was 

left in the loop to cool. The electric heaters were then used to bring the metal to a liquid state 

inside the loop at the start of the next experiment. The butane torch was lit once the average 

temperature of the loop reaches 338 K. If additional Field’s metal was needed then it was 

added via the separation tank.   

The experiment consists of single phase and gas-enhanced two-phase flow at various 

powers. The test matrix of the natural circulation experiment is presented in Table 13. The 

results of these experiments are presented in Section 7. 

Table 13: Test Matrix for Liquid Metal Natural Circulation Experiment 

Experiment Point Heat Source (Torch) Varied Power (Heating 

Tape) 

Gas Injection 

Single-Phase Yes 25%, 50%, 75% and 100% No 
Two-Phase I No 25%, 50%, 75% and 100% 0.25 L/min 
Two-Phase II Yes 25%, 50%, 75% and 100% 0.25 L/min 
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4. Initial Characterization Experiments 

The following section describes the results of the initial characterization experiments 

including characterizing the natural circulation loop under air-water conditions, the 

development of a metal alloy fabrication process, basic chemical and magnetic properties, 

method to verify sample composition, and viability of neutron radiography as an analysis 

technique for liquid In-Bi-Sn alloys flow. These experiments are important as they set the base 

knowledge for the thermo-physical experiments and the liquid metal natural circulation 

experiments of this work. Furthermore, the work presented in this chapter also helped to 

develop the case for Field’s metal as a viable analogue fluid for industrial liquid metal flows by 

identifying key characteristics and analysis techniques.  

4.1 Two-Phase Flow Natural Circulation Loop Characterization 

The natural circulation loop was characterized as per the methodology described in 

Section 3.1.1 for air-water gas-injected two-phase flow. The work determined the void fraction 

and water level of the system in forced and natural circulation using ultrasonic techniques. For 

each set of flow conditions the control valve was set to 50%, 75%, and 100% open. 

There are two different configurations of the experimental loop for the characterization 

work. Initially, the loop was designed only to achieve natural circulation. This configuration is 

presented in 4.1.1. The second configuration allows for natural and forced circulation by 

altering the geometry to include a pump and a pump by-pass. The results from using this 

configuration are presented in 4.1.2. The schematics of the two different configurations are 

presented in Figure 24 in Section 3.1. 
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4.1.1 Natural Circulation Only Configuration 

This configuration used the methods described in Section 3.1 to measure the separation 

tank water level, void fraction in the vertical test section, and to identify the flow regime. In this 

configuration there is a straight horizontal pipe connecting the two vertical legs at the bottom 

of the loop (See Figure 24a). No pump is attached and only natural circulation is achievable in 

this configuration.  

Some key observations were made with regards to the water level measurement (It was 

observed that the initial water level significantly affected the behaviour of the loop). The 

vertical test leg rises approximately 4.5 cm into the separation tank and as such if the initial 

level is below the outlet of the pipe the behaviour is different than if the outlet is submerged in 

water. At a level below the outlet the water spurts out and falls onto the surface which not only 

affects the water level measurement, but also the mass flow rate. The water entering the 

system will cause significant splashing meaning that at any instant there will be greater 

variation in the tank level.  For water levels above the vertical test section outlet the gas 

continues to rise to the surface and escape, but the water entering the tank mixes much less 

violently and therefore there is much less variation in the surface level. So, in all cases the initial 

height of water in the tank was kept to a minimum of 7 cm. The first set of data is for the 

separation tank water level under natural circulation (Figure 65). At this initial water level, a 

maximum flow rate of 3 L/min was achievable before the tank began to splash against the 

ceiling of the separation tank. .  The water level increased significantly from 7.25 cm to 9.1 cm 

(a 25% increase) for natural circulation. For the void fraction and flow regime measurements a 
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flow rate of 4 L/min as this measurement is taken from the vertical pipe and not the separation 

tank. 

 

Figure 65: Separation tank water level with respect to air flow rate for natural circulation only 

configuration 

 

Figure 65 displays the water level for the natural circulation only configuration. The 

figure is labelled with 2 different flow regimes; bubbly and slug. The change in flow regime is 

visible in the water level graph as a significant change in slope, which suggests a fundamental 

change such as a shift in the flow regime. The flow regime cannot be identified solely by the 

rate of change in the water level. The definition of the flow regimes will need to be verified by 

the void fraction measurements.   
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Figure 65 displays the difference between fully open case and the partially closed cases 

for the bubbly flow regime (0 L/min to 1.5 L/min). In general for these flow rates the water level 

increases with air flow rate. Next, in the slug flow regime (1.5 L/min to 3 L/min) the water level 

continues to increase with air flow rate. These results show a visible difference between the 

100% and 50% case until 2 L/min.  As the air flow rate increases and the flow regime becomes 

more turbulent the cases collapse together as slug flow fully sets in.  By 3 L/min the tank is 

nearing its maximum level of 10 cm. The total rate of change in water level was dependent 

upon the air flow rate and the flow regime. 

The error shown in the Figure 65 is considered to be minimal. The error for air flow rate 

is ± 0.125 L/min due the accuracy of the rotameter. This was sufficient to collect data every 0.5 

L/min. The error in the water level measurement can be broken down as follows; a standard 

1480 m/s was used for the speed of sound in water and the uncertainty in the transit time 

measurement was ± 1.25 µs. The transit time ranged from 100 µs to 130 µs. The uncertainty in 

the water level measurement is approximately 1 %.  

Figures 66-70 display the instantaneous void fraction for natural circulation at an air 

flow rate 0.5 L/min, 1.5L/min, 2 L/min, 3 L/min and 4 L/min, respectively, with the control valve 

100% open. These figures display the non-averaged instantaneous void fraction of the vertical 

test leg over a period of 1 s. The peaks and valleys clearly describe a change in instantaneous 

void fraction. This occurs as the gas phase passes in front the transducer. When no gas phase is 

present then the void fraction is 0% the gas phase passing in front of the transducer increases it 

and an increase in void fraction is measured. 
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Figure 66 shows the instantaneous void fraction for an air flow rate of 0.5 L/min. The 

void fraction changes quickly from 0% up to 70% as a result of small bubbles rising quickly 

through the test section. The bubbles are found to be small as they are about 40 – 60% the 

diameter of the pipe (12.7 mm). It is clear that at this flow rate a bubbly flow regime is present.  

In Figure 67 the time each bubble is present is observed to be longer than in Figure 66. Hence, 

larger longer bubbles, due to an increase in air flow rate, are present. This suggests the flow 

regime is still bubbly flow but the bubbles are larger and increasing in frequency. Figure 68 

indicates the bubbles are even larger than those for 1.5 L/min. For the 2 L/min case, the flow 

appears to have transitioned to slug flow.  In Figure 69 the slugs are very large suggesting that 

the flow is nearing the transition point to annular flow. In Figure 70, at no point does the void 

fraction reach zero meaning a gas phase is always present, suggesting the bubbles have now 

been replaced with a constant stream of flowing gas.  It is now clearly annular flow. 
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Figure 66: Instantaneous void fraction 0.5 L/min flow rate in natural circulation with valve 100% open 
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Figure 67: Instantaneous void fraction 1.5 L/min flow rate in natural circulation with valve 100% open 

 

 

Figure 68: Instantaneous void fraction 2 L/min flow rate in natural circulation with valve 100% open 

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1

V
o

id
 f

ra
ct

io
n

 (
%

) 

Time (s) 

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1

V
o

id
 F

ra
ct

io
n

 (
%

) 

TIme (s) 



 

 

142 

 

 

 

Figure 69: Instantaneous void fraction 3 L/min flow rate in natural circulation with valve 100% open 

 

Figure 70: Instantaneous void fraction 4 L/min flow rate in natural circulation with valve 100% open 
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Figure 71 is a plot of the averaged void fraction for each air flow rate. Void fraction 

tends to rise with increase flow rate, but the rate of increasing void fraction is less during the 

period where the flow transitions from laminar to turbulent flow. This begins to occur between 

1.5 L/min and 2 L/min and the transition regions lasts to 2.5 L/min. The average void fraction 

for bubbly flow in the loop is less than 50%, for slug approximately greater than 50% to 75% 

and a void fraction greater than 75 % suggests annular flow. 

 

Figure 71: Averaged void fraction versus air flow rate for natural circulation only configuration with 

control valve 100 % open 

 

The error for the void fraction measurement is difficult to determine due to the 

assumption made of 3-dimensional symmetry in the gas phase. However, the uncertainties 

related to the equipment and technique is known.  The transit time is ± 5% of the scale, which 
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varies depending on the magnitude of transit time, but is typically ± 0.5 µs for this work.  The 

time measurement is ± 0.005 s. Lastly, the uncertainty on the pipe diameter is very small of ± 

0.5 %. The uncertainty for the averaged void fraction measurement is about 6%. The same error 

will be present for the other configuration as well. 

4.1.2 Natural Circulation and Forced Circulation Configuration  

In this configuration a pump was attached to the lower horizontal leg of loop to achieve 

forced circulation. A pump by-pass section was also attached to by-pass the pump when it was 

not an operation (See Figure 24b on page 5). For natural circulation the flow travels through the 

by-pass section. This section presents the water level, averaged void fraction, and flow regimes 

results for both natural and forced circulation. The instantaneous results for natural circulation 

are also presented.   

The loop was unable to achieve the injected air flow rates as presented of > 3.5 L/min 

due to a pinch in the air injection line that produced a backpressure in the air injection line. 

Furthermore, for the forced circulation cases the maximum air flow rate was further reduced 

when the increased velocity was > 3 L/min which caused the separation tank to overflow.   

Figure 72 displays the water level for the natural circulation case.  The figure shows 3 

different flow regimes; bubbly, slug, and annular. The change in flow regime is visible in the 

water level graph as a significant change in slope which suggests a fundamental change such as 

a shift in the flow regime. The figure also shows a difference between fully open case and the 

partially closed cases. In the bubbly flow regime (an air flow rate of 0 L/min to almost 1.5 L/min) 

the water level increases with air flow rate.  In the slug regime (an air flow rate of 1.5 L/min to 2 
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L/min) the water level continues to increase with air flow rate just at a higher rate. There is still 

a visible difference between the 100% and 50% case.  As the air flow rate increase and the flow 

regime becomes more turbulent the cases collapse together. This trend is clearer in the annular 

section at air flow rates greater than 2 L/min. Again, water level is increasing with flow rate but 

is beginning to plateau as the flow is becoming more turbulent and the tank is nearing its 

maximum level of 10 cm. However, the flow regime cannot be identified solely by the rate of 

change in the water level.  
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Figure 72: Separation tank water level vs. air flow rate for natural circulation 



 

 

146 

 

Figure 73 displays the for separation tank water level forced circulation case.  The water 

level increased with air flow rate up to 2 L/min with a noticeable positive change in slope at 1 

L/min. At this point water peaks and then a decrease in water level was seen at 2.5 L/min. At 3 

L/min the water level was still observed to decrease, but it appears to be plateauing to a similar 

water level (9-9.5 cm) as for the natural circulation case.  

The significant difference between the forced and natural circulation case is that for the 

forced circulation case the water flow rate is high enough that annular flow is not observed. 

The high velocity of the liquid phase is supressing the gas phase of the flow.  Again, the regime 

change is visible in the graph by a change in slope, but needs to be verified with the results 

from the void fraction measurement.  
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Figure 73: Separation tank water level vs. air flow rate for forced circulation 
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Overall, in both natural and forced circulation cases the rate of change in water level 

was dependent upon the flow regime and in both cases the water level increased significantly 

from 7.25 cm to 9.15 cm (26% increase) for natural circulation and 7.25 cm to a maximum of 

9.6 cm (32% increase)  and then settling to 9.05 cm (25% increase). 

The error in these results are considered to be minimal. The error is the same as for the 

previous configuration. The error for air flow rate is ± 0.125 L/min, the accuracy of the 

rotameter, this was sufficient to collect data every 0.5 L/min. The error in the water level 

measurement can be broken down as follows; a standard 1480 m/s was used for the speed of 

sound in water and the uncertainty in the transit time measurement is ± 1.25 µs. The transit 

time ranges from 100 µs to 130 µs. Therefore the uncertainty in the water level measurement is 

less than 1 %.  

The instantaneous void fraction was measured as described in Section 3.1.1. In Figure 

74, at 0.5 L/min air flow rate clearly shows a bubbly flow regime with large frequent bubbles. At 

1.5 L/min, in Figure 75, it appears to be the beginning of slug flow as the large bubbles are large 

enough to be considered slugs. Lastly, annular flow is clearly seen in Figure 76 at 3 L/min. 
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Figure 74: Instantaneous void fraction for natural circulation at an air flow rate of 0.5 L/min and 100% 

open control valve 

 

 

Figure 75: Instantaneous void fraction for natural circulation at an air flow rate of 1.5 L/min and 100% 

open control valve 
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Figure 76: Instantaneous void fraction for natural circulation at an air flow rate of 3 L/min and 100% 

open control valve 

 

The averaged void fraction as a function of air flow rate is presented in Figures 77 and 

78 for natural circulation and forced circulation, respectively.  The figures show the average 

void fraction for control valve 100%, 75% and 50% open scenarios for both circulation 

scenarios.  The averaged void fraction in both cases increases with flow rate as the flow 

becomes faster and more turbulent. In natural circulation (Figure 77), at lower flow rates there 

is an increase in average void fraction corresponding to the control valve opening becoming 

smaller (i.e. 50 % open). As the flow rate increases and enters the slug flow regime the cases 

collapse and there is no determinable effect from the control valve. In the forced circulation 

case (Figure 78) there is no noticeable effect of closing the control valve. In both cases the 

average void fractions for each flow regime are comparable, however, as stated previously the 
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flow regimes in forced circulation occurs at slightly different flow rates than in natural 

circulation.  So, in forced circulation the averaged void fraction is marginally smaller than for 

the same flow rate in natural circulation. 
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Figure 77: Averaged void fraction for forced circulation in experimental loop test section 
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Figure 78: Averaged void fraction for natural circulation in experimental loop test section 
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Previously, Faccini et al. used two different ultrasonic flow meters (Cross-propagation-

type and Doppler-type) to measure the flow rate of the natural circulation loop under air-water 

gas enhanced natural circulation conditions [78]. Figure 79 displays Faccini et al. with the 

measurements taken in this work using the Al-Sonic Pulse-Echo-Type meter currently installed 

on the loop. The results show agreement between the 3 types of meters. Particularly, good 

agreement is found between the Doppler-type and the Al-Sonic meter. The work was limited by 

the lower flow rate limit in the loop. All 3 meters demonstrate the trend of increasing velocity 

with air flow rate.  At the lower air flow rates the velocity increased at a linear rate although the 

cross-propagation-type showed a smaller increase between air flow rates. The meters were 

considered to have a consistent and valid result. 

 

Figure 79: Measured liquid velocities for various types of ultrasonic flow meters for gas-enhanced 

natural circulation of an air-water system [78] 
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The loop was heated to a temperature of 343 K and the liquid velocity was measured. 

The water was found to move at a consistently higher velocity at the higher temperature. The 

results are shown in Figure 80.  This result was expected as water will be less dense at this 

temperature and should circulate at a higher velocity.  The results show an approximately 3x 

increase in velocity of the water at 343 K from 0.3 m/s to 0.9 m/s.  The results also showed the 

same trend of increasing velocity with air flow rate at approximately the same rate for both 

temperatures. 

 

 

Figure 80: Measured liquid velocities for water at room temperature and at for hot water 
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4.1.3 Summary 

The experimental loop’s two-phase air-water flow characteristics have been determined 

for two configurations; natural circulation only and natural and forced circulation. The 

separation tank water, void fraction and flow regimes have been determined in each case. The 

loop’s fundamental behaviour is now known and the loop can be converted to an air-liquid 

metal natural circulation loop.  

4.2 Fabrication of In-Bi-Sn Alloys 

This section reports the results of the In-Bi-Sn alloy fabrication process for both the 

small batch and the medium/large batch method.  The fabricated alloys were created based on 

the method described in Section 3.2.1.  

4.2.1 Small Batch Fabrication  

The following changes and observations were made during the fabrication processes 

using the small batch method. Notably, a few drops of water were added to the glass container 

to prevent dry heating and cracking of the container. The water evaporated during the 

fabrication process.  This allowed the base metals to combine at approximately 353 K or  

80 °C as measured from the Fluke 62 mini infrared thermometer. This was likely because of 

localized hot spots having reached temperatures high enough to initiate the melting process.  

Typically, up to 80 g of Field’s metal can be manufactured with good results using this 

method. A normal batch size was about 10 g – 20 g, which produced a yield of over 90% of the 

desired alloy based on weight.  The remaining products were oxides and impurities that were 

removed during filtering stage of the manufacturing process.   Besides Field’s metal, also 10 g of 

each of the other In- Bi –Sn eutectic alloys have been produced as well as 10 g of a similar 
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eutectic alloy, Bi – Sn (52-48 % wt.). The Bi-Sn eutectic was manufactured without the presence 

of water as the melting temperature is above the boiling point of water. A photograph of the 

fabricated Field’s metal is shown in Figure 81 and the other fabricated samples are displayed in 

Figure 82.   

 

Figure 81: Photograph of Manufacture of Field's Metal 

 

Figure 82: Photographs of manufactured alloys 
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There are two observations of note with regards to the formation of oxides or other 

impurities. Occasionally, a discolouration occurred giving the alloy a bluish-purple hue.  This 

change was not observed to have any effect on the physical properties of the alloy.  The colour 

change can be seen in Figure 83.  

 

 

Figure 83: Colour change in eutectic alloy 

Also, sometimes the process produced a blackish metal by-product that was heavier and 

duller than the alloys. The by-product’s composition has yet to be determined, but it 

significantly reduced the yield when it occurred. The material is shown in Figure 84. It is likely a 

bismuth alloy or oxide based on its colour, weight, and density. 
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Figure 84: Metal by-product of manufacturing process 

4.2.2 Medium/Large Batch Fabrication 

The medium/large batch method also produced consistent yields of 90% for the desired 

alloys. This method takes considerably longer. The preparation and mixing stages of the process 

took considerably more time (up to an hour) was needed to heat the base metals to the 

necessary temperatures.  The metals mixed at a higher temperature than the small batch 

method, probably due to the larger sample size that prevented local hot spots from initiating 

the melting process. Typically, mixing occurred quickly once indium became liquid and began to 

mix with the other metals at approximately 430 K. The impurities previously discussed in the 

small batch method were observed in the process.  Also, excess pure bismuth was occasionally 

left out of the mixture. Only, small amounts (< 1%) of bismuth were ever observed to be left 

over which is consistent with it having the highest melting temperature. The excess bismuth is 

likely an indication that some of the product was slightly different in composition than the pure 

eutectic. For the purposes of this work it is not expected to have a significant effect on the 
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behaviour of the liquid metal or the results.  As these materials were solid they were easily 

filtered out using a paper filter. In this method up to 1.5 kg were made at a time with a high 

yield and without significant incident.    

4.2.3 Summary 

The fabrication process was able to achieve high yields for both small and medium/large 

batches in a manner that requires minimal equipment. From a safety perspective besides the 

hazards related to the temperatures of the process and the consumption of metals, no other 

hazards were created using this process. Field’s metal meets the requirement as easy to 

fabricate and safe to handle.   

4.3 Chemical Properties Experiments 

This section reports the results of the chemical properties experiments described in 

Section 3.2.2 and discusses the observed chemical behaviour between Field’s metal and air, 

water, borosilicate glass, and stainless steel.  

4.3.1 Air – Field’s Metal Experiment 

The air - Field’s metal experiments of the metal in a glass container produced several 

important results. First, the metal displays a wetting effect when in contact with glass. The 

wetting caused the metal to stick to the surface of glass. The adhesive forces of this effect were 

quite strong and were not overcome by gravity or magnetic forces without the addition of heat 

energy. The result is not unexpected as indium wets glass quite strongly. However, this result 

does mean Field’s metal is unsuitable for any experiment requiring flow through a glass tube or 

similar material unless a non-wetting medium can be placed between the glass and liquid 
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metal, e.g., a clear plastic film. This wetting effect is shown in Figure 85. The liquid metal did 

not wet the surface of stainless steel pipe. 

 

Figure 85: Photograph of Test Tube Wetted with Field's metal 

The liquid metal when exposed to hot, dry air (approximately 523 K or 150 °C) did 

oxidize. The metal would turn a gold colour when exposed directly to heat and air. The 

oxidation occurred typically after 10-15 minutes of direct exposure whereupon a gold coloured 

layer would appear on the surface of the liquid. Constant stirring seem to mitigate the 

development of this oxide layer in its liquid state. The tin is believed to be reacting at these 

higher temperatures producing tin oxides. At room temperatures the metal did not appear to 

produce oxides after exposure of several hours. Figure 86 is a photograph of a piece of Field’s 

metal with oxides and bubbles. Exposing the Field’s metal to direct heat for a prolonged period 

of time will cause oxidation in a dry environment. 

 

 

Field’s Metal Glass 
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Figure 86: Photograph of Oxidized Field's Metal with Bubbles Trapped by the Solidification of 

Liquid Metal 

 

4.3.2 Water – Field’s Metal Experiment 

Field’s metal submerged in water at room temperature was heated until the water 

started to boil.  The Field’s metal melted during the experiment.  Liquid metal did not maintain 

uniform heat and parts began to solidify non-uniformly in response to the non-uniform 

temperature distribution and heat transfer in this experimental setup. These findings suggested 

improvement in experimental design for the thermo-physical and liquid metal natural 

circulation experiments.  It was also noted that the alloy did not wet the surface of glass if the 

glass container was filled with water. The most important observation was that there was no 

significant reaction between water and Field’s metal. The metal was exposed to hot water for 

up to an hour without any visible reaction. The water-liquid metal experiments established 

physical evidence that Field’s metal is unreactive with water for the conditions expected in 

thermal-hydraulic testing. Field’s metal, therefore, meets the safety and power requirements of 

this work.  

Bubbles 

Oxides 
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4.3.3 Summary 

 Field’s metal clearly meets the safety objective of achieving a low chemical reactivity 

with air and water. It also appears to be chemically compatible with stainless steel and, while it 

wets to glass surfaces, it does not react in a dangerous manner with glass. 

4.4 Verification of Sample Composition 

The sample composition underwent a verification process using XRF to determine the 

atomic composition of the fabricated and reference samples. The XRF apparatus at UOIT is not 

designed to identify the material composition of In-Bi-Sn alloys. The initial results obtained 

directly from the XRF software were not accurate in indicating atomic percent.  However, two 

alloys of the same composition were expected to produce a consistent result even if not 

accurately identified as the characteristic X-rays for each alloy will not change. Furthermore, 

the same sample was expected to produce the same results in the XRF software from separate 

independent measurements. Each sample was run in the XRF 3 times to ensure consistency. 

Table 14 presents the initial results obtained directly from the XRF software.      

Table 14: Initial measured compositions using an XRF technique 

Alloy/Sample Expected Composition (% a) Measured Composition  

(XRF Software) (% a) 

------------- In Bi Sn In Bi Tin Other 

Indium 100 0 0 0 13.5 0 86.5 

Bismuth 0 100 0 0 100 0 0 

Tin 0 0 100 0 0 100 0 

In – Bi 64.5 35.5 0 0 97.12 0 2.87 

Bi – Sn (UOIT) 0 44 56 0 61.5 38.3 0.13 

Bi – Sn (Japan) 0 38 62 0 41.3 56.2 2.5 

In – Bi – Sn (Sample 1) 60.1 21.1 18.8 0 70.65 27.4 1.95 

In – Bi – Sn 

(Sample 2) 

35.2 42.5 22.3 0 80.52 18.76 0.71 
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Table 14 is a comparison of the theoretical atomic percent composition to the software 

measured composition of several samples. Two important observations were made. First, the 

software does not recognize indium as it is estimating the 100% indium case as being bismuth 

and other metals (zirconium and magnesium amongst others). Secondly, when bismuth and 

indium are present in the sample the bismuth is overestimated as the indium is mistaken for 

bismuth. However, for the tin-bismuth case the software correctly identified the composition 

from the sample in Japan and verified the tin-bismuth sample fabricated at UOIT is not the 

expected composition. It was suspected that during the fabrication process the weight 

percentages for tin and bismuth were incorrectly recorded resulting in the weight percentages 

being reversed. That is instead of manufacturing a 56 % Sn- 44 % Bi alloy by weight an 44 % Sn – 

56 % Bi alloy by weight was fabricated by mistake. 

These initial observations led to an investigation of the tin and indium XRF spectra.  A 

plot of the two spectra is presented in Figure 87. It is clear in Figure 87 that there is significant 

overlap between these two spectra and the energies need to be identified and separated.  This 

was accomplished by assuming a 50/50 split of measured counts in the first peak. The 

remaining peaks only used the 50/50 split where their peaks overlap.   
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Figure 87: Measured X-Ray Fluorescence Spectra for pure Indium and Pure Tin 
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The attenuation of the X-ray through the material was investigated. Figure 88 displays 

the attenuation of the 40 keV incident X-ray through different samples. The Figure clearly 

shows that the X-Ray can only penetrate about 1 mm into the surface of the material. The 

majority of samples were less than 1 mm thick and were penetrated by the entire X-Ray. 

However, there were two large samples with a thickness of several centimeters.  

 

 

Figure 88: Attenuation of a 40 keV incident X-Ray through Tin, Indium and Bismuth and related alloys 
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In order to get a more accurate measurement of these samples XRF was performed at 

both the top and the bottom of the sample. Furthermore, the samples contained holes from 

the bottom to the center of the sample. An XRF was also performed in the region where the 

hole was present. Photographs of the two geometries of the samples are presented in Figure 

89.  

 

 

Figure 89: Photographs of fabricated sample of Indalloy 174 

  

The peak energies of each element need to be identified. Figure 90 displays the 

measured X-ray spectra of several samples to demonstrate the peak energies of each element. 

For indium and tin there are three peaks; one of L-shell energy and two K-shell energy peaks. 

For bismuth there are two L-shell peaks. The smaller peaks near the larger peaks are the 

expected corresponding secondary energy release associated with these phenomena.  
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Figure 90: X-Ray Fluorescence Energies for In-Bi-Sn Alloys 

 

This allows for a better identification of the indium, bismuth and tin present in the 

alloys. The results are consistent for each alloy type over multiple measurements.  However, 

the exact material composition was still not precisely determined. The results of the normalised 

data for all samples are in Table 15. 
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Table 15: Calculated chemical composition of samples using the method to developed identify indium content 

Theoretical Values 

Sample Name 
(Alloy) 

1 (FM
1
) 2 3 (I-174

2
) 4 5 6 7 8 9 10  

In (wt %) 51 29.7 26 0 50 66.5 15 20 20 10  

Bi  (wt %) 32.5 54 57 52 50 33.4 68 55 63 73  

Sn  (wt %) 16.5 16.3 17 48 0 0 17 25 17 17  

Sample Name (Alloy) 1 (FM) 2 3 (I-174) 4 5 6 7 8 9 10  

In (atm %) 0.601 0.395 0.352 0.000 0.645 0.782 0.218 0.269 0.281 0.150  

Bi (atm %) 0.211 0.395 0.425 0.381 0.355 0.218 0.543 0.406 0.487 0.603  

Sn (atm %) 0.188 0.210 0.223 0.619 0.000 0.000 0.239 0.325 0.231 0.247  

Measured Values 

Sample Name 1 2 3 4 5 6 7 8 9 10  

In (atm %) 18 44.9 42 0 66.5 63.8 18 48.5 42.9 42.5  

Bi (atm %) 73 22.5 48 46.4 33.4 36.2 73 16.3 25.9 26.7  

Sn (atm %) 8.9 32.6 9 53.6 0 0 8.9 35.2 31.2 30.8  

Sample Name SnBi-UOIT IBS1-Top IBS1-Bottom IBS1-Hole IBS2-Top IBS2-Bottom IBS2-Hole IBS -S1 IBS-S2 7b 10b 

In (atm %) 0 30.6 30.9 46.9 25.1 23.1 48.7 35.5 28.4 51.7 39.5 

Bi (atm %) 76.6 47.1 46.6 19 56.6 60.1 15.9 38.7 51 10.8 31.8 

Sn (atm %) 23.4 22.3 22.5 34.1 18.3 16.8 35.4 25.8 20.6 37.6 28.7 

Sample Name 1 2 3 4 5 6 7 8 9 10  

In (wt %) 50.8 37.6 29.4 0.0 42.4 49.2 38.7 42.3 35.1 34.6  

Bi (wt %) 11.1 34.3 48.4 60.4 57.6 50.8 32.2 25.9 38.5 39.5  

Sn (wt %) 38.1 28.2 22.2 39.6 0.0 0.0 29.1 31.8 26.4 25.9  

Sample Name SnBi-UOIT IBS1-Top IBS1-Bottom IBS1-Hole IBS2-Top IBS2-Bottom IBS2-Hole IBS -S1 IBS-S2 7b 10b 

In (wt %) 0.0 22.0 22.2 40.2 17.1 15.4 42.6 26.8 19.9 46.9 31.1 

Bi (wt %) 85.2 61.5 61.0 29.6 70.1 73.0 25.3 53.1 65.1 17.8 45.6 

Sn (wt %) 14.8 16.5 16.7 30.2 12.9 11.6 32.0 20.1 14.9 35.3 23.4 

1 
IBS2 and IBS-S2 are expected to be Field’s Metal (FM) 

2 
IBS1 and IBS-S1 are expected to be I-174  
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 The method was successful in differentiating between the different alloys. However, the 

results differ greatly from the theoretical composition, especially with alloys of high indium 

content. Other observations of note: 

• Sample 7 and 10 had possible errors in fabrication labelled 7b and 10b. 7b appears to 

have a different composition than 7, while 10b seems to be of the same composition as 

10. 

• The XRF results for the large disks are similar for both the top and bottom faces. 

However, the material along the surface of the holes was measured as being 

inconsistent from the surface composition. 

4.5 Magnetic Properties Experiments 

 The magnetic properties experiments were designed to determine if Field’s metal 

responds to a magnetic field.  Three different experiments were undertaken; liquid field’s metal 

submerged in water; metal flakes on the surface of water; and liquid metal in an inclined pipe. 

The methodology for each experiment was discussed in Section 3.2.3. This section presents 

results of these experiments.  

4.5.1 Liquid Field’s Metal Submerged in Water Experiment 

The magnet, placed below the container, moves across the diameter of the container. 

When the magnet was directly below the liquid metal the surface of the liquid metal deformed 

as the material was pulled toward the center of the magnetic field. The liquid metal was 

deformed in response to the shape of the magnetic field, which in this case was significantly 

strongest at the centre (see Figure 33).  The deformation occurred at 4.5 kG (kilogauss) as 
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significant magnetic force was needed to overcome the surface tension force of the liquid 

metal pool. The result clearly demonstrates the material was responsive to strong magnetic 

fields. Figure 91 shows the deformation of a liquid metal pool from the influence of a magnetic 

field. 

 

 

 

 

 

 

 

Figure 91: Deformation of Field's Metal in a Magnetic Field 

No Magnetic Field 
Magnetic Field 
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4.5.2 Field’s Metal Flake Experiment  

In this experiment, the metal flakes were at rest floating on the surface of a pool of 

water inside a glass container. The metal flakes were set into motion using an approximately 3 

kG magnetic field. Image processing techniques determined the velocity of the metal flakes on 

the surface of water for both hot and cold water conditions. The experiment determined that 

Field’s metal can be accelerated using magnetic field forces. In both conditions, motion was 

initiated by the magnetic field. The hot water conditions produced slightly higher peak 

velocities (Figure 92). Importantly, the flakes were accelerated away from the magnet 

demonstrating that it was being repelled. This suggests that Field’s metal demonstrated 

diamagnetic behaviour. Bismuth is also strongly diamagnetic. Figure 92 displays the results of 

the surface liquid metal flake experiment. 

 

Figure 92: Velocity vs. Magnetic Field Strength of Flakes of Field’s Metal Floating on the 

Surface of Water at Various Temperatures 
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4.5.3 Field’s Metal in an Inclined Pipe Experiment 

In this experiment, the velocity of the liquid metal travelling along an inclined stainless 

steel pipe was measured with and without a magnetic field. The liquid metal under the force of 

gravity flows easily along the length of the pipe without any significant issues caused by wetting 

or oxidation of the liquid metal. The liquid metal flow occasionally left a residue of solidified 

metal along the path of its flow as the pipe wall was not heated. However, the liquid metal 

flowed easier with the residue acting as a medium between the liquid metal and surface of the 

pipe. The residue itself was easily removed from the pipe surface. Figure 93 shows the distance 

and time travelled by the liquid metal along the pipe with and without a perpendicular 

magnetic field and without any magnetic field.    

 

Figure 93: Travel displacement curve for Liquid Field's Metal along an Inclined Pipe at an 

angle of 10° 
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The liquid metal flowed faster and easier without the presence of a magnetic field, 

which as explained in Section 3.2.3, was expected as the magnetic field was acting as a simple 

EMHD brake. For example the slope in Figure 93 of the liquid metal without magnets, so 

gravitational forces only, is 0.035/0.43, which approximates to 0.08 m/s. For the braking region 

of the flow under the influence of a magnetic field the slope in Figure 93 is 0.006/1.27, which 

approximates to 0.005 m/s. Once, the flow overcame the braking effect it began to accelerate. 

In this region after the braking effect in Figure 93 the slope is (0.03-0.006) / (1.77-1.27), which is 

equal to 0.05 m/s.  Now, if only the last 5 data points are considered where it appears the flow 

was nearing its steady-state the velocity was 0.075 m/s. Therefore in both cases a similar peak 

velocity was reached. It just took over a second longer to pass through the region where the 

brake (perpendicular magnetic field) was present.  

In Figure 93, the magnetic field was generated by using 2 magnet stacks. The same 

experiment was also performed with 1 and 3 magnet stacks. Table 16 presents the velocities of 

liquid metal flows for the 3 magnetic field strengths. There is a clear correlation between 

increasing magnetic field strength and decreasing velocity of the liquid metal flow. This result 

clearly demonstrates that liquid Field’s metal flow is affected by magnetic forces.  

Table 16: Experimental Results for Liquid Field's Metal Flow in an Inclined Pipe at 10° 

# of magnets Velocity (m/s) Magnetic Field Strength (kG) 

No magnets 0.08 ± 0.005 0 

1 magnet 0.06 ± 0.005 1.04 

2 magnet stack 0.05 ± 0.005 1.26 

3 magnet stack 0.03± 0.005 1.39 
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According to Table 16, the increase in the magnetic field strength from 0 to 1.4 kG along 

the pipe decreased the average velocity from 0.08 m/s to 0.03 m/s. A small component of the 

losses of velocity can be attributed to the liquid metal flow clumping together increasing the 

thickness of the flow and due to deformations in the pipe wall.  The loss of over 50% in average 

velocity is significantly large and is considered to be principally from the effect of the magnetic 

brake. 

 The flow slowly accelerated over distance until a steady-state velocity was reached at 

approximately 0.02 m (Figure 94). It is important to note that there are no magnetic forces 

present yet there are occasional losses in the instantaneous velocity.  The decrease in 

instantaneous velocity at 0.01 m and 0.025 m were most likely due to a deformation in the pipe 

wall and are not considered significant.   

Figure 95 presents the instantaneous velocity in the presence of a magnetic field.  The 

magnetic fields caused more dramatic decrease in the instantaneous velocity along the pipe as 

the flow moved from one magnetic field to another magnetic field with the opposite polarity. 

Also, the flow accelerated slower at the top of pipe as the flow travelled towards the magnetic 

field. Any drop in velocity that is present in Figure 93 and 94 was considered to be partially due 

to the geometry, such as a deformation in the pipe wall. The drop in velocity was greater in this 

region with magnetic fields than without. So, the liquid metal flow was clearly reacting to the 

magnetic field along the entire pipe. 
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Figure 94: Instantaneous Velocity for Liquid Field's Metal moving along an Incline Pipe at 10° 

without a Magnetic Field 

 

.  

Figure 95: Instantaneous Velocity for Liquid Field's Metal moving along an Incline Pipe at 10° 

with a Perpendicular Magnetic Field 

  

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.00 0.01 0.02 0.03 0.04

 I
n

st
a

n
ta

n
e

o
u

s 
V

e
lo

ci
ty

 (
m

/s
) 

Distance (m) 

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.000 0.010 0.020 0.030 0.040 0.050

M
a

g
n

e
ti

c 
F

e
il

d
  

(K
g

a
u

ss
) 

In
st

a
n

e
o

u
s 

V
e

lo
ci

ty
 (

m
/s

) 

Distance (m) 

Velocity

Magnetic Field Strength

Braking 
Region 

After 
Braking 
Region 



 

 

174 

 

4.5.4 Summary 

Field’s metal was shown to react to and be affected by magnetic fields. It has shown 

behaviour regards to magnetism consistent with other liquid metals behaviour.  The liquid 

Field’s metal has been shown to deform its shape to match the field of a permanent magnet. 

Flakes of the material have been accelerated using magnetic field forces. This result 

demonstrated that Field’s metal appears to be diamagnetic, which is significant as LBE is also 

diamagnetic.  Finally, liquid metal flow has been shown to be slowed by the presence of a 

simple magnetic brake.  

4.6 Speed of Sound 

The speed of sound was measured using the methodology discussed in Section 3.2.4.  

Figure 96 shows the A-scan for Field’s metal for sound to traveling across the distance of the 

sample. In this case the recorded time is 52 µs. The  distance travelled  is twice the length of the 

sample, which is 62 mm. 

 

Figure 96: A-Scan of ultrasonic pulse travelling through Field's metal  
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In Figure 96 the initial pulse occurred at 0 µs.  The corresponding reflection, where the 

ultrasonic pulse was reflected back towards the transducer at the air-Field’s metal interface, 

occurred at 52 µs.  The speed of sound in Field’s metal was measured to be 2385 m/s ± 76 m/s, 

where the uncertainty is ± 1.25 µs for the time and ± 0.5 mm for the distance. The resulting 

uncertainty is ± 3 %.  Table 17 presents the speed of sound in several metals and compared it to 

traditional liquid metal coolants.  

Table 17: Speed of Sound in various metals 

 

 The speed of sound was measured for stainless steel, aluminum, and copper and the 

results are listed in Table 17.  The method displays satisfactory accuracy for measuring the 

speed of sound in metals. All results were measured within 15 % of the reference value. This is 

an acceptable value as the speed of sound can vary depending on the alloy and temperature, 

especially for steels. 

Material Measured Speed of Sound (m/s) Reference Speed of Sound 

(m/s) 

Stainless Steel 6670 ± 196 5790 

Aluminum 5510 ± 165 5200 

Copper 4000 ± 120 3570 

Field’s Metal 2385 ± 76 N/A 

Liquid Metal Coolants [58,114]   

Bismuth N/A 1680 

Lead N/A 1775 

Lead-Bismuth Eutectic N/A 1760 

Sodium N/A 2500 
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 The measured speed of sound for Field’s metal also fits well into the known values for 

liquid metal coolants. It is slightly slower than the less dense sodium, but faster than the denser 

heavy metals. It is reasonable to infer that the measured speed of sound for Field’s metal is 

sufficiently accurate for this work. 

4.7 Neutron Radiography 

This section presents the results of investigation of the feasibility of neutron 

radiography as an experimental technique for measuring liquid In-Bi-Sn alloy flow.  In this 

section a numerical analysis of In-Bi-Sn properties that are desirable for neutron radiography 

with respect to neutron radiography were explored and analyzed. Afterwards this information 

was used to provide context to the radiography and image processing results. This section used 

a methodology consistent with that described in Section 3.2.6.   

4.7.1 Investigation of Properties Desirable for Neutron Radiography  

There are two factors that affect the quality of the radiographs. The first factor is the 

experimental setup and procedure from the equipment to image processing, which can be 

improved with new techniques and technology. The other factor is the neutron radiographic 

properties of the alloys which cannot be altered or improved.  Some systems are not suitable 

for neutron radiography due to the intrinsic properties of the material.  To start, the neutronic 

properties of the In-Bi-Sn alloys were investigated. An analysis to determine the atomic 

percent, absorption cross sections, and attenuation coefficients has been performed.  The 

analysis used the NIST neutron attenuation calculator [115] to determine the activation and 

attenuation of the alloys. The default wavelength of 1.54 was chosen with the standard density 
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of 7.5 g/cm3 for Field’s metal and 8.5 g/cm3 for the other alloys, with no consideration of void 

or packing factor.  Table 18 presents the results of this investigation. 

Table 18: Material composition and neutronic properties of indium-bismuth-tin alloys 

Field’s Metal 

 In Bi Sn Total 

Weight Percent 
[66] 51.000 32.500 16.500 100.000 

Atomic Mass 114.820 208.980 118.710 442.510 

Mass/Wt % 0.444 0.156 0.139 0.739 

Atomic % 0.601 0.211 0.188 1.000 

Capture X-Sect 166.000 0.029 0.536 

att. Factor mu 3.335 0.000 0.004 3.339 

activation at 1 h 
(Bq/g) 111 0 185 

Indalloy 174 In Bi Sn Total 

Weight Percent 
[66] 26.000 57.000 17.000 100.000 

Atomic Mass 114.820 208.980 118.710 442.510 

Mass/Wt % 0.226 0.273 0.143 0.642 

Atomic % 0.352 0.425 0.223 1.000 

Capture X-Sect 166.000 0.029 0.536 

att. Factor mu 1.927 0.001 0.004 1.932 

activation at 1 
h(Bq/g) 962 000 37 148 

 

The results in Table 18 suggest that the indium remains significantly activated an hour 

after exposure. The indium radioisotope, however, has a half-life of 54 minutes and requires 

less than a day to fully decay. There are tin and indium alloys that have longer half-lives in the 

time period of days that are above the threshold of 64 Bq/g, therefore precautions should be 

made in the procedure to allow the alloys to remain in the shielded beam port for a few days to 

a week if necessary. Another important result is that the indium has a very high neutron 

absorption cross-section leading to significant concerns if the material will appear extremely 
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dark in the radiographs.  A calculation was performed to find the optimal diameter for 

radiography with a neutron beam source of 107 n/cm2-s. Table 19 presents these results, where 

µa represents the attenuation coefficient and x represents the thickness in m. 

 

Table 19: Attenuation of neutrons through various indium-bismuth-tin alloys with respect to thickness 

Thickness (cm) e
-µx 

Attenuation (I) 

Field’s Metal 

0.5 0.188 1.88E07 

1.0 0.035 3.54E06 

1.5 0.0067 6.68E05 

2.0 0.0012 1.26E05 

2.5 0.00024 2.40E04 

3.0 4.46E-05 4463 

3.5 8.41E-06 840 

4.0 1.58E-06 158 

Indalloy 174 

0.5 0.38 3.81E07 

1.0 0.14 1.45E07 

1.5 0.055 5.51E06 

2.0 0.021 2.10E06 

2.5 0.008 7.99E05 

3.0 0.003 3.04E05 

3.5 0.0012 1.16E05 

4.0 0.00044 4.40E04 

 

The results in Table 19 demonstrated very poor resolution for Field’s metal even of 

thicknesses at less than 1 cm, but slightly better resolution for Indalloy 174. The attenuation 

coefficient for indium suggests the alloys with higher bismuth content are better for 

radiography than Field’s metal due to their lower indium content. However, Field’s metal was 

the easiest to manufacture and mold. The samples used in the neutron radiography in this work 

included voids that reduced the attenuation in a Field’s metal sample. A calculation where 40% 
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void in a sample was included, the resultant linear attenuation factor reduced by a factor of 2. 

Still, more than 0.5-1 cm of Field’s metal may generate images where the edges of objects will 

be difficult to capture. In the radiography of the natural circulation two-phase flow the 

expected inner pipe diameter is very narrow, in the range of 1 – 1.5 cm. The inclusion of large 

volumes of air suggests radiography is possible, especially for alloys with bismuth content over 

50% as the air provides added contrast to the images. The results of the image processing 

helped to further establish the alloys as suitable for neutron radiography of air – liquid alloy 

flow.   

4.7.2 Neutron Radiographs and Image Processing 

Radiographs were taken of Field’s metal and Indalloy 174 with the top or cap side facing 

upwards. In the radiograph the samples, as expected, were very dark. Figure 97 is the 

radiograph of Field’s metal. The sample in the radiograph appears as a disk or puck-shaped 

object on top of the stand. The voids cannot be observed.    

 

Figure 97: Radiograph of Field's metal on a plastic stand 
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The Indalloy 174 sample was then placed upright on its edge, so that the voids were 

facing the camera at 0° and the cap was facing the camera at 180°.  The radiograph of the 

Indalloy 174 sample in this upright position was analyzed at 0° and 170° by measuring the 

intensity across the sample. The radiograph before image processing is presented in Figure 98.  

 

Figure 98: Radiograph of Indalloy 174 at 0 degrees 

 

Figure 99 presents the radiograph after image processing at each angle.  The voids can 

be observed at both angles without image analysis as well as the deformation in shape in the 

voids. 
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Figure 99: Radiograph of Indalloy 174 at 0 degrees after image processing 

 

4.7.3 Summary 

 Dynamic neutron radiography of In-Bi-Sn was achieved using the experimental design 

and facilities used in this work. The high absorption cross-section of indium at thermal neutron 

energies caused the samples to appear very dark in the radiograph. Therefore, alloys in the 

system with lower indium content would be preferred even though the process was 

demonstrated using Field’s metal.  When two-phases (gas-metal) were present in the 

radiograph the contrast between the gas and metal was high and the two phases appeared 

distinct. Image processing was then used to demonstrate the image can be enhanced for better 

visibility and analysis.  
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5. Thermo-physical Properties Experiments  

 This chapter describes the results for the thermo-physical properties experiments. The 

thermo-physical properties measured were viscosity, density, specific heat, and thermal 

conductivity of Field’s metal and their dependence on temperature. These experiments were 

integral to the characterization of Field’s metal. The viscosity of Field’s metal is in Section 5.1. 

The density of solid and liquid Field’s metal are in Section 5.2. The specific heat capacity 

experiment measured solid and liquid Field’s metal, as well as tin-bismuth eutectic, Indalloy 27 

and Indalloy 174 are in Section 5.3.  The   thermal conductivity of liquid and solid Field’s metal is 

reported in Section 5.4.  To review the methodology of each experiment, see Sections 3.2.7-

Section 3.2.10. 

5.1 Viscosity  

Viscosity is the ability of a fluid to overcome inertia and begin to flow due to the stress 

and tensile forces applied in the system. Basically, it is a measure of how thick (molasses) or 

runny (water) a fluid is. In this section the viscosity of Field’s metal was determined and 

compared to other liquid metal coolants. The viscous nature of the fluid was also investigated 

to determine any non-Newtonian fluid behaviour.  The methodology and experimental design 

was described in Section 3.2.7.  

To determine the initial settings for the experimental apparatus an approximation of the 

viscosity was made using the methodology in Section 3.2.7.1, which was based on the flow of 

liquid Field’s metal in an inclined pipe.  The flow in the pipe was observed to reach a terminal 

velocity of 0.09 m/s ± 0.005 m/s  [106].  The method using equation (7) resulted in an 
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estimation of 20.6 mPa∙s ± 9.3 mPa∙s, which is about 3-10 times larger than similar liquid metals 

such as indium, lead and tin alloys [98,101,104]. The determined result is a reasonable estimate 

for selecting the settings for the viscometer. A table of values for the approximation is 

presented in Table 20. The approximated values are the averaged results from 3 experimental 

runs. 

Table 20: Parameters and averaged measured values for viscosity of Field’s metal 

Parameter Approximated Value 

Terminal velocity (u) 0.090 ± 0.005 m/s 

Mass (m) 0.00190 ± 0.00005 kg 

Thickness (y) 0.0005 ± 0.0001 m 

Area (A) 0.000876 ±  0.0001 m2 

Angle of Inclination (θ) 0.0174 ±  0.001 rads 

Gravitational Constant (g) 9.81 m/s2 

Estimated Viscosity (µ) 21  ± 9 mPa∙s 
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Throughout this work the environmental conditions for the experiment were not altered 

significantly. In order to account for the spring compression of the viscometer, the percent 

elasticity of the spring (% EOS) was recorded by the DAQ.  The % EOS and measured viscosity 

have direct linear relationship as seen in Figure 100.   

 

Figure 100: Measured viscosity of Field’s metal at various temperatures based on the measured % EOS 
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There is a strong linear relationship between the two variables. This relationship is 

independent of temperature, shear rate, and shear stress. This is important as the deformation 

of the spring was not consistent in every measurement. The data must be separated based on 

the % EOS of each experiment; otherwise the viscosity data cannot be directly compared.  

A key objective of this work was to determine the temperature dependence of the 

viscosity of Field’s metal. The viscosity was measured at several different temperatures. These 

measurements were then separated based on the % EOS for 3 different values of % EOS. The 3 

cases were chosen as the 3 values for % EOS with the best measured viscosity data available for 

Field’s metal.   The results for the measured apparent viscosity of Field’s metal are presented in 

Figure 101. Apparent viscosity is the measured viscosity for a non-Newtonian fluid as the 

viscosity will vary depending upon the shear stress. 

 

Figure 101: Apparent viscosity of Field’s metal versus temperature for various cases of %EOS 
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It is clear in Figure 101 that there is no discernible change in viscosity with respect to 

temperature over the measured temperature range.  Any changes were within the uncertainty 

of the experiment. However, it is unlikely that viscosity does not have some degree of 

temperature dependence. It may be just be within the uncertainty of the equipment. The 

viscosity may also be affected by the shear forces in the system. This would suggest Field’s 

metal is a non-Newtonian fluid.  This seems likely as many liquid metals have demonstrated 

non-Newtonian behaviour, including tin-bismuth alloys [102]. (The next step is to investigate 

any possible non-Newtonian behaviour observed in the experiment.) 

5.1.1 Shear Rate Effect 

Viscosities of non-Newtonian fluids are dependent on the shear rate. For a further 

explanation of non-Newtonian fluids and shear rate please see Section 3.2.7.   For this work the 

shear rate can be altered by varying the spindle speed of the viscometer. Figure 102 displays 

the changing shear rate (spindle speeds) and its effect on % EOS and the measured viscosity. 
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Figure 102: Measured apparent viscosity of Field's metal based on viscosity/% EOS ratio at various 

spindle speeds 

 

The trends in Figure 102 show a clear relationship between the shear rate, which 

increased with spindle speed, and the viscosity. As the spindle speed increased the measured 

viscosity decreased for the same % EOS for all % EOS and spindle speeds. This behaviour is 

known as shear thinning and is a type of non-Newtonian behaviour common to liquid metals 

[102]. This result demonstrates that Field’s metal is in fact behaving as a non-Newtonian fluid.  

In Figure 103, it was observed that each case has a slightly different slope. So, each 

spindle speed has a different rate of change and a unique ratio of viscosity to % EOS. This ratio 

was used to help clarify the effect of changing shear rate on the viscosity.  Figure 103 shows a 

plot of this ratio versus spindle speed (shear rate).       
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Figure 103: Effect of Spindle Speed on the viscosity of Field's metal 

 

The data was at 4 different spindle speeds and the measured viscosity at each speed 

varied based upon the % EOS of the system. Hence, the reason for the vertically scattered data 

present at each spindle speed (shear rate) for the measured viscosity. The measured ratio at 

each spindle speed (shear rate) between the viscosity and % EOS, however, does not vary and 

was consistent at each speed. The viscosity can be calculated for any spindle speed and % EOS 

using the viscosity to % EOS ratio and the shear rate. The results of apparent viscosity with 

respect to spindle speed can now be plotted (Figure 104). The spindle speed can then be 

converted to a shear rate and plotted versus apparent viscosity (Figure 105). 
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Figure 104: Calculated apparent viscosity of Field’s metal based on viscosity/%EOS ratio at 

different spindle speeds 

 

Figure 105: Calculated apparent viscosity of Field’s metal based on viscosity/% EOS ratio at 

different shear rates 
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As the shear rate (spindle speed) increased the viscosity decreased and there was an 

observable decreasing linear relationship between % EOS and viscosity. In Figure 105 the 

inverse relationship between apparent viscosity and the shear rate clearly demonstrates that 

shear thinning behaviour was present. Shear thinning is dominant in systems where the velocity 

gradient is small (not dominant). It is reasonable to expect that it will likely occur during natural 

circulation, such as those studies present in this work’s experimental loop and in nuclear 

reactors under loss of power conditions. During typical power plant operation and in some 

other experiments the non-Newtonian behaviour of lead and LBE may have been overlooked as 

the shear rate would be constant and minor when compared to the mechanical forces driving 

the pumped flow. At the same conditions in these environments if the shear rate were 

considerably higher it would explain the low viscosities reported in literature [58] for the 

traditional liquid metal coolants.  

5.1.2 Time Dependence Effect 

Shear thinning causes the viscosity to change instantaneously with a change in shear 

rate. However, some non-Newtonian behaviour is time dependent. The viscosity was measured 

with respect to time, then time-averaged for each so that there was one data point for each 

run. Figure 106 presents the viscosity data over the entire time period.  
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Figure 106: Viscosity measurement of Field’s metal as a factor of time in a FungiLab Smart 

Series L viscometer for various temperatures, spindle speeds, and %EOS. 
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temperatures, spindle speeds, and % EOS. There was no change in the viscosity measurements 

over time which was expected. The viscosity of Field’s metal is time independent which is 

consistent with liquid metal behaviour. Field’s metal can now be considered to be a non-

thixotropic (time independent) shear thinning non-Newtonian fluid.  

5.1.3 Determination of Appropriate Viscosity for Numerical Models 

The next step was to determine the appropriate value for viscosity to use in the 

numerical models. The best way to achieve this was through an investigation of best practices 

and analysis of the uncertainties. Based on best practices of the equipment the 100 RPM 

setting was considered to be the most accurate within the measured range of viscosity. At this 

setting the viscosity ranges from 12-48 mPa∙s depending upon the % EOS. So, the most 

appropriate value of % EOS needed to be determined.  The system (during experimentation) 

typically settled at 35% which resulted in an apparent viscosity of 21 mPa∙s ± 2 mPa∙s for the 

temperature range of 340 - 365 K.    This result is an agreement with the estimated viscosity of 

21 mPa∙s ± 9 mPa∙s in Section 5.1..  This result seems acceptable, however, there are other 

approaches that should be considered as alternatives. 

The first alternative method was to use the median value for the data presented in 

Section 5.1.1 for all % EOS throughout the temperature range instead of deciding only on a 

single value for % EOS. This method resulted in a viscosity of 29 mPa∙s ± 17 mPa∙s, where the 

error was determined using the variance in the measured data.  Another alternative was to 

choose 50 % EOS as it was considered the ideal setting with respect to best practices according 

to the manufacturer [105]. This method resulted in an apparent viscosity of 30 mPa∙s ± 3 mPa∙s 
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for the temperature range. To evaluate which result was most suitable to be used in the model 

the friction factor needed to be considered. 

5.1.3.1 Friction Factor and Pressure Drop 

The results in Section 5.1.3 produced three values for viscosity as two of these values 

were nearly the same value for viscosity, the 21 mPa∙s case and the 30 mPa∙s case were chosen 

to investigated for the friction factor and pressure drop. For the methodology of the 

investigation see Section 3.2.7.  Table 21 presents the results of the investigation. 

Table 21: Calculated results of Sensitivity Analysis on the friction factor and pressure drop 

100 RPM and 35 % EOS 100 RPM and 50 % EOS 

Apparent Viscosity 21 mPa·s Apparent Viscosity 30 mPa·s 

Reynolds Number @ 0.25 m/s , 358 K 1149 Reynolds Number @ 0.25 m/s , 358 K 804 

Friction Factor 0.056 Friction Factor 0.08 

Pressure Drop 0.52 mPa Pressure Drop 0.74 mPa 

Pressure Drop Difference:  0.22 mPa @ 0.25 m/s and 0.44 mPa @ 0.5 m/s 

 

The results show that the pressure losses due to the friction factor are expected to be 

small.  As such there was no significant effect whether either value of viscosity was chosen. This 

was in agreement with the sensitivity analysis performed in Section 6.1.  As such, 21 mPa∙s 

value at 35% EOS was chosen because the value closer to the reported viscosities of liquid 

metal coolants, particularly LBE. The value was also considered more conservative as a 2 m/s 

flow inside the natural circulation loop will result in higher shear rates. Therefore, using the 

lower value for the apparent viscosity should yield a more realistic result.      
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5.1.4 Temperature Effect  

The temperature dependence of viscosity was then re-evaluated. The measured data 

(See Figure 106) showed no correlation between the viscosity and the temperature, but there 

was an established inverse relationship between viscosity and temperature.  This is because as 

temperature increases the spacing between atoms expands due to the increasing thermal 

vibrations causing the volume of the substance to expand and ,typically, a reduction in viscosity 

is observed for most liquid metals [116,117]. This decrease in viscosity is expected to be small 

even over temperature ranges up to 200 K. It is reasonable to assume that any temperature 

effect would not be observable given the sensitivity of the equipment and the temperature 

range of the experiment in this thesis. Any temperature driven change in the viscosity would be 

less than 2 mPa∙s and be within the variance of the experiment. The data may be used to 

approximate the temperature dependence. 

According to the literature [58,102,117] the viscosities of metal alloys tend to follow the 

Arrhenius equation: 

" = #=à� }h�                                                                                   (47), 

where A represents an initial value of viscosity, Ea represents the viscosity activation energy, R 

represents the gas constant, and T represents the temperature.  

An approximation of the Arrhenius equation for the viscosity of Field’s metal was made 

using the experimental data for viscosity and a formula for calculating the activation energy of 

metal alloys [117]: 
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á¹�ÀÀâã = ∑ (á¹»                                                                               (48), 

where ci represents the fraction of the atomic composition of each base metal and Eai 

represents the activation energy for each base metal. The activation energy of Field’s is based 

on the melting temperature and the activation energies of its components. For the pure metals 

that make up Field’s metal the activation energies are listed in Table 22. 

Table 22: Activation energies for the base metals of Field's metal [118] 

Base Metal Activation energy (J/mol) 

Tin 
Bismuth 

 
3.14*Tm

1.2
 

Indium 5.06*Tm
1.2

 

  

 Substituting in the values for viscosity, activation energy, and the gas constant and 

solving for A. An approximate Arrhenius equation for Field’s metal was determined: 

" = 9.88	Ã	10��=��ä h�                                                                     (49). 

This equation would be valid for Field’s metal at a shear rate 50 s-1 and a temperature 

range of 333 K to 365 K. Figure 107 displays the Arrhenius calculated viscosity with respect to 

temperature. 
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Figure 107: Calculated viscosity vs. temperature using the Arrhenius type viscosity correlation for 

Field's metal 

 

Equation (49) plotted in Figure 107 provides a reasonable result suggesting viscosity of 

Field’s metal is dependent on temperature and follows the Arrhenius trend that is consistent 

with other liquid metals [102]. Importantly, the viscosity remained within ± 2 mPa∙s of the 

measured viscosity. This confirmed that the temperature dependence could not be observed 

using the current experimental apparatus and conditions.  

5.1.5 Comparison to Liquid Metal Coolants 

 The viscosity of Field’s metal was compared to liquid metals of sodium, lead and LBE 

(Figure 108). The viscosities were calculated for lead and LBE using the viscosity correlation 

provided by the NEA Handbook on Lead and Lead-Bismuth Eutectic [58] and for sodium using a 

data table from Heat and Mass: A Practical Approach [118]. The data for sodium was also 

calculated in Heat and Mass: A Practical Approach using EES software [119]. 
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Figure 108: Viscosities of liquid metal coolants with respect to temperature [58,118] 

 

Figure 108 displays a decreasing trend for viscosity with respect to temperature for all 4 
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consideration given to the shear rates.  At similar shear rates lead and LBE may have similar 
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viscosities to Field’s metal as all three are heavy metals. Sodium will always be less viscous as it 

is a lighter alkali metal.  

Other heavy metals, including the tin-bismuth eutectic have been studied. These metals 

were found to have non-thixotropic shear thinning behaviour [102]. For the tin-bismuth eutectic 

at similar shear rates to the shear rates in this work the viscosity was measured higher than the 

viscosities for Field’s metal. At a shear rate of 50 s-1 tin-bismuth eutectic had an apparent 

viscosity of approximately 100 mPa∙s, while Field’s metal was approximately 21 mPa∙s for the 

same shear rate. The work of Jeyakumar et al. [102]  higher shear rates were achieved. At a 

shear rate of 300 s-1 the apparent viscosity for tin-bismuth eutectic was reported to be slightly 

less than 10 mPa∙s. Interestingly, this suggests that for the higher shear rates expected at 

higher velocities, it is reasonable to expect t that the viscosity of Field’s metal may be a full 

order of magnitude lower. 

5.1.6 Summary 

 Field’s metal was found to be a non-thixotropic shear thinning non-Newtonian fluid with 

an apparent viscosity of 21 mPa∙s ± 2mPa∙s at a shear rate of 50 s-1 and at the operating 

temperature of the experimental loop. This behaviour was consistent with other liquid metals 

such as a tin-bismuth eutectic. Sodium, lead or LBE have not been generally considered to be 

non-Newtonian. This discrepancy may account for the difference in magnitude between 

viscosities of LBE, lead, and Field’s metal. Furthermore, the temperature dependence of the 

viscosity of Field’s metal was approximated using an Arrhenius-type exponential inverse 

relationship with temperature similar to that of sodium, lead, and LBE.  
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5.2 Density  

 Density is the ratio of mass to volume of an object. If two objects have the same volume 

then the denser object will have more mass.  In this section, the density of Field’s metal was 

experimentally determined using the methodology described in Section 3.2.8. The density was 

measured for Field’s metal in both the solid and liquid state. Different methods for calculating 

density were used depending on whether the data is for the solid or liquid state. The density in 

a solid state is assumed to have a low thermal dependence and be near constant in a 

temperature range of 293-332 K.  The data points for the solid density experiment were 

averaged to find a single value of the solid density of Field’s metal. For the liquid density there 

is at expected thermal dependence. The results verify this assumption and as such a correlation 

was calculated based on the experimental results for the value of liquid density with regards to 

temperature.   

  There is one additional observation that was ascertained and needed to be mentioned. 

The liquid metal filled pycnometer was weighed after it was held at temperature. This 

measurement was then taken outside the furnace and some non-uniform loss in temperature 

may have occurred. The weight measurement was performed in a quick and efficient manner 

so any losses are considered minimal. Still the possibility has been noted. The results of the 

experiment are presented in Figure 109 for both states of matter. 
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Figure 109: Density of Field's metal versus temperature for liquid Field’s metal 

 

Figure 109 presents the data for solid density just before the melting point (333 K) and 

for liquid density over a temperature range of 347 – 372 K. The measured solid density varied 

from 7.7 kg/m3 to 8.1 kg/m3. Once averaged, the solid density of the Field’s metal was 

determined to be 7.9 g/cm3 ± 0.2 g/cm3. The result is an averaged value from a total of fifty 

measurements using both apparatus.  The value corresponds to a published value by a 

manufacturer of Field’s metal of 7.88 g/cm3 [66].   

The measured density of Field’s metal in the liquid state is also displayed in Figure 104. 

The data shows a clear decrease in density beyond the melting point with an average density of 
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7.5 g/cm3 ± 0.1 g/cm3 at 372 K compared to an average density of 7.9 ± 0.2 g/cm3 as a solid. The 

change in density is 4.5%. The 4.5% decrease in density is a reasonable result when compared 

to LBE which has a decrease of 2-4% based on the recommended values for density from the 

LBE handbook [58].  Furthermore, the results display a linear dependence on temperature. This 

linear dependence has been observed in other liquid metal alloys such as lead and LBE [58]. A 

correlation was generated from the experimental results to calculate an approximate density 

for the numerical model. The correlation for the density of liquid Field’s metal is: 

X = 10.655 − 0.0085J                      (50), 

where density is in g/cm3 and temperature is in Kelvin.  

The correlation has a ± 2% variance between calculated and measured values with an R2 

value of 0.8. There appear to be two data points at 360 K (See Figure 109) that are lower in 

density than the correlation and other data points.  The difference in density is only 2% less at 

these data points than the calculated, which is well within the acceptable variance for a 

thermal-hydraulic numerical model. A 2% change in density will not significantly affect the 

steady-state mass flow rate calculation. For further detail see the sensitivity analysis in Section 

6.1.2. 

5.2.1 Uncertainty Analysis 

 The uncertainty for the mass measurement is ± 0.005 g and for temperature ± 1 K. The 

density of water was taken from a table of standards provided by NIST. According to NIST a 

variation of 1 K results in a difference in the density of water of a thousandth of a g/cm3, which 

can be considered negligible. The error uncertainty in the measurement is about 1%. The 
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variability in the data is greater than the uncertainty. The data can vary by up to 2.5% for the 

solid density and 1.5% for the liquid density. This variation could be due to non-uniform 

temperature differences or the presence of unknown impurities or voids in the sample.  For this 

reason the errors presented are (in actuality) the upper and lower bounds of the variance in the 

experimental data.  

5.2.2 Comparison with Liquid Metal Coolants 

The measured density of solid Field’s metal was compared to several heavy and alkali 

metals (Table 23) including lead, LBE, and sodium. A direct comparison demonstrates Field’s 

metal is considerably less dense than lead and bismuth, which are very dense metals. This is 

expected considering the high percent content of indium and tin, which both have density close 

to 7.3 g/cm3. Field’s metal has a density consistent with other heavy metals, significantly higher 

density than sodium or lithium.    

Table 23: Density of metals at room temperature [104,58] 

Material Density at 295K (g/cm3) 

Field’s Metal 7.90 

Lead 11.34 

Bismuth 9.90 

LBE 10.7 

Indium 7.31 

Tin 7.30 

Sodium 0.97 

Lithium 0.50 
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 The liquid Field’s metal’s density was then compared to the known experimental values 

of its base components (indium, bismuth and tin) and three liquid metal coolants used in 

nuclear reactors; sodium, lead, and lead-bismuth eutectic. The values for density, kinematic and 

dynamic viscosity are displayed in Table 24. 

Table 24: Properties of Field's Metal and Common Liquid Metals 20 K above melting temperature 

Metal Temperature (K) Dynamic Viscosity (mPa∙s) Density 

(kg/m3) 

Kinematic 

Viscosity 

(m2/s) 

Field’s Metal 353 21 7900 3.6E-6 

Lead [58] 620 2.75 10700 2.6E-7 

Bismuth [58] 565 1.8 10100 1.8E-7 

LBE [58] 415 3.25 10500 3.1E-7 

Indium [98] 448 1.81 7310 2.5E-7 

Tin [104] 526 2.0 7287 2.7E -7 

Sodium [116] 383 0.7 970 7.2E-7 

Lithium [117] 464 0.7 500 1.4E-6 

 

 Table 24 displays the kinematic viscosities of several liquid metals. Lead and LBE are an 

order of magnitude lower than Field’s metal due the difference in viscosities (See Chapter 5).  It 

should be noted that this may change because the non-Newtonian behaviour of liquid metals 

affects the viscosity. Sodium has a kinematic viscosity of the same order of magnitude as Field’s 

metals. This is due to low density of sodium, which is about 8 times less dense than Field’s 

metal.  

 For liquid density, the liquid metal coolants were compared directly to Field’s metal. 

The densities were calculated for lead and LBE using the density correlation provided by the 

NEA Handbook [58] and for sodium using a data table from [118]. The data for sodium was 
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calculated in [119] using EES software.  The density of liquid Field’s metal is plotted along with 

LBE, lead and sodium with respect to temperature. The results are shown in Figure 110. 

 

Figure 110: Density of liquid lead, LBE, sodium and Field's metal with respect to temperature [58,118] 

  

The slopes of LBE, lead, Field’s metal and sodium curves all decrease linearly in this 

temperature range. The slope of each coolant is less than the slope of Field’s metal meaning 

that density changes less with temperature than for Field’s metal. Partially, this is most likely 

because at some point the density begins to plateau as it approaches the boiling point. The 

correlations for the traditional liquid metal coolants may take this effect into account. In the 

temperature range needed for the numerical model the correlation for Field’s metal seems to 

hold reasonably well compared to the densities of the other liquid metal coolants.  
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5.2.3 Summary 

The density of solid Field’s metal was measured to be 7.9 ± 0.2 g/cm3 with a 

pycnometer. Field’s metal is less dense than lead and LBE, but significantly more dense than the 

sodium.  The same holds true for the liquid density.   

The density of liquid Field’s metal was measured from 333 K to 373 K with a density of 

7.7 ± 0.1 g/cm3 at the centre of the temperature range. The density decreased linearly as 

temperature increased. A correlation for the computation of density of liquid Field’ metal for a 

numerical model was established. The correlation was used to compare an extrapolated liquid 

density of Field’s metal to traditional liquid metal coolants of sodium, lead and LBE.  The 

comparison showed all four liquid metals display a negative linear relationship with respect to 

temperature. 
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5.3 Specific Heat Capacity  

Specific heat capacity, or specific heat, is a measure of the amount of energy required to 

increase the temperature of a material by 1 degree for a standard unit of mass. The higher the 

specific heat the more energy the material can absorb without increasing the temperature. The 

specific heat capacity for Field’s metal was determined in this section, in accordance with the 

methodology described in Section 3.2.9. The specific heat capacity of tin-bismuth eutectic, 

Indalloy 27 and 174 were also measured. Two different samples of Field’s metal were used; a 

reference sample fabricated at FUT in Japan, and a UOIT fabricated sample. 

5.3.1 Melting Temperature    

The melting temperature was determined from the heat flow versus temperature data 

produced by the DSC.  The heat flow peaked as the material underwent the melting process. 

Figure 111 shows the heat flow curve for both the samples of Field’s metal and Figure 112 for 

the two alloys. The figures present the entire curves including the heating and cooling portions 

of the experiment. 
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a) b)  

Figure 111: DSC heat flow curves for a) fabricated sample of Field's metal (UOIT) b) reference 

sample of Field’s metal (FUT) used for the determination of melting temperature 

and specific heat  

 

a) b)  

Figure 112: DSC heat flow curves for a) Indalloy-174 and b) Indalloy-27 used for the 

determination of melting temperature and specific heat  
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In Figure 111, both samples of Field’s metal produced very similar heat curves with a 

double valley shape visible during its melting process. The first smaller valley occurs at 

approximately 59.5 °C (332.5 K), while the second valley occurs at 61 °C (334 K). The double 

valley suggests a transition period where the melting reaction did not emit a linear amount of 

energy but rather a smaller initial release of energy and then a larger secondary release. The 

first point was considered the melting point, the temperature where the phase change process 

was initiated.  The melting point is 0.5 K less than the reported melting point by indium 

corporation [66], but identical to the melting temperature reported in other studies [64,71]. 

Regardless, the melting temperature of Field’s metal was the same for both samples and was in 

agreement with the literature. The melting temperature has been confirmed.  

The other two alloys heat flow curves (Figure 112) for Indalloy-174 and Indalloy-27 have 

a smooth single valley with a single point where the melting reaction occurs. This shape allowed 

for an easier determination of the melting temperature with a single value of 79 °C (352 K) and 

80.5 °C (353.5) for Indalloy-174 and Indalloy-27 respectively. Table 25 lists the melting 

temperatures and the percent difference between the reference values and experimental data. 

The calculated melting temperatures are all within 0.5 K of the reference values, which is an 

acceptable accuracy of less than 1 %. 
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Table 25: Measured melting temperatures of eutectic In-Bi-Sn alloys using a differential scanning 

calorimeter 

Alloy Recorded Melting 
Temperature 

[K] 

Reference Melting  
Temperature 

[K] [66] 

Percent  
Difference 
[%] 

Field’s  
Metal 

332.5 ± 1% 333 0.2 

Indalloy 27 353.5 ± 1% 354 0.6 

Indalloy 174 352 ± 1% 352 0 

 

5.3.2 Specific Heat Results 

The specific heat was calculated using the cell constant method, explained in Section 

3.2.9, from the heat curve experimental data.  Figure 113 displays the specific heat and 

temperature data. The specific heat was measured for the In-Bi-Sn alloys from 309 K to 423 K 

and to 443 K for Sn-Bi. The specific heat was measured for a solid, through the melting reaction 

and into its liquid state. During the melting process the specific heat peaked with the latent 

heat.  The peak measured value of specific heat capacity occurred at the melting point of the 

alloy and has the same shape as the endothermic processes in their respective heat curves 

(Figures 111 and 112) with the exception that the peak is in the positive direction.  
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Figure 113: Specific heat versus temperature for In-Bi-Sn eutectic alloys and eutectic Sn-Bi with error 

of ±25% in the liquid region. 

 

The principle area of interest was the specific heat capacity of the alloys in their liquid 

state (to the right of the peak in Figure 113). After the peak there is a significant variation of up 

to 25% from the median value as the specific heat undergoes an immediate decline. The 

median value was used to calculate the approximated specific heat in that region. For the 

measurement of specific heat in the liquid region the data was taken a few degrees after the 

melting process finished to reduce the effect of the peak specific heat.  Table 26 lists the 

calculated specific heat at 150 °C or 423 K for all alloys used in this work and some applicable 

liquid metals at higher temperatures.   
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Table 26: Experimentally determined specific heat of eutectic liquid metal alloys and reference values 

for other liquid metals 

Alloy Specific Heat [J/kg∙K] 

At 423[K] 

Field’s Metal 250 ± 16 

Indalloy 27 170 ± 11 

Indalloy 174 200 ± 13 

Sn-Bi 263 ± 17 

Other Liquid Metals at T = 573 [K] [58] [119] 

Indium 247 

Tin 244 

Lead 145 

Bismuth 140 

LBE 150 

Sodium 1304 

Lithium 4280 

 

 Field’s metal has the highest heat capacity of the three alloys.  At 423 K LBE has a 

specific heat in the range of 145-148 J/kg-K. Indalloy-27 has a specific heat most similar to LBE.  

The result is expected as Indalloy-27 has the highest bismuth content and should be closest to 

LBE.  Field’s metal, however, is comprised of approximately two-thirds of indium and tin which 

have a significantly higher specific heat capacity than lead and bismuth.   

The experimental results were used to create a correlation (Table 27) to approximate 

the specific heat for inclusion into a numerical model. The correlations are only an 

approximation of the specific heat within a specified temperature range.  (The calculated 

specific heat capacities based on the correlations are presented in Figure 114).  

It should be noted that the regions immediately before and after the spike in the 

specific heat capacity curve (Figure 113) that occurred during melting have significant variance 
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in the data. The data have been corrected for the determination of the correlations by using the 

median value at each temperature.  The correlations are considered sufficient for the 

approximation of specific heat in numerical models as the correlations have a 7% variance from 

the specific heat capacity experimental data. 

Table 27: Experimentally derived correlations for the approximation of specific heat for a numerical 

model 

Alloy Correlation [Cp in J/g-◦C] Temperature 
Range [◦C] 

Field’s Metal – 
Fabrication 

0.3661 – 1 x 10-3T + 3 x 10-6T2 60-150 

Field’s Metal – 
Reference 

0.347 – 9 x 10-4T + 2 x 10-6T2 60-150 

Indalloy 27 0.1178 – 1.1 x 10-3T + 3 x 10-6T2 80-140 

Indalloy 174 0.1343 – 1.9 x 10-3T + 2 x 10-6T2 85-150 
 

 

Figure 114: Calculated heat capacity of liquid In-Bi-Sn eutectic alloys based upon experimentally 

determined correlations  
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In Figure 114 the specific heat of both liquid Field’s metal samples display the same 

trend of decreasing specific heat capacity with increasing temperature. Furthermore, the value 

of specific heat for both samples was also similar. The values were consistently within 0.02 J/g∙K 

of each other. It can be concluded the samples are of the same material. This helps confirm the 

fabrication process developed produced accurate alloys. The inverse relationship between 

temperature and specific heat is the expected trend for a liquid metal. 

The opposite trend was observed for Indalloy 27 and Indalloy 174. This trend was 

unexpected but not without precedence. The LBE Handbook reported increasing specific heat 

with increasing temperature for liquid bismuth and liquid LBE [58] from different studies with 

different authors. The majority of studies reported in the LBE Handbook observed the expected 

trend of decreasing specific heat with temperature. The handbook then chose a correlation that 

expressed the inverse relationship. At higher temperatures there was significant variance and 

disagreement in the value of specific heat.  

The specific heat capacity of Indalloy 27 increased by 0.17 J/g∙K over the experiment. 

This result is actually within the error of the experiment. So, the temperature dependence of 

the specific heat capacity simply may not have been captured because of the experimental 

sensitivity. The specific heat capacity of Indalloy 174 displayed a large increase over the liquid 

region in Figure 114.  This increase was difficult to reconcile. The specific heat just after the 

melting process was measured at 0.05 J/g∙K, a very low value. The measurement was about 70 

K from the melting point yielded a value of 0.2 J/g∙K. The higher value away from the melting 
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point is in a reasonable range of values. It is believed that the experiment under predicted the 

specific heat near the melting point and this affected the correlation for Indalloy 174.  

5.3.3 Uncertainty Analysis 

The uncertainty in the melting temperature is small. The two variable components of 

equation (14) are the heat rate and the temperature. The heat rate is accurate to 5 x 10-8 mW 

and is negligible. The temperature uncertainty is ± 0.5%. The uncertainty for the melting 

temperature is rounded to ± 1 %. For the specific heat measurement the table of uncertainties 

for the experimental design is shown in Table 28.  The indium cell constant method is 

considered to have ± 5 % uncertainty, the largest uncertainty in the measurement. The 

remaining uncertainties using the root mean square method total ± 1.3 % for a total of ± 5.6 % 

uncertainty. The correlations have a 7 % variance between the experimental and calculated 

data, which is nearly equivalent to the calculated uncertainty. The variance in the correlation is 

considered acceptable.   

Table 28: Uncertainty of Specific Heat Calculation 

Parameter Uncertainty 

Indium [E] ± 5 [%] 

Mass ± 0.05 [mg] 

Temperature ± 0.05 [K] 

Heat Flow ± 5E-8 [mW] 

Heat Rate ± 0.05 [K/min] 

Specific Heat ± 5.6 % 

 

 

5.3.4 Comparison to Liquid Metal Coolants 

The specific heat of liquid Field’s metal was compared to liquid metal coolants lead, LBE 

and sodium in their liquid states.  The specific heat capacity of liquid Field’s metal was plotted 
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along with LBE, lead and sodium with respect to temperature. The results are shown in Figure 

115. 

 

Figure 115: Specific heat capacity of liquid lead, LBE, sodium and Field's metal with respect to 

temperature [58,119,120] 

  

From Figure 115 it is clear that the specific heat capacity of LBE, lead, and sodium 

decrease with increasing temperature. All three were calculated using polynomial correlations 

(see [58,120]) that are typical for specific heat. Lead, actually begins at 146 J/kg∙K and slightly 

increases to 149 J/kg-K and then decreases 146 J/kg∙K over this temperature range. A change of 

3 J/kg∙K is insignificant in the overall thermal-hydraulic behaviour of a system.  Furthermore, 

LBE and lead have nearly identical specific heat capacities in this temperature range. The 

experimental data for specific heat of both LBE and lead did vary significantly in the 
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experimental data, both in trend and magnitude especially at higher temperatures [58]. The LBE 

Handbook notes this and determines the correlations provided are the most suitable approach 

based upon Kopp’s law [58]. Sodium, as expected for an alkali metal, has a significantly higher 

specific heat capacity. 

The specific heat of Field’s metal follows the same trend as the liquid metal coolants 

over the range of experimental data. The specific heat capacity of Field’s metal has a higher 

magnitude then LBE and lead was consistent with the higher specific heats of tin and indium. 

The data fits in well with the knowledge of the liquid metal coolants and Field’s metal base 

components. As the correlation was extrapolated to higher temperatures the trend holds to 

about 515 K. Further experiments would be required to extend the correlation to higher 

temperatures. The correlation shows good agreement for the temperatures expected in the 

experimental loop and for use in the numerical model.  

5.3.5 Summary 

The melting temperatures of the In-Bi-Sn eutectic alloys have been confirmed and 

verified by this work. The temperatures were in agreement with the published data from the 

Indium Corporation and Rex et al. [69], but not to some critical temperatures for theses alloys 

published in literature [64]. The heat rate curves also show a transition during melting of Field’s 

metal which is undetermined and warrants further investigation.  

The specific heats of the three eutectic alloys of interest in the In-Bi-Sn ternary system 

were experimentally determined.  Field’s metal was observed to have a higher specific heat 
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than the other two alloys, as expected due to the higher indium and tin content.  Indalloy 27 

has a specific heat most similar to lead and lead-bismuth eutectic.  

Indalloy 27 and Indalloy 174 both show a trend of increasing specific heat with 

increasing temperature. This is an unexpected result as the expected was an inverse 

relationship between temperature and specific heat for liquid metals. Although, other 

experimental studies of bismuth and LBE have also found this positive relationship. 

Correlations relating to specific heat and temperature have been developed to 

approximate the specific heat of Field’s metal. The correlation for Field’s metal was similar to 

liquid metal coolants, especially in the operating temperature range for the experimental loop.  

The data for Field’s metal in Table 27 is considered suitable for a numerical model of a system 

utilizing these alloys as a liquid coolant and will be used in the numerical models of this work. 

The data collected in this work can be used as inputs into a thermal-hydraulic model to 

estimate the change in specific heat with temperature and establish the lower bound with 

respect to temperature for the model. 
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5.4  Thermal Conductivity 

Thermal conductivity is the measure of how much heat energy a material conducts 

across its body. The higher the thermal conductivity the faster the material will conduct the 

heat energy axially and radially. If two materials of the same size are both heated at one end 

then whichever material is hotter at the opposite end would possess the higher thermal 

conductivity. This section reports the measured the thermal conductivity of Field’s metal using 

the methodology discussed in Section 3.2.10.  

The thermal conductivity results of this experiment include the heating rates and 

thermal conductivity. Temperature data for the apparatus was also collected while the 

experimental apparatus was cooled by the ambient environment. This data was not directly 

used since the heat losses are less controlled, but the data are provided in Appendix G for 

information only.   

The thermal conductivity of Field’s metal, especially in its liquid state, is not well 

described. Currently, there are a few values for thermal conductivity in literature, but the 

values published in literature are not consistent and are for a small temperature range.  Table 

29 displays the published data for the thermal conductivity of Field’s metal: 

Table 29: Published values of measured thermal conductivity of Field's metal 

Temperature (K) State Thermal Conductivity 

(W/m-K) 

313.25  Solid 19 [66] 

332.15 Solid 29.24 [71] 

332.15 Solid (In Solution)  27.32 [71] 

332.15 Liquid 28.07 [71] 
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There is only a single measurement for liquid Field’s metal and it was measured 

indirectly using a Bridgman-growth apparatus [71] at 332.15 K. There is no description of the 

experimental methodology available for the value published by Indium Corporation. The 

measured values of liquid Field’s metal (Table 29) thermal conductivity are below the melting 

point are not suitable for the temperature ranges required for the numerical model.    

5.4.1 Heat Rate 

The time averaged heat rate for each experimental run was determined from the data 

garnered from thermocouples used in the experiment (ss Figure 59 for location). A consistent 

heat rate is important as it demonstrates the heat transfer in each trial is similar. Table 30 

presents the heating rates of the experiment.  

Table 30: Measured time averaged heat rates for thermal conductivity experiment 

Run # Time (s) 
Heat Rate 

(K/min) 

1 720.5 3.38 

2 1235.5 2.72 

3 1490 3.62 

4 617 5.04 

5 1620 3.49 

 

The heat rate was approximately about 3-3.5 K/min except for the 4th experimental run, 

which wass higher as the experimental run was stopped prematurely because of torch failure at 

617 s. A consistent and reasonable heat rate of approximately 3.5 K/min has been achieved in 

the experiment. 
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The results obtained during the heating portion of the experiment are presented in 

Figures 116 – 119. The figures display the apparatus being heated with respect to time. Figures 

116 and 117 display the heating rate of the apparatus when without insulation. Figures 118 and 

119 display the apparatus with insulation.  

 

 

Figure 116: Run 1: Heating of uninsulated thermal conductivity experimental apparatus with a butane 

torch at close distance. Location of TC1 – TC5 over in Figure 59. 
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Figure 117: Run 2: Heating of uninsulated thermal conductivity experimental apparatus with a butane 

torch at the maximum distance.  Location of TC1 – TC5 over in Figure 59. 

 

Figure 118: Run 3: Heating of insulated thermal conductivity experimental apparatus with a butane 

torch at a close distance. Location of TC1 – TC5 over in Figure 59. 
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Figure 119:  Run 4: Heating of insulated thermal conductivity experimental apparatus with a butane 

torch at maximum distance 
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recorded by the thermocouples between the bismuth and the lower section of Field’s metal 

was used to calculate the thermal conductivity of Field’s metal. The thermocouples near the 

torch had too large a rate of heat transfer from the flame so only the thermocouples away from 

the heat source were used once the system had stabilized. Figure 120 presents the measured 

thermal conductivity versus temperature for all experimental runs. The results shown in Figure 

120 were then averaged and Figure 121 presents the averaged thermal conductivity for all the 

experimental runs.  

  

 

Figure 120: Thermal conductivity calculated for all experimental runs with respect to temperature of 

the thermal conductivity experimental apparatus 
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Figure 121: Averaged thermal conductivity with respect to temperature for all experimentally 

determined values of thermal conductivity 
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Once, the excess energy from the reaction had been transferred the metal’s thermal 

conductivity is reduced.   

In general, Figure 120 displays an inverse relationship between temperature and 

thermal conductivity. The results show a clear, repeatable behaviour of the thermal 

conductivity for both the uninsulated and insulated cases.  The result is visible in Figure 121 

after the data was averaged and the stabilization region removed. The maximum averaged 

thermal conductivity for liquid Field’s metal reached 19.7 W/m∙K at 343.5 K. The minimum 

averaged thermal conductivity for liquid Field’s metal was 14.2 W/m∙K at 405 K. A further 

discussion of the variance of the thermal conductivity data can be found in Section 5.4.4.  

The rate of change of the thermal conductivity in the solid and liquid region is similar. 

Both appear to have a linear relationship with a slope of -0.07 W/m∙K/K for solid Field’s metal 

and -0.03 W/m∙K/K for liquid Field’s metal. Using this trend a correlation for the thermal 

conductivity of liquid Field’s metal was created: 

k = 29.2 − 0.03J       (51), 

where T represents the temperature in Kelvins. The correlation is valid for a temperature range 

of 333 K – 405 K. The conductivity was slightly under predicted in the transition phase 

compared to the measured values.  

Returning to the published values for thermal conductivity, the measured values of 

thermal conductivity are 10 W/m∙K lower than the thermal conductivity measurements 

reported in literature using the growth apparatus [71].  There is excellent agreement between 
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the measured data and Indium Corporation for thermal conductivity at 313 K. This work 

measured a value of 18 W/m∙K ± 11% compared to the reported value of 19 W/m∙K.  The 

results are considered to be sufficient for use in the numerical model.  

5.4.3 Endothermic Process 

 Both the specific heat and thermal conductivity peaked going through the phase change 

from solid to liquid. A comparison of these two thermo-physical properties of Field’s metal as it 

underwent this process is shown in Figure 122.  

 

Figure 122: Comparison of exothermic peaks of the specific heat and thermal conductivity 

measurements of Field's metal 
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In Figure 122, it is clear that both properties begin to increase sharply at the melting 

point (333 K).  The specific heat peak is sharper and occurs over a shorter temperature range 

than the peak for thermal conductivity which is flatter and longer. The thermal conductivity 

peak ends at a higher value than it began. It is clear that the melting process affects the heat 

energy related thermo-physical properties. This result is important as it means the natural 

circulation loop should be operated away from the melting point to avoid this effect.   

5.4.4 Uncertainty Analysis 

The variance at the peak thermal conductivity is 19 – 22 W/m∙K. Throughout the liquid 

region it remained similar. The uncertainty in the measurement is considered to be the variance 

or ± 2 W/m-K. At the operating temperature of the experimental loop (358 K) the thermal 

conductivity is 18 W/m∙K ± 2 W/m∙K or 11.1%. The uncertainty present from the 

instrumentation is minimal. The thermocouples with are considered to be ± 0.05 K (up to 0.017 

%) and the uncertainty in the distance measurement is ± 0.5 mm (up to 3.33%), which is well 

within the 11.1% variance of the experimental results.   

5.4.5 Comparison to Liquid Metal Coolants 

The thermal conductivity of liquid Field’s metal was compared to liquid metal coolants 

lead, LBE and sodium in their liquid states. The thermal conductivity of liquid Field’s metal is 

plotted along with LBE, lead and sodium with respect to temperature. The results are shown in 

Figure 123. 
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Figure 123: Thermal conductivity of liquid lead, LBE, sodium and Field's metal with respect to 

temperature [58,119] 
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metals was considered the most difficult thermo-physical property to measure [58]. The 

common trend is for thermal conductivity to decrease, which is explained physically as the 

atoms move further apart causing a decrease in conductivity when the temperature rises. There 

is significant variance in the published data for lead and LBE [58]. In fact, if the data tables from 

Cengel et al. [119] are used the thermal conductivity of lead would decrease with temperature. 

This trend may just be due to a scattering of data as oppose to a physical trend, especially 

considering that bismuth has the lowest thermal conductivity of any metal.  

     

5.4.6 Summary 

The thermal conductivity of Field’s metal in a liquid and solid state was determined a 

value to be 18 ± 11.1% W/m∙K for solid Field’s metal. This value is in agreement with the value 

reported by Indium Corporation. A correlation of the thermal conductivity for Field’s metal with 

respect to temperature was created based on the experimental data. In general, thermal 

conductivity decreased with increasing temperature, except when the Field’s metal undergoes 

the melting process.  During the reaction the Field’s metal thermal conductivity peaked when at 

metal began to melt. The same behaviour was observed for specific heat in Section 5.3. 

The results were compared to traditional liquid metal coolants. Sodium has a higher 

thermal conductivity, which decreases with temperature at the same rate as the thermal 

conductivity of Field’s metal.  The conductivity of Field’s metal has a similar value as lead and 

LBE. The thermal conductivity of lead and LBE may increase with temperature. Field’s metal has 

a thermal conductivity approximately double LBE at lower temperatures and has a similar 

thermal conductivity at operating temperatures of nuclear reactors and satellites.   
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5.5 Thermo-Physical Properties Temperature Correlations 

 This work developed several temperature correlations to calculate the thermo-physical 

properties of liquid Field’s metal.  The correlations were created based on the experimental 

results of the work described in Chapter 5.  Table 31 is a list of the temperature correlations 

developed in this work. 

Table 31: Thermo-physical properties temperature correlations for liquid Field's metal 

Property Correlation Experimental Range of 

Temperatures (K) 

Density X = 10.655 − 0.0085J 
 

333 - 373 

Viscosity " = 9.88	Ã	10��=��ä h�  
 

333 - 405 

Specific Heat Capacity op = 0.3661 − 1 × 10��J + 3 × 10�`J 

 

345 – 423 

Thermal Conductivity k = 29.2 − 0.03J 
 

333 - 410 

    



 

 

231 

 

6. Numerical Modelling  

 This chapter describes the results of the one-dimensional computational MATLAB model 

and the two-dimensional CFD FLUENT Model. The results of the one-dimensional model and 

sensitivity analysis are presented in Section 6.1. The model calculated the steady-state mass 

flow rate and velocity for single-phase liquid metal flow and two-phase air-liquid metal flow 

based on the geometry of the experimental loop. The results from Chapter 5 were used as 

inputs to calculate the flow rates and velocities. The model was also used to predict the flow 

rates and velocities in the liquid metal natural circulation experiment.  

  The two-dimensional CFD model is a model of nitrogen-liquid Field’s metal travelling 

upwards in a vertical pipe with gas injection from a nozzle at the centre of the pipe. The model 

calculated the velocity of both phases and the void fraction of the system.  The model was used 

to help predict the flow regimes and fluid behaviour that occur in the vertical test section of the 

experimental loop in the liquid metal natural circulation experiment.  For a description of the 

methodology used in these models please see Section 3.2 and please see Appendices C and D 

for the code and input decks respectively. 

6.1 One - Dimensional Model of Two-Phase Flow Natural Circulation Loop 

 The steady-state mass flow for Field’s metal and LBE for the loop was calculated for a 

power level ranging for 0 – 5 kW.  LBE mass flow rate was calculated for 423 K, which is 

approximately 25 K above the melting point of LBE.  The mass flow rate for Field’s metal was 

calculated for 423 K to compare directly to LBE at the same temperatures and at 353 K, which 
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was the temperature for the physical experiments in the natural circulation loop. The results of 

the simulation are presented in Figure 124.  

 

 

Figure 124: Calculated steady-state mass flow rate and steady-state velocity for various input 

powers for the reference case of a numerical model of naturally circulating single-

phase liquid metals 
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From Figure 124 it can be seen that the mass flow rate for LBE is higher than for Field’s 

metal at all power levels. That was to be expected as LBE has a lower viscosity than Field’s 

metal and based on the governing equation for the numerical model, a lower viscosity would 

result in higher flow rates at the same power. The liquid metal flow is driven by the change in 

density and enthalpy through the heated section.  The density changes in the model are large, 

in the order of 100 - 700 kg/m3, as the liquid metals possess high densities. The gravitational 

head (ρgh) term is significant and is dominating the flow regime for both liquid metals.  ThT 

means the trend between the two materials is similar and, therefore, it will be possible to 

relate the mass flow rate of Field’s metal to LBE. The trend is even more apparent at the 

expected experimental power levels (i.e., < 2 kW) and temperatures (350 – 360 K) as Field’s 

metal’s thermo-physical properties are more similar to LBE near the melting temperature of 

Field’s metal.   A second important observation was that the behaviour of the flow differs from 

water. This result is similar to other investigations of liquid metal natural circulation. The trends 

predicted by the code are consistent with those published in the literature [26,80]. For example 

Figure 125 presents the steady-state mass flow rate for liquid LBE versus power from Zuo et al. 

[80] for an ADS system with gas-lift pump modelled in ATHLET-X. 
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Figure 125: Steady-state mass flow versus power for an ADS system with liquid LBE under natural 

circulation and a gas-lift pump modelled in ATHLET-X [80] 

  

 In Figure 125 the black squares represent a single-phase system under natural 

circulation. The powers and mass flow rate in Figure 125 were significantly higher. However, 

when looking at the single-phase data it is clear the same trend emerges as the results of the 

numerical model for LBE and Field’s metal (Figure 124).  

6.1.1 Sensitivity Analysis 

As the model relied on the thermo-physical properties there was a need to investigate 

each thermo-physical property of Field’s metal to determine if a significant variance in a 

parameter drastically altered the results. The four parameters investigated are specific heat 

capacity, viscosity, density, and thermal coefficient of expansion. Each parameter was varied to 
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a value beyond the expected limits of each property to determine its effect on the steady-state 

mass flow rate. Figures 126-129 present the sensitivity analysis for each individual parameter 

and its effect on the steady-state mass flow rate. 

Figure 126 shows the effect of specific heat on the mass flow rate for Field’s metal. The 

specific heat was varied in a range of ± 20% from the reference case. The variance is based 

upon the experimentally calculated specific heat of Field’s metal (as per Section 5.3), which 

achieved a variance of ± 5.6 % [120]. Therefore, the 20% range is reasonable based upon 

experimental results. It should be noted, however, that method used would tend to measure 

the specific heat higher than reality, as opposed to lower. Overall, the effect of a 20% change in 

specific heat is minimal with the steady state mass flow rate incurring an 8.5% difference that is 

independent of the power level.   
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Figure 126: Effect of specific heat on calculated steady-state mass flow rate for various input powers 

on the reference case for a numerical model of naturally circulating single-phase liquid 

metals 

 

Figure 127 shows the effect of viscosity on the mass flow rate of Field’s metal.  The 

viscosity was varied by an order of magnitude in either direction. Experimentally the viscosity 

was found to be approximately 20 mPa∙s at 353 K (as per Section 5.1), which was the value used 

in the model, which was about 10x higher than LBE viscosity [121]. The viscosity was expected 

to drop with the temperature; therefore, a range of 10% - 1000% was determined to be the 

range for the sensitivity analysis of viscosity. It is important to note that a drop in the 

magnitude of viscosity generates a 23.2% increase in the mass flow rate. 
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Figure 127: Effect of dynamic viscosity on calculated steady-state mass flow rate for various input 

powers on the reference case for a numerical model of naturally circulating single-phase 

liquid metals 

 

Figure 128 shows the effect of β on the mass flow rate. In this case, the value for β was 

assumed to be the same as LBE as there is no available data for Field’s metal. Considering that 

the bismuth content of LBE is 45.5% Bismuth and Field’s metal is 32.5%, it is more than likely 
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low temperatures.  β was varied in the range of 50% - 200%. A doubling of the value for β 

generated a 28% increase in the steady-state mass flow rate. 
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Figure 128: Effect of coefficient of thermal expansion on calculated steady-state mass flow rate for 

various input powers on the reference case for a numerical model of naturally circulating 

single-phase liquid metals 

 

Figure 129 shows the effect of density on the mass flow rate. In this case the density 

was varied by ± 20%. The values were based on the experimental results in Section 5.2. This 

variance for density was large considering the experimentally determined error was found to be 

small (as per section 5.2) [121]. The density is sensitive to changes in temperature and a range 
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a 15% decrease in the steady-state mass flow.   
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Figure 129: Effect of density on calculated steady-state mass flow rate for various input powers on the 

reference case for a numerical model Numerical Simulation Results   

  

The sensitivity of each parameter is determined from the results and presented in Table 

32. The flow error was then determined based on the sensitivity and the experimental 

uncertainty. The uncertainty for the coefficient of thermal expansion is estimated at 10% as the 

value was not experimentally determined in this work. The thermal expansion coefficient 

should not vary significantly over the temperatures of the model or the natural circulation 

experiment (see Chapter 7). If the initial assumption of β is reasonable the corresponding flow 

error is also reasonable.  
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Table 32: Sensitivity table for the steady-state mass flow rate at a power of 1 kW for the one - 

dimensional model 

Parameter 

Range of 
Parameter  
(∆P) 

Range of Flow 
(∆Q, kg/s) 

Sensitivity 
(∆Q/∆P) 

Uncertainty 
(%) Uncertainty(∆) 

Flow 
Error 
(kg/s) 

% 
difference 

Specific Heat 
Capacity (kg/J∙kg) 130 0.15 0.0011 6.3* 8 0.009 99.1 

Viscosity (mPa∙s) 198 0.42 0.0021 9.5* 18 0.040 97.1 

Coefficient of 
Thermal 
Expansion (1/K) 0.000187 0.51 2722 10** 0.0000187 0.051 96.9 

Density (kg/m
3
) 2821 0.29 0.0001 1.5* 42 0.004 99.8 

*Uncertainty values obtained from Section 5 experimental results 
** Uncertainty is estimated based on literature 

 

The sensitivity analysis shown in Table 32 clearly demonstrates the flow error is within 

an acceptable range for all 4 thermo-physical properties. The cumulative error is ± 0.1 kg/s. To 

graphically represent these results, extreme high and low cases were determined. Table 33 

contains the values for each parameter in the respective cases.  

 

Table 33: Parameters for High Case and Low Case for the sensitivity analysis of liquid Field’s metal 

natural circulation model  

  

 

 

 

Figure 130 compares the reference case to the high mass flow rate case and low mass 

flow rate cases. It is apparent there is a significantly larger difference between the high case 

and reference case then with the low case. It is interesting to note that the high case is very 

Property High Case Low  Case 

Specific Heat (J/kg∙K) 260 390 

Viscosity  (mPa∙s) 2 200 

Coeff. Therm. Exp.  (K
-1

) 2.5 x 10
-4

 6.3 

Density  (kg/m
3
) 8464 5643 
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similar to the calculated LBE mass flow rate in Figure 124, demonstrating that a method to 

achieve the scalability of Field’s metal to LBE is possible. Importantly, the trend is not affected 

by a variance in the expected thermo-physical properties and the uncertainty in the model is 

considered to be acceptable. 

 

Figure 130: Extreme cases for the calculated steady-state mass flow rate for various input 

powers on the reference case for a numerical model of naturally circulating single-

phase liquid metals 
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6.1.2 One -Dimensional Two-Phase Model  

 The steady-state mass flow rate and velocity for gas-enhanced natural circulation were 

numerically determined based on the geometry and conditions of the experimental loop. The 

one-dimensional numerical model of gas-enhanced flow uses the theory presented in Section 

3.3.1 and the methodology in Section 3.3.2. The model simulated gas injected two phase air-

Field’s metal flow along the vertical test leg and single-phase flow throughout the rest of the 

loop.  

The separation tank was ignored in the model so the effects of the gravitational head of 

the tank were ignored as well. Notably, the Reynolds number for the vertical test leg under any 

gas-enhanced conditions was calculated to be greater than 2300 indicating at least in a 

transition region between laminar and turbulent. As such, the turbulent coefficients (see 

Section 3.3.1) were used in the model. Furthermore, the model estimated an initial liquid 

velocity to determine the mass flow rate and velocity of the system. An investigation of the 

sensitivity to that estimate is discussed. 

In Figure 131 the steady-state mass flow rate at 4 different velocities is charted versus 

power. The single-phase natural circulation without gas enhancement is also plotted. The 

model shows a significant enhancement in the flow rate with the addition of an injected gas-

phase in the vertical test leg. The mass flow rate is increased by 0.6 kg/s or 31% for a gas 

velocity of 0.025 m/s (equivalent to 0.8 L/min for physical loop), which is in the range of 

velocities possible in the experimental loop. At the highest velocity a 227 % improvement in the 

flow parameters is predicted. In general, as the gas velocity increases the mass flow rate 
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increases as well. However, there is no significant difference in mass flow rates to gas velocity 

between 0.1 m/s and 0.5 m/s in Figure 131. There is likely an optimal gas velocity that 

maximizes enhancement and any further increase in the gas velocity would have little effect. 

The same trends are observed for steady-state velocity as well in Figure 132.  

 

Figure 131: Simulated steady-state mass flow rate vs. power for gas-enhanced natural 

circulation of air – liquid Field’s metal at various gas phase velocities with an initial 

liquid velocity of 1 m/s and a temperature of 353 K 
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Figure 132: Simulated steady-state velocity vs. power for gas-enhanced natural circulation of 

air –liquid Field’s metal at various gas phase velocities with an initial liquid velocity 

of 2 m/s and a temperature of 353 K 

  

From Table 34 it is clear that an increase in the estimated velocity causes a reduction of 

the steady-state flow parameters.  The effect is partially dependent on the gas velocity as well 

as the liquid velocity.  The change in the flow parameters is largely due to a change in the 

quality of the gas-enhanced section.  At lower velocities this effect is less prominent and does 

not significantly affect the flow parameters. There is a significant change at the higher 

estimated liquid velocity. For the physical natural circulation experiment the liquid velocity at 

the inlet of the test section is not expected to reach 3 m/s, so the effect will be less 

pronounced. 
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Table 34: Sensitivity of estimated liquid velocity on steady-state flow parameters 

Gas velocity = 0.05, Power = 1 kW 

Estimated liquid velocity 
(m/s) 

Quality Steady-state mass flow 
rate(kg/s) 

Steady-state 
velocity(m/s) 

1 0.05 2.2 2.3 

2 0.024 2.1 2.2 

3 0.016 1.6 1.7 

 

6.1.3 Summary 

   A one-dimensional steady-state model for single phase and gas-enhanced liquid metal 

natural circulation was developed. The numerical model simulated the physical geometry and 

conditions of the experimental flow loop without the separation tank. The results determined 

that the flow parameters increase with increasing power (heat energy). The results also 

determined flow rates of 1-2.5 m/s are expected in the experimental loop. Furthermore, the 

model calculated lower flow rates for Field’s metal than for LBE mainly due the differences in 

viscosity. For gas injected two-phase flow the model predicted an enhancement of the flow 

parameters of over 200%.   

6.2 Two-Phase CFD Model of Vertical Test Section 

The two - dimensional transient model simulates gas-enhanced natural circulation of the 

nitrogen gas -liquid metal flow in a vertical test section with a diameter of 12.7 mm. The gas is 

injected at the center of the inlet via a nozzle.  The model considers two types of liquid metals, 

LBE and Field’s metal.  For LBE, two different inlet gas velocities are investigated: 0.06 m/s (1.8 

L/min) and 0.4 m/s. Furthermore, at the lower velocity two different settings are used. The first 

case (Case 1) is set to no back flow void fraction at the pressure outlet and the second case 

(Case 2) with a 20% back flow fraction. Next, Field’s metal is modelled for the same conditions 
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and a sensitivity analysis for viscosity is performed for the system with Field’s metal. Lastly, the 

model looks at higher velocity for LBE only.  A more detailed description of the model and test 

matrix was presented in Section 3.3.  

6.2.1 Low Velocity - Slug Flow Model  

The results of the CFD model are presented as velocity and void fraction profiles along 

the length of the vertical test section at 2.6 s, 8.6 s and 12.3 s. The time begins upon initiation 

of the gas injection. The velocity profiles for Case 1 (0% void fraction backflow) and 2 (20% void 

fraction backflow) are presented in Figures 133 and 134, while the void fraction profiles for 

Case 1 and 2 are presented in Figures 135 and 136. 

The velocity profiles are similar for both cases of void fraction backflow. For case 1 with 

0% void fraction backflow (Figure 133) at 2.6 s the initial pulse of gas was travelling upwards 

along the length of the vertical test section. At 8.6 seconds the injected gas phase was spread 

throughout the vertical pipe. Overall, the velocities are higher in the center of the pipe where 

the gas phase volume is highest. The further the gas travels along the length the more the 

velocity varies across the diameter of the pipe, especially as time increases as seen in the 12.3 s 

case. At 12.3 s there appears to significant recirculation occurring.  
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Figure 133: CFD velocity profiles of nitrogen-LBE in a vertical pipe with gas injection at the column 

center at a) 2.6 s B) 8.6 s c) 12.3 s for 0%  void fraction back flow case 

  

The addition of the back flow void fraction in case 2 (Figure 134) removed the swirling 

effects near the outlet and the flow continued to flow outwards instead of reversing direction 

and flowing back in the bubble column.  Case 2 displays greater variance in the velocities than 

a) b) c) 



 

 

248 

 

the 0% back flow case. This is due to the smaller amount of recirculation of the gas phase in the 

vertical pipe. Overall, in both cases the velocity of the mixture increases with time and achieves 

a maximum velocity of approximately 0.2 – 0.25 m/s.  

 

Figure 134: CFD velocity profiles of nitrogen-LBE in a vertical pipe with gas injection at the column 

center at a) 2.6 s B) 8.6 s c) 12.3 s for 20%  void fraction back flow case 

 

a) b) c) 
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The void fraction profile for 0 % backflow void fraction in Figure 135 clearly displays slug 

flow during the entire transient. The model is predicting the expected flow regime. The slugs 

were most easily observed in the 8.3 s case.  In this case the void fraction was below 50 % on 

average. This would be a lower than the void fraction slug flow that was observed at for air-

water experiment in this geometry presented in Section 4.1. At 12.3 s the recirculation of the 

backflow is definitely causing a mixing to occur that obscures the slugs. So, a more uniform mix 

across the diameter was observed.  The average void fraction still is below 50 %.  
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Figure 135: CFD void fraction profiles of nitrogen-LBE in a vertical pipe with gas injection at the column 

center at a) 2.6 s B) 8.6 s c) 12.3 s for 0%  void fraction back flow case 

 

For void fraction profile for the 20% void fraction backflow (Figure 136), the slug flow 

was also observed and most clear at 8.3 s. At 12.3 s a slug was observed leaving the section at 

a) b) c) 
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the outlet and a new slug was entering at the inlet. In this case the void fraction was observed 

to be greater than 40 % as well. 

 

Figure 136: CFD void fraction profiles of nitrogen-LBE in a vertical pipe with gas injection at the column 

center at a) 2.6 s B) 8.6 s c) 12.3 s for 20%  void fraction back flow case 

 

a) b) 
c) 
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Comparing the two cases at the same inlet condition, slug flow was observed. When 

steady state was reached the case with no void fraction backflow condition had significant 

recirculation zones which were observed travelling from the outlet against the direction of 

natural circulation.  The backflow void fraction setting did appear to have a small effect on the 

results. The question now is whether the backflow percentage is a realistic setting for this mode 

of the loop?  Considering the gravitational head present in the separation tank due to the 

density of liquid metal it is reasonable that some back pressure may cause a small back flow. 

The 20% void fraction back flow case seems to provide evidence for this hypothesis. 

Importantly, the setting reduces the recirculation. In reality, the recirculation is unlikely to 

occur and creates a more realistic model of the flow at the outlet.  

The CFD model was used to compare Field’s metal and LBE at an inlet gas velocity of 

0.06 m/s. The velocity and void fraction profiles for Field’s metal at these conditions are 

presented in Figure 137 and 138 at 2.6, 8.6 and 12.3 seconds where time zero is the initiation of 

the gas injection. Figure 137 presents the velocity profiles, while Figure 138 presents the void 

fraction profiles.  

The velocity profiles in Figure 137 do not change significantly with respect to time. The 

gas phase appears to be at a similar velocity at each time step.  The gas phase velocity was 

highest in the center of the pipe.  The profiles predict a gas velocity of approximately 0.2 – 0.25 

m/s, which is similar to LBE (Figure 133). The notable difference being there are no clear 

bubbles or slugs observed in the velocity profile. 
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Figure 137: CFD velocity profiles of nitrogen-Field’s metal in a vertical pipe with gas injection at the 

column center at a) 2.6 s B) 8.6 s c) 12.3 s  

 

The initial slug is visible in Figure 138 at 2.6 s, located at the halfway mark of the pipe. 

Still, it was not as distinctive as in the LBE cases. The distribution of the gas phase was again as 

a) b) c) 
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expected, concentrated in the center of the pipe. The void fraction is in the range of 35 – 40% 

for the Field’s metal, which again was similar to the values for the LBE cases. So, the model 

predicted similar results and behaviours for both liquid metals although it appears the 

behaviour was more clear and definitive for the LBE cases. The model appears to provide 

reasonable results for both Field’s metal and LBE. 

 

Figure 138: CFD void fraction profiles of nitrogen-Field’s metal in a vertical pipe with gas injection at 

the column center at a) 2.6 s B) 8.6 s c) 12.3 s   

a) 
b) c) 
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6.2.2 Sensitivity of Viscosity 

 Field’s metal displays shear thinning non-Newtonian behaviour, the higher the shear 

rate, the lower the viscosity. In this work the measured viscosity was an order of magnitude 

larger than the viscosity of LBE and other heavy metal coolants. It is possible that at the higher 

shear rates of the loop the viscosity may be more similar in magnitude to LBE and lead. On the 

other hand, it is important to determine if an order of magnitude difference in viscosity would 

significantly change the behaviour of the fluid. A case to determine the sensitivity of the 

viscosity of Field’s metal in the CFD model was performed where viscosity of Field’s metal was 

set to 2 mPa∙s and 20 mPa∙s.  

The development of the flow profiles showed no discernable differences in the 

behaviour the flow or its distinct phases (Figures 139, 140). The behaviour of the flow for both 

values of viscosities were similar.  The values for velocity and void fraction also appeared similar 

for each case. This suggests that the uncertainty in the expected experimental viscosity will not 

alter the behaviour the two-phase gas-enhanced flow in the vertical test section.  
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Figure 139: CFD velocity profiles for nitrogen-Field's metal in a vertical pipe with gas injection from the 

center of the pipe for a) viscosity of 20 mPa∙s b) viscosity of 2 mPa∙s 

a) b) 
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Figure 140: CFD void fraction profiles for nitrogen-Field's metal in a vertical pipe with gas injection 

from the center of the pipe for a) viscosity of 20 mPa∙s b) viscosity of 2 mPa∙s 

  

a) b) 



 

 

258 

 

6.2.3 High Velocity – Annular Flow Model 

The CFD model was used to model the flow at gas velocities greater than those 

expected to be achievable in the experimental loop. At the higher gas velocity, in this case the 

initial velocity is set to 0.4 m/s, only LBE was considered. The model was slightly altered from 

the low velocity model as the results are not taken during the transient, but once the model has 

reached a steady-state.  

The results of the high velocity case (Figure 141) show significantly higher values for 

velocity and void fraction. This is consistent with the higher inlet gas velocity.  At approximately 

the 1/3 mark of the column there was some disturbance in the flow being observed, possibly a 

form of recirculation or eddy. This disturbance was visible in both profiles in Figure 141.   

Outside of this region, the velocity was highest in a narrow region along the center of the pipe. 

The void fraction is much higher at the center of the pipe as well, while near the walls it is 

almost entirely liquid. The void fraction was calculated as nearly 90 % in some regions of the 

pipe. Therefore, the model seems to be capturing annular flow based on the visual observations 

of the profile and 90 % void fraction. 
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Figure 141: Velocity and void fraction profile for a CFD model with an nitrogen - LBE in a vertical pipe 

with gas injected from the center of the pipe at 0.4 m/s in a steady-state  
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6.2.4 Summary 

 A two-dimensional CFD model was developed using FLUENT and GAMBIT for gas 

enhanced N2-liquid metal flow in a vertical test section.  The gas phase was injected by a 

simulated nozzle located at the centre of the inlet. The model used two different types of liquid 

metals; LBE and Field’s metal, and varied the inlet gas velocities; for only LBE. The model was 

able to capture the flow regimes of slug and annular flow for LBE. When Field’s metal was 

compared to LBE the results suggested there were no significant differences between the 

overall flow behaviours. Lastly, a viscosity sensitivity analysis for Field’s metal was performed 

and showed that for the range of viscosity form 2 mPa∙s to 20 mPa∙s there was no significant 

effect on the behaviour of the simulated flow. 
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7. Natural Circulation Experiment 

 The results for the natural circulation experiment are presented in this chapter. The 

experiment used the methodology and design described in Section 3.4. The experiment 

measured the steady-state mass flow rate and velocity of liquid Field’s metal under natural 

circulation driven by a heat source and by gas-injection. There was a primary and secondary 

heat source for this work. The primary heat source was a spot flame created by a butane torch 

located at the inlet to the vertical test section. The secondary heat source was electrical heating 

tape that was wrapped around all the piping in the loop except the immediate area near the 

flow meter transducers.  The steady-state mass flow rate and velocity was measured as a 

function of power. The power was varied by controlling the voltage provided to the electrical 

heating tape.  

7.1 Determination of Applied Power 

 The power applied by the butane torch to the experimental apparatus needed to be 

determined.  The study of heat transfer from a flame to a surface has been reported in the 

open literature [122,123]. This literature shows that the heat transfer is almost entirely from 

convection and that radiation is negligible [122]. The power generated is governed by the 

convection equation: 

m = cdd#'       (52). 

where q’’ represents the heat flux and As represents the area of the surface being heated. 

 Typically, the flame from a butane torch is considered to be laminar. Kwok et al. [124] 

has measured the heat flux from a butane torch and found the heat flux to be 150-300 W/m2∙K, 
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depending on the flame size and distance [123].  For the natural circulation experiment the heat 

input was estimated to be 225 W/m2∙K for the flame at full strength and 175 W/m2∙K for the 

standard setting. This estimate was based on Kwok et al. [123] experimental results for a slot 

shaped butane flame with a 1:1 ratio of burner diameter to axial distribution on the pipe 

surface. The approximation also assumed that for both settings the flame is laminar [123] and 

that at the full setting the Reynolds number is 1.25 -1.5X higher than the standard setting.  The 

heated surface area was derived from measuring the area of the pipe that showed surface 

oxidation or damage from prolonged contact with the flame.  This determined an applied 

power from the butane torch was 800 W to 1600 W.        

7.2 Experimental Results 

At each power setting both single-phase and gas enhanced flow were investigated. The 

gas-enhanced flow was generated using air injected into the vertical test section at a rate of 

0.25 L/min which corresponds to a velocity of 0.033 m/s at each power level.  Figure 142 

presents the results for this experiment for both single-phase natural circulation and gas-

enhanced natural circulation.  
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Figure 142: Steady-state flow of single-phase liquid Field's metal and gas enhanced air - Field's metal 

for natural circulation experimental loop at an average operating temperature of 373 K  

   

Liquid velocity increased with power for both single-phase and gas-enhanced flow 

(Figure 142).  In both cases the flow displays gravity dominant behaviour. This is expected as 

even for the gas enhanced scenario the gravitational head term is still quite large due to the 

high density of Field’s metal.  In the gas-enhanced case an enhanced flow was observed as an 

increase in velocity. The velocity of the liquid metal increased from the addition of the injected 

gas when compared to the velocities of the single-phase case. This is a significant increase of 

15% at 2.4 kW and 25% at 1.4 kW. The gas was injected at a velocity of 0.03 m/s.  
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7.3 Uncertainty Analysis 

 The liquid velocity measurement was taken directly from the flowmeter.  The 

uncertainty of the flowmeter is approximately ± 0.25 m/s, the uncertainty of the heat flux 

approximation is considered to be ± 25 W/m2∙K and ± 20 % for the heated surface area.  This 

results in an approximate uncertainty for 30-35 % for the power calculation. 
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8. Discussion and Interpretation of Results    

 The results presented in Chapters 4-7 require further discussion with respect to meeting 

the objectives of this work and its findings. First, is a determination of the ability to model 

Field’s metal using the experimentally determined thermo-physical properties presented in this 

work. In Section 8.1 the results of the one - dimensional model in Chapter 6 are compared to 

the experimental results in Chapter 7.  

A more thorough comparison of current liquid metal coolants to determine Field’s metal 

viability as an analogue fluid or as a coolant itself is provided in Section 8.2. Included in this 

discussion is an analysis of the dimensionless numbers for Field’s metal, sodium, and LBE to 

determine the Nusselt number of the vertical test section of the experimental loop. The 

investigation then uses the resultant Nusselt number to compare the heat transfer coefficients 

of each metal for a system with the same geometry as the natural circulation experimental loop 

used in this work. 

8.1 Comparison of Experimental Data to the Numerical Model 

 The numerical model presented in Section 6.1 was used to predict the steady-state flow 

rates and velocity of the experimental loop under single-phase natural circulation and gas-

enhanced natural circulation. The physical experiment measured the actual steady-state flow 

parameters using a portable ultrasonic flow meter after the completion of the numerical 

model. Figure 143 displays the numerical and experimental results for single phase natural 

circulation. Figure 144 displays both the numerical and experimental results for gas-enhanced 

natural circulation.   
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Figure 143: Experimental and numerical data for the steady-state mass flow rate and velocity for 

single-phase liquid Field’s metal natural circulation 

 

The experimental data in Figure 143 were higher than the predicted liquid velocities for 

liquid Field’s metal, but followed the same trend as the numerical models. For both the 

numerical and experimental data the natural circulation was being driven by the density 

gradient in the loop and the gravitational head. The numerical and experimental data were 

consistent with liquid heavy metal natural circulation. 

 The numerical model in this work also modelled LBE flow in the natural circulation loop. 

The numerical data for LBE are presented in Figure 143 along with the velocity was consistently 

higher for liquid LBE than for liquid Field’s metal. This is due to the model, as discussed 
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previously, using a value for the viscosity for LBE that is an order of magnitude lower than that 

for Field’s metal. The experimental data were similar in magnitude to the calculated LBE results. 

The experimental results suggest liquid Field’s metal in reality was achieving flow rates more 

similar to LBE. This result was reasonable when considering Field’s metal as a non-Newtonian 

fluid. The shear rate in the natural circulation experiment is higher than in the viscosity 

experiments. (An approximation of the shear rate in a 12 mm pipe at the measured velocities is 

600-800 s-1). The higher shear rate resulted in a lower viscosity, similar in magnitude to the 

viscosity of other heavy liquid metals such as LBE and lead. This in turn resulted in achieving the 

higher flow rates associated with the lower viscosities demonstrating that Field’s metal acts an 

analogue fluid that can be used to model other liquid heavy metals. 

 The model was developed using an assumed Boussinesq approximation before any 

experimental work was performed. The experimental investigation for density allowed us to 

determine the Boussinesq approximation. The impact of incorporating a more representative 

Boussinesq approximation was that the model over predicted the experimental results and, 

thus, bounds the experimental data.  The details of this sensitivity investigation are given in 

Appendix H. 

 Figure 144 compares the numerical results to the experimental data for gas-enhanced 

flow. Both the numerical model and experimental results showed an enhanced flow when gas 

was injected to the single-phase case. Furthermore, in both cases the velocities displayed the 

same trends as the previous numerical and experimental results in that the natural circulation 
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was a density driven gravity dominant type flow. The experimental data was consistently higher 

than the results of the numerical model.  

 

Figure 144: Experimental and numerical data for the steady-state mass flow rate and velocity for air – 

liquid Field’s metal gas enhanced natural circulation 

 

Based on Figure 144, the numerical model under predicted the liquid velocity and the 

flow enhancement. (The reason may be several factors). There may be an unknown bias in 

ultrasonic flow rate measurement resulting in the measurement of higher velocities. This is 

considered unlikely as this was not observed in the single-phase results. There were oscillations 

observed in the flow rate measurement (as described in Chapter 7) that were not captured in 
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the numerical model. These oscillations from thermal and flow instabilities are unlikely to be 

the sole cause of the consistently under predicted of the liquid velocity. Most of the difference 

is believed to be from the adaptation of the gas-enhanced models from water to liquid Field’s 

metal. The complicated interactions between the phases may not be accurately captured by the 

correlations used in the model resulting in an under prediction of the liquid velocity.  

8.2 Comparison to Current Liquid Metal Coolants 

The purpose of this work is partially to determine if Field’s metal is a suitable candidate 

as an analogue fluid for thermal-hydraulics models of systems utilizing traditional liquid metal 

coolants such as those currently in use in the nuclear and energy industries. A comparison and 

discussion based upon the results of this work is required.  The following discusses the physical 

nature of Field’s metal within the In-Bi-Sn ternary system, its thermo-physical properties, and 

the dimensionless numbers and heat transfer in the natural circulation loop. 

As previously discussed liquid metal coolants fall within two families of metals. The first 

is alkali metals, which from a nuclear perspective includes sodium, potassium and lithium. The 

other is heavy metals, which contains lead and LBE. Field’s metal is made up of three heavy 

metals and, therefore, falls firmly into the heavy metals category. Alkali metals are less dense 

and less viscous with higher specific heat capacities and thermal conductivities than the heavy 

metals. These differences are important to keep in mind and will become apparent as Field’s 

metal is compared to the Gen IV coolants of sodium, lead, and LBE. A good place to start this 

discussion is with respect to the dimensionless numbers associated with thermal-hydraulics, 

natural circulation, and liquid metals. 
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8.2.1 Dimensionless Numbers 

 Two of the key dimensionless numbers essential to this work are the Reynolds number 

and the Prandtl number.  The Reynolds number is extremely important in studying the 

behaviour of fluid flows as it describes the ratio of inertial forces to viscous forces. It has been 

previously defined in Chapter 6 as part of the numerical model.  Using the experimental results 

from the density and viscosity experiments, the Reynolds number was calculated for the natural 

circulation loop. Figure 145 displays the expected Reynolds number for Field’s metal and 

compared it to LBE and sodium for the geometry of the natural circulation loop at UOIT. 

 

Figure 145: Calculated Reynolds number for various liquid metals in a 12.7 mm diameter vertical pipe 

 

Figure 145 suggests that the relatively high viscosity of Field’s metal will result in lower 

Reynolds numbers than the traditional liquid metal coolants of LBE and sodium. In this range 

the Field’s metal flow is expected to be a laminar or a transitional flow and could reasonably 
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simulate laminar flow of the other liquid metals. Liquid metal flows in nuclear power plants 

occur as laminar or slightly turbulent flows at low Reynolds numbers.  Furthermore, the 

viscosity of Field’s metal may be lower, and behave more similar to sodium and LBE at higher 

temperatures.   

The Prandtl number is another primary dimensionless number used in studying the 

thermal-hydraulic behaviour of fluids. The Prandtl number is the ratio of the ability of the fluid 

to physically transport and conduct heat energy. It is described with the following equation: 

Pr =  �0�
f                                            (52), 

where Cp represents the specific heat capacity, µ represents the dynamic viscosity, and k 

represents the thermal conductivity. The Prandtl number for Field’s metal in a natural 

circulation experimental loop at an operating temperature of 358 K is 0.32 using values 

calculated for viscosity, thermal conductivity and specific heat determined in this study. The 

Prandtl numbers for sodium and LBE have also been calculated and are all presented in Table 

35. 

Table 35: Calculated Prandtl numbers for typical liquid coolants and Field's metal at 25 K above the 

melting point 

Material 
Temp. 

(K) 

Viscosity 

(mPa∙s) 

Thermal Conductivity 

(W/mK) 

Specific Heat 

(J/kg∙K) 
Prandtl Number 

Field's metal 358 21 18.5 285 0.32 

LBE 424 3 9.6 149 0.05 

Sodium 396 0.7 71 1300 0.01 
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       The Prandtl number is less than 1 for all 3 liquid metals which is typical of liquid metal 

flows [125]. That is important as it means the denominator, or thermal diffusivity term, is 

dominant and means thermal conduction drives the heat transfer in the system as opposed to 

the momentum (high Prandtl number flows).  

       This is an important determination from a heat transfer perspective as a Prandtl number 

less than 1 means that Field’s metal compares favourably to LBE and sodium in terms of 

calculating the Nusselt number (Nu) and the heat transfer coefficient. The Nusselt number is 

the ratio of convective to conductive heat transfer in the system. It is defined as: 

éM = 	�h�∗
ê
f        (53), 

 where HTC represents the heat transfer coefficient, Dh represents the hydraulic diameter, and 

k represents the thermal conductivity. Often, the Nusselt number represents used to calculate 

the HTC.  

A correlation was used to calculate the Nusselt number. In liquid metal flows with a low 

Prandtl number (< 1), correlations involving the Peclet number (Pe) are used to calculate the 

Nusselt number. The Peclet number is the ratio of advection to diffusion and is often defined as 

the product of the Prandtl number and the Reynolds number (Re).  

m= = 	
ê.
Ø = <=m?      (54), 

where U represents the velocity and α represents the thermal diffusivity.  This method has 

shown to be especially effective for LBE flows [60,80] to determine the heat transfer coefficient.  

The method differs from that of high Prandtl number flows (> 1), where the Nusselt number is 
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typically calculated using a correlation based on the form of ReaPrb where a and b constants 

based on the flow conditions [126].  

 There are several correlations that have been developed for sodium and other alkali 

metals that have been successfully applied to heavy metal flows. Other correlations have been 

developed specifically for heavy metal flows [60]. Two correlations, for this work, that have 

good agreement with data of natural circulation of LBE flows. 

The first correlation was developed by Kirilov et al. [60] and has been shown to work 

better in low Peclet number flows (< 1000). The second correlation was developed by 

Stromquist et al. [60] and has been shown to be effective in high Peclet number flows (> 2000). 

The correlations are defined as follows [60]: 

Kirilov:    éM = 4.5 + 0.018m=P.ä    (55). 

Stromquist:   éM = 3.6 + 0.018m=P.ä    (56). 

Table 34 can now be extended to include the calculated Nu and HTC for Field’s metal, 

sodium, and LBE in the experimental loop. The updated comparative table is displayed below as 

Table 36. 
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Table 36: Calculated Dimensionless numbers and heat transfer coefficient for Field's metal, LBE and sodium for the natural circulation loop at 

UOIT 

Material Temperature 

(K) 

Density 

(kg/m
3
) 

Velocity 

(m/s) 

Viscosity 

(Pa∙s) 

Thermal 

Conductivity 

(W/mK) 

Specific 

Heat 

Capacity 

(J/kg∙K) 

Hydraulic 

Diameter 

(m) 

Re Pr Pe Nu HTC (W/m
2
∙K) 

Field's metal 358 7612 0.05 0.021 18.5 285 0.0127 225 0.33 74 5.1 7380 

LBE 424 10535 0.05 2.93E-03 9.6 149 0.0127 2287 0.05 104 5.2 3959 

Sodium 396 877 0.05 7.00E-04 71 1300 0.0127 795 0.01 10 4.6 25802 

Field's metal 424 7051 0.05 0.019 18.5 257 0.0127 235 0.26 62 5.0 7269 

Sodium 424 860 0.05 7.00E-04 71 1300 0.0127 781 0.01 10 4.6 25793 

Field's metal 500 6405 0.05 0.017 18.5 246 0.0127 236 0.23 54 4.9 7193 

LBE 500 10434 0.05 2.23E-03 9.6 147 0.0127 2968 0.03 102 5.2 3950 

Sodium 500 753 0.05 7.00E-04 71 1300 0.0127 683 0.01 9 4.6 25728 
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The correlations produced a similar Nusselt number of approximately 5 for sodium, LBE 

and Field’s metal. This value of the Nusselt number produced a value of 7300 W/m2-K for the 

heat transfer coefficient of the experimental loop for Field’s metal.  The heat transfer 

coefficient was about 3.5 times higher for sodium than Field’s metal mainly due the differences 

in the thermal conductivities of the materials. The heat transfer coefficient for LBE was about ½ 

the value of that of Field’s metal also due to the difference in thermal conductivities. The values 

of Nu and HTC were reasonable for the geometry and application of the loop. In fact, LBE and 

Field’s metal had the same order of magnitude for HTC at low velocities. So over the small 

surface area of the loop, heat transfer would be similar for the two materials. 

The next step of the analysis was to determine if there is a significance difference 

between the different Nusselt number correlations. Based on equations (55) and (56) there 

should not be a significance difference between the two correlations regardless of the Peclet 

number. The calculated Nusselt number from the two correlations is plotted against the 

Reynolds number in Figure 146. The results demonstrate that for the geometry and velocities of 

the natural circulation there is no significance difference between the correlations in terms of 

calculated Nusselt numbers. 
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Figure 146: Calculated Nusselt number for both the Kirilov and Stromquist correlations 

 

Figure 147 displays the relationship between velocity and HTC for all 3 fluids. At higher 

velocities (> 1 m/s) all three materials have HTC of the same order magnitude. The higher the 

velocity the smaller the percent difference between Field’s metal and sodium. Figure 148 

displays HTC vs. temperature for the entire temperature range of the experimental loop.  There 

is no significant change in the HTC from a change in temperature. 
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Figure 147: Heat Transfer Coefficient with respect to increasing velocity for Field's metal, LBE and 

Sodium 

 

 

 

Figure 148: Calculated heat transfer coefficients at 0,5 m/s and 1 m/s for Field’s metal 
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Figures 149-151 present the Nusselt number and HTC with regards to the Reynolds 

number and the Peclet number. Looking at Figures 149 and 150 it is clear the advantage of 

using the Peclet number to calculate the Nusselt number as the data collapses for all 3 

materials when using the Peclet number as opposed to the range of Reynolds numbers and the 

disparity between the 3 fluids presented in Figure 149. Finally, the HTC is presented versus 

Peclet number in Figure 151.  It becomes clear how dominant velocity terms are in the heat 

transfer of systems using liquid metal coolants. In slower natural circulation environments the 

liquid metal behaviour from a heat transfer perspective may be substantially different than at 

large volume high velocity flows.  

 

 

Figure 149: Calculated Nusselt number versus Reynolds number for various liquid metal coolants 
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Figure 150: Calculated Nusselt number versus Peclet numbers for various liquid metal coolants 

 

 

Figure 151: Calculated heat transfer coefficient vs. Peclet number for various liquid metal coolants for 

the geometry of the natural circulation experimental loop 
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Field’s metal is expected to behave from a heat transfer perspective, in a manner that is 

similar to that of other liquid metal coolants due to its low Prandtl number. Field’s metal then is 

promising as an analogue fluid for traditional liquid metal coolants. The results suggest Field’s 

metal has better heat transfer properties than LBE and Lead. In fact, Field’s metal has very good 

heat transfer properties for a heavy metal. Sodium, an alkali metal, has significantly higher heat 

transfer which is expected for that type of material. The order of magnitude difference means 

that there could be scalability between the materials.  Field’s metal could act as an analogue 

fluid for any of the liquid metal coolants discussed.  It appears better suited to act as an 

analogue fluid for other heavy metal coolants based on this comparative analysis of the 

dimensionless numbers of the system.      
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9. Concluding Remarks   

 The work accomplished the objectives stated in Section 1.1. Liquid Field’s metal has 

been characterized, its basic thermo-physical properties determined, and it has been 

numerically modelled. Physical natural circulation experiments were performed to demonstrate 

the ability to work with liquid Field’s metal. These results were compared to the numerical 

models to demonstrate Field’s metal can be modelled. Finally, Field’s metal was compared with 

liquid metal sodium, lead and LBE. In general, Field’s metal possesses many desirable qualities 

that make it suitable as an analogue fluid and for use in general Canadian university laboratory 

settings.  

 

The work ascertained the following concluding remarks: 

 

• A method to fabricate Field’s metal inside a laboratory environment was established for 

batch sizes up to 5 kg. This method clearly determined that Field’s metal is easy to 

fabricate and easy to handle. 

• Field’s metal was demonstrated to be almost chemically inert with water and air. The 

interaction between Field’s metal and either substance does not result in any significant 

safety concerns. It was demonstrated that Field’s metal wets glass, but not to stainless 

steel. 

•  Field’s metal met the requirement that the material must be affected by magnetic 

fields.  Field’s metal was shown to respond to magnetic fields and to 

magnetohydrodynamic forces. This allows for Field’s metal to be used in experimental 
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loops that use EMHD pumps as well as allow for the investigation of possible heat 

transport benefits from EMHD.  

• The main thermo-physical properties of Field’s metal were determined experimentally 

and compared to sodium, lead, and LBE. The following concluding remarks about each 

property can be made:  

• The density of Field’s metal has been experimentally measured over an 

acceptable range and with good accuracy. The experiment used a pycnometer 

method to measure the density. A correlation for the density of liquid Field’s 

metal with respect to temperature was developed and is given by Equation (50).  

• The viscosity of Field’s metal has been experimentally determined for a 

satisfactory range and accuracy for use in a numerical model. The experiment 

used a rotational viscometer to measure the viscosity. The experiment found 

that Field’s metal is a shear thinning non-thixotropic non-Newtonian fluid. A 

correlation for the apparent viscosity with respect to temperature was 

developed and is given by Equation (49).  

• The specific heat capacity of Field’s metal and 2 other alloys from the In-Bi-Sn 

system has been experimentally determined for a satisfactory range and 

accuracy to be used in a numerical model.  A correlation for the specific heat 

capacity with respect to temperature was developed and is given in Table 26 

• The thermal conductivity of Field’s metal was experimentally determined using 

an axial conduction method. The results were determined to be accurate enough 
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for use in the numerical model. A correlation of the thermal conductivity with 

respect to temperature was developed and is given by Equation (51) 

• The natural circulation numerical model shows reasonable agreement with the 

experimental trends.  This finding demonstrates that Field’s metal thermal-

hydraulics experiments can be performed and reasonably represent liquid metal 

applications in the nuclear industry.  

• The behaviour and properties of Field’s metal are similar to other liquid heavy 

metals and appears to be a viable candidate to work as an analogue fluid, or as a 

secondary/tertiary coolant in some nuclear and energy systems. 

• Field’s metal and other liquid metals appear to behave similar in many areas.  The 

current method for using correlations and formulas to determine liquid metal 

behaviour from traditional experiments with water, provide reasonable results, but  

may not capture all of the liquid metalsbehaviour, especially the non-Newtonian 

aspects.     
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10. Future Work 

 Based on the findings and concluding remarks, the following recommendations with 

regards to future work: 

• A more detailed analysis of Field’s metal and the In-Bi-Sn ternary system is 

recommended. In the few published articles in the literature there is disagreement 

of some of the material science aspects and thermodynamic behaviour of the 

system. A more thorough examination would be of benefit to build on this work’s 

contributions to understanding Field’s metal and the related alloys. 

•  There are several thermo-physical properties for Field’s metal that still need to be 

determined, such as, the surface tension and the coefficient of thermal expansion. 

Determining these properties will expand the type of numerical and experimental 

work that can be performed with Field’s metal. This includes a more detailed 

understanding of the buoyancy forces and the bubble-liquid Field’s metal behaviour 

in two-phase flow systems. 

• The scope of the liquid metal natural circulation experiment needs to be expanded 

in the future to include more advanced ultrasonic measurement techniques and 

dynamic neutron radiography techniques, such as, liquid level measurements, void 

fraction measurements, flow regime, bubble size, and bubble velocity. This will allow 

for improvements with regards to the one - dimensional and two-dimensional 

numerical models. 

•  Experiments need to be designed to investigate the validity of the assumption that 

the water and alkali metal correlations are appropriate for all types of liquid heavy 
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metal flow. This includes experimenting at higher temperatures and flow rates to 

investigate the pressure losses, friction factor and Reynolds number of heavy metal 

systems including the liquid Field’s metal natural circulation loop at UOIT. 

• The current numerical model for the natural circulation loop included many 

assumptions with regards to the nature of the flow that were not available until the 

experiments were performed.  While the trends were well represented by the 

model, further investigation of the numerical model including the assumption of 

homogeneity, inclusion of the Boussinesq approximation, consideration of flow 

regime, and the impact of shear rate would be valuable. 

• It is recommended that the natural circulation loop be modelled in a system code for 

both single-phase and gas-enhanced natural circulation such as ATHLET to verify the 

numerical and experimental results of this work for Field’s metal natural circulation. 

• The In-Bi-Sn system should be further investigated to find an optimum alloy to use 

as a secondary/tertiary for use in liquid metal cooled fast reactors.  
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4. A. Lipchitz, L. Laurent and G. D. Harvel, “Suitability of Eutectic Field’s Metal for use in an 
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Appendix B: Numerical Model Programs  

 This appendix contains the MATLAB 7.10.0 R2010A code for the one - dimensional 

steady-state model. For more information on the methodology of the code please see Section 

3.3.1.  The code is as follows: 

SINGLE-PHASE 

clc 
clear 
% Field's metal single phase heated 
% Basic Loop Dimensions as Experimental Loop 
%40 cm heater and cooler 
% allocate space for variables 

  
p=zeros; 
delta_p = zeros; 
rho=zeros; 
rho_ref = zeros; 
Temp_ref = zeros; 
Temp = zeros; 
T = zeros; 
%mu  = zeros; 
Re = zeros; 
f = zeros; 
W = zeros; 
h = zeros; 
x = zeros; 
W_heat = zeros; 
Wss = zeros; 
delta_z = zeros; 
Cp = zeros; 
xe_plot = zeros; 
xe_value = zeros; 

  

  

  
length = 2.28; % length of loop m 
delta_x = 0.01; %grid space m 
K = 0.3; % minor loss coefficient 
D = 0.012; %hydraulic diameter m 

  
Lh = 0.4; % Length of heater and cooler m 
Lr = 0.4; % Length of heater [m] 
Ls = 0.4; % Length of heat sink [m] 
La = 2.28- (Lr + Ls); %Length of adiabiatic pipes 
Co = 1/0.316; 
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Q = 7E3; %Input Power W 

  

  
g = 9.81; %m/s^2 
V = pi*Lh*(D^2/4); %Volume of heater/cooler  
Temp_ref (1)  = 423.73; % K 
%Temp_ref (2) = 446; % K 
T(1) = Temp_ref (1) - 273.15; % C 
rho(1) = 1000 * (10.655 - 0.0085*Temp_ref (1)); %kg/m3 - Field's Metal 

density 
%rho(2) = 1000 * (10.655 - 0.0085*Temp_ref (2)); %kg/m3 
rho_ref (1) = rho(1); %kg/m3 
p(1) = 101.3E3 + rho(1)*g*.76; %Pa - at start of heater 

  
Cp (1) = 1000 * (0.347 - 9E-4 * (Temp_ref (1)) + 2E-6 * (Temp_ref(1)^2)); 

%kJ/kg-K 
h(1) = Cp (1) * Temp_ref(1); %J/kg 
beta =(1/(8383.2 - Temp_ref(1))); % thermal coefficient of expansion K^-1 
x(1) = 1; 
%u = Q/(Cp(1)*(Temp_ref(2)-Temp_ref(1))*rho(1)*pi*(D^2)/4); %m/s 
%u(1)  = 10; %initial velocity m/s 
A = pi*(D^2)/4; 
QV = Q/V; %Input Power W/m3 
x(1) = 1; 
count= length/delta_x; 
%mu(1) = 4.94E-4 * exp(754.1/Temp_ref(1)); %Pa·s 
mu = 0.02; %Pa·s    

  
n = 150; 
Qss = linspace(1,10,n); 

  

  

  
for i=1:n; 
    Qss(i) = Qss(i)*10^3; % [W] 
end 

  

  
xe=4; 

  
for i=1:n; 

     
    check=0; 

  
    diff = 4; 

     
    while(diff>1) 

         
LR = (Lr/(D*A))*(A*(mu)/D)^(1/4); 
LA = (La/(D*A))*(A*(mu)/D)^(1/4); 
LS = (Ls/(D*A))*(A*(mu)/D)^(1/4); 
Wss (i) = ((3/2*Co*rho(1)^2*g*beta*Qss(i)*Ls/Cp(1))/(LR+2*LA+2*LS))^(4/11);  

  
h_in = Cp/Temp; 
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h_exit1 = h ; % [J/kg] GUESS VALUE of exit enthalpy...no iterations 
h_exit = Cp/Temp; 
delta_h = h_exit - h_in; 
xe_check = Qss(i)/(Wss(i)*delta_h); 
diff = abs(xe_check-xe); 

  
if diff<0.005 
    break 
else 

     
    diff_min = min(xe_check,xe); 
    xe = diff_min + diff/30; 
end 
    end 
    xe_value(i) = xe; 
end 

  
for i=1:n; 
    xe_plot(i) = Qss(i)/(Wss(i)*delta_h); 
end 

  

  
for i=1:n; 
    Qss(i) = Qss(i)/10^3; 
end 

  
deltaT = Q/(Wss(117)*Cp(1)); %change Wss to match selected power level 
u = Q/(Cp(1)*(deltaT)*rho(1)*pi*(D^2)/4); 

  
for j = 2:count 
    check=1;   

     
    rho(j) = 1000 * (10.655 - 0.0085*Temp_ref (j-1)); 
    x(j) = j; 

     
    % determine horizontal or vertical orientation 
        if j < 76; 
            delta_z (j) = delta_x; 
        elseif j < 108 && j > 75; 
            delta_z (j) = 0; 
        elseif j < 190 && j > 107; 
            delta_z (j) = -delta_x; 
        elseif j < 222 && j > 189 
            delta_z (j) = 0; 
        else 
            delta_z (j) = delta_x; 
        end 

        
        Temp (j) = Temp_ref (j-1) + 5; 

     
    while check==1 

       
        %conservation of mass 
        u (j) = rho(j-1)*u(j-1)/rho(j); 
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        %mu(j) = 4.94E-4 * exp(754.1/Temp(j)); %Pa·s 
        Re(j) = rho (j)*D*u(j)/mu; 
        f(j) = 0.316/Re(j)^0.25; 

                 
        %conservation of momentum 
        if j < 76 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x))*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x))*(rho(j-1)*(u(j-1))^2)... 
            -(rho(j-1)+rho(j))/2*(g*delta_z(j)); %calculates pressure Pa 

         
        elseif j == 76 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x)+K)*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x)+K)*(rho(j-1)*(u(j-1))^2);  

         
        elseif j < 107 && j > 76 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x))*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x))*(rho(j-1)*(u(j-1))^2);  

         
        elseif j == 107 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x)+K)*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x)+K)*(rho(j-1)*(u(j-1))^2); 

         
        elseif j > 107 && j < 191 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x))*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x))*(rho(j-1)*(u(j-1))^2)... 
            -(rho(j-1)+rho(j))/2*(g*delta_z(j)); 

         
        elseif  j == 191 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x)+K)*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x)+K)*(rho(j-1)*(u(j-1))^2); 

         
        elseif j < 221 && j > 191 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x))*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x))*(rho(j-1)*(u(j-1))^2); 

         
         elseif  j == 221 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x)+K)*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x)+K)*(rho(j-1)*(u(j-1))^2); 
        else 
        p(j) = p(j-1)- (1+.25*((f(j)/D)*delta_x))*(rho(j)*(u(j))^2)+... 
            (1-.25*((f(j)/D)*delta_x))*(rho(j-1)*(u(j-1))^2)... 
            -(rho(j-1)+rho(j))/2*(g*delta_z(j)); 

         
        end 
        % conservation of energy 
        if j < 41; 
            %rho (j) = rho (j-1) - rho (j-1)*delta_x; %kg/m3 
            h(j) = h(j-1) + (QV*delta_x)/(rho(j-1)*u(j-1)); %J/s 
            Cp (j) = 1000 * (0.347 - 9E-4 * (Temp (j) - 273.15) + 2E-6 *... 
                (Temp(j) - 273.15)^2);%J/kg-C 

             
        elseif j < 114 && j > 40 
            rho (j) = rho (j-1); 
            h(j) = h(j-1); 
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            Cp (j) = Cp (j-1); 

             
        elseif j < 155 && j > 113 
            %rho (j) = rho (j-1) + rho (j-1)*delta_x; 
            h(j) = h(j-1) - (QV*delta_x)/(rho(j-1)*u(j-1)); 
            Cp (j) = 1000 * (0.347 - 9E-4 * (Temp (j) - 273.15) + 2E-6 *... 
                (Temp(j) - 273.15)^2);%J/kg-C 

             
        else 
            rho (j) = rho (j-1); 
            h(j) = h(j-1); 
            Cp (j) = Cp (j-1); 

           
        end          
       % Temp_ref becomes node temp 
        Temp_ref (j) = h(j)/Cp(j); 
        T(j) = Temp_ref(j) - 273.15; 
        rho (j) = 11096 - 1.3236 * Temp_ref (j); 

         
        diff = abs(Temp_ref(j)-Temp(j)); 

         
        if diff < 0.5; 
            check = 2; 

             
        else                      
            Temp(j) = (Temp_ref(j)+Temp(j))/2; 

             
        end 

         
    end 

     
end 

  
% Calculate steady state mass flow rate 
W(1) = Q/(Cp(1)*deltaT); 

  

  
for j=2:count 
            u (j) = rho(j-1)*u(j-1)/rho(j); 
            W (j) = rho(j)*u(j)*D^2*pi/4;           

  

             
end 

  
%calculate new inputs 
Temp_ref(1) = (Temp_ref(227)+Temp_ref(3))/2; 
T(1) = Temp_ref(1) - 273.15; 
Temp_ref(2) = (Temp_ref(1)+Temp_ref(3))/2; 
T(2) = Temp_ref(2) - 273.15; 
rho (1) = rho(227); 
%Cp(1) = (Cp(227)+Cp(3))/2; 
%W (1) = W (2); 
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% Plots 
figure (1) 
subplot (2,1,1), plot(x,W); 
subplot(2,1,2), plot (Qss,Wss); 
xlabel('Power [kW]') 
ylabel('Mass Flow Rate [kg/s]') 

  
figure (2) 
subplot (3,1,1), plot(x,rho); 
ylabel ('Density [kg/m3]') 
subplot (3,1,2), plot (x,T); 
ylabel ('Temperature [C]') 
subplot (3,1,3), plot (x,p); 
xlabel ('Distance along loop [cm]') 
ylabel ('Pressure [Pa]') 

  

  
%Write to excel 
d = {'Mass Flow','Inlet Heater Temperature','Outlet Heater Temperature',... 
    'Power','Pressure Drop','Inlet Heater Density','Outlet Heater Density'... 
    'Inlet Cooler Temperature', 'Outlet Cooler Temperature','Inlet 

Velocity','Outlet Velocity'... 
    ;W(170) T(1) T(40) Q p(227)-p(1) rho(1) rho(40) T(114) T(154) u(1) u(40) 

}; 
xlswrite ('LabLoop_SPModel_V2.xls', d,'Fields Metal','A27'); 

 

 

TWO-PHASE 

clc 
clear 
% Field's metal two-phase heated 
% Basic Loop Dimensions as Experimental Loop 
%40 cm heater and cooler 
% allocate space for variables 

  
%Wss Calculation - gas enhanced 

  
p=zeros; 
delta_p = zeros; 
rho=zeros; 
rho_ref = zeros; 
Temp_ref = zeros; 
Temp = zeros; 
T = zeros; 
%mu  = zeros; 
Re = zeros; 
%f = zeros; 
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W = zeros; 
h = zeros; 
x = zeros; 
W_heat = zeros; 
Wss = zeros; 
delta_z = zeros; 
Cp = zeros; 
xe_plot = zeros; 
xe_value = zeros; 
u = zeros; 
ff= zeros; 
xi = zeros; 

  

  

  
length = 2.28; % length of loop m 
delta_x = 0.01; %grid space m 
K = 0.3; % minor loss coefficient 
D = 0.0127; %hydraulic diameter m 

  
Lh = 0.4; % Length of heater and cooler m 
Lr = 0.4; % Length of heater [m] 
Ls = 0.4; % Length of heat sink [m] 
La = 2.28- (Lr + Ls); %Length of adiabiatic pipes 
Lt = 2.28; % Length of Loop [m]  
H = 0.82; % Loop Height [m] 
Co = 1/0.316; 

  
Q = 2E3; %Input Power W 

  

  
g = 9.81; %m/s^2 
V = pi*Lh*(D^2/4); %Volume of heater/cooler  
Temp_ref (1)  = 353.15; % K 
%Temp_ref (2) = 446; % K 
T(1) = Temp_ref (1) - 273.15; % C 
rho(1) = (1000 * (10.655 - 0.0085*Temp_ref (1))); %kg/m3 - Field's Metal 

density 
%rho(2) = 1000 * (10.655 - 0.0085*Temp_ref (2)); %kg/m3 
rho_ref (1) = rho(1); %kg/m3 
p(1) = 101.3E3 + rho(1)*g*.76; %Pa - at start of heater 

  
Cp (1) = ((1000 * (0.347 - 9E-4 * (Temp_ref (1)) + 2E-6 * (Temp_ref(1)^2)))); 

%kJ/kg-K 
h(1) = Cp (1) * Temp_ref(1); %J/kg 
beta = (1/(8383.2 - Temp_ref(1))); % thermal coefficient of expansion K^-1 
x(1) = 1; 
%u = Q/(Cp(1)*(Temp_ref(2)-Temp_ref(1))*rho(1)*pi*(D^2)/4); %m/s 
%u(1)  = 10; %initial velocity m/s 
A = pi*(D^2)/4; 
QV = Q/V; %Input Power W/m3 
x(1) = 1; 
count= length/delta_x; 
%mu(1) = 4.94E-4 * exp(754.1/Temp_ref(1)); %Pa·s 
mu = 0.02; %Pa·s    
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mug = 2.2E-5; %Pa·s 
rhog = 0.95; %kg/m^3 

  

  
n = 150; 
Qss = linspace(1,10,n); 

  
% Single - phase first 

  
for i=1:n; 
    Qss(i) = Qss(i)*10^3; % [W] 
end 

  

  
xe=4; 

  
for i=1:n; 

     
    check=0; 

  
    diff = 4; 

     
    while(diff>1) 

         
LR = (Lr/(D*A))*(A*(mu)/D)^(1/4); 
LA = (La/(D*A))*(A*(mu)/D)^(1/4); 
LS = (Ls/(D*A))*(A*(mu)/D)^(1/4); 
Wss (i) = ((3/2*Co*rho(1)^2*g*beta*Qss(i)*Ls/Cp(1))/(LR+2*LA+2*LS))^(4/11); 
u (i) = Wss(i)/(rho(1)*pi*(D^2)/4); %m/s 

  
h_in = Cp/Temp; 
h_exit1 = h ; % [J/kg] GUESS VALUE of exit enthalpy...no iterations 
h_exit = Cp/Temp; 
delta_h = h_exit - h_in; 
xe_check = Qss(i)/(Wss(i)*delta_h); 
diff = abs(xe_check-xe); 

  
if diff<0.005 
    break 
else 

     
    diff_min = min(xe_check,xe); 
    xe = diff_min + diff/30; 
end 
    end 
    xe_value(i) = xe; 
end 

  
% two-phase 

  
for j=1:n; 
    Qss(i) = Qss(i)*10^3; % [W] 
end 
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ul(1) = 2; 

  
xe=4; 

  
for i=1:n; 

     
    check=0; 

  
    diff = 4; 

     
    while(diff>1) 

         
ug = .5; %gas velocity m/s 
xi (i) = ug /(ul(1) + ug); 

  
Re (i) = rho(1) * u(i)* D / mu; 

  
if Re (i) < 2300 
    ff(i) = 64/ Re(i); 
elseif Re (i) > 20000 
    ff (i) = 0.316/(Re (i) ^(0.25));  
else 
    ff (i) = 0.027; 
end 

     
Leff1  = (2.28-0.4)+ K*D/ff(i); 
Leff2 = 0.4; 

  
rhoe = rhog*rho(1)/(xi(i)*(rho(1)-rhog)+rhog); 
tpfm (i) =(rho(1)/rhoe)*(1/(1 + xi(i)*(mu/mug -1)))^(.25) ; 

  
Ft = (Lt/D)*(Leff1 + tpfm (i) * Leff2); 

  
Wss (i) = 

((2*g*rho(1)^2*beta*Qss(i)*H*D^(.25)*A^1.75)/(.316*mu^(.25)*Ft))^(1/2.75); 
u (i) = Wss(i)/(rho(1)*pi*(D^2)/4); %m/s 

  
%Wss(i) = Wss1 (i) + Wss2 (i); 

  
h_in = Cp/Temp; 
h_exit1 = h ; % [J/kg] GUESS VALUE of exit enthalpy...no iterations 
h_exit = Cp/Temp; 
delta_h = h_exit - h_in; 
xe_check = Qss(i)/(Wss(i)*delta_h); 
diff = abs(xe_check-xe); 

  
if diff<0.005 
    break 
else 

     
    diff_min = min(xe_check,xe); 
    xe = diff_min + diff/30; 
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end 
    end 
    xe_value(i) = xe; 
end 

  
for i=1:n; 
    xe_plot(i) = Qss(i)/(Wss(i)*delta_h); 
end 

  

  
for i=1:n; 
    Qss(i) = Qss(i)/10^3; 
end 

  

  
plot (Qss,Wss); 

  

  
%Write to excel 
%d = {'Mass Flow','Inlet Heater Temperature','Outlet Heater Temperature',... 
 %   'Power','Pressure Drop','Inlet Heater Density','Outlet Heater 

Density'... 
  %  'Inlet Cooler Temperature', 'Outlet Cooler Temperature','Inlet 

Velocity','Outlet Velocity'... 
   % ;W(170) T(1) T(40) Q p(227)-p(1) rho(1) rho(40) T(114) T(154) u(1) u(40) 

}; 
e = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(1),Wss(1)}; 
xlswrite ('LabLoop_SPModel_V2.xls', e,'Two-Phase','A24'); 
f = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(25),Wss(25)}; 
xlswrite ('LabLoop_SPModel_V2.xls', f,'Two-Phase','A26'); 
g = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(50),Wss(50)}; 
xlswrite ('LabLoop_SPModel_V2.xls', g,'Two-Phase','A28'); 
h = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(75),Wss(75)}; 
xlswrite ('LabLoop_SPModel_V2.xls', h,'Two-Phase','A30'); 
i = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(100),Wss(100)}; 
xlswrite ('LabLoop_SPModel_V2.xls', i,'Two-Phase','A32'); 
j = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(125),Wss(125)}; 
xlswrite ('LabLoop_SPModel_V2.xls', j,'Two-Phase','A34'); 
k = 

{'Temp','Cp','Viscosity','beta','Density','Power','Wss';T(1),Cp(1),mu,beta,rh

o(1),Qss(149),Wss(149)}; 
xlswrite ('LabLoop_SPModel_V2.xls', k,'Two-Phase','A36'); 
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Appendix C: CFD Input Decks  

 This appendix contains the visual displays and settings from the FLUENT input decks 

used in the CFD model for this work. For more information on the methodology and 

construction of the model see Section 3.3.2. 
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Appendix D: Alloy Information 

 The appendix displays the detailed safety and manufacture information for the base 

components of the fabricated alloys used in this work. The material safety data sheets are 

provided Appendix D.1 and the typical impurities found in the base metals in Appendix D.2 

Appendix D.1: Safety Information  

This section contains the material safety data sheets (MSDS) for tin, indium and 

bismuth. All data sheets are from ScienceLab.com 

 
Tin MSDS 

 

Section 1: Chemical Product and Company Identification 
 

Product Name: Tin 

Catalog Codes: SLT3304, SLT1291, SLT2584, SLT3880 

CAS#: 7440-31-5 

RTECS: XP7320000 

TSCA: TSCA 8(b) inventory: Tin 

CI#: Not available. 

Synonym: 

Chemical Name: Tin 

Chemical Formula: Sn 

Contact Information:  

Sciencelab.com, Inc. 

14025 Smith Rd. 

Houston, Texas 77396 

US Sales: 1-800-901-7247 

International Sales: 1-281-441-4400 

Order Online: ScienceLab.com 

CHEMTREC (24HR Emergency Telephone), call: 

1-800-424-9300 

International CHEMTREC, call: 1-703-527-3887 

For non-emergency assistance, call: 1-281-441-4400 

 

Section 2: Composition and Information on Ingredients 
 

Composition: 
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Name CAS # % by Weight 

Tin 7440-31-5 100 

Toxicological Data on Ingredients: Not applicable. 

 

Section 3: Hazards Identification 
 

Potential Acute Health Effects: Slightly hazardous in case of skin contact (irritant), of eye contact  

(irritant), of ingestion, of inhalation. 

Potential Chronic Health Effects: 

CARCINOGENIC EFFECTS: Not available. MUTAGENIC EFFECTS: Not available. TERATOGENIC 

EFFECTS: Not available. 

DEVELOPMENTAL TOXICITY: Not available. Repeated or prolonged exposure is not known to 

aggravate medical condition. 

 

Section 4: First Aid Measures 
 

Eye Contact: 

Check for and remove any contact lenses. In case of contact, immediately flush eyes with plenty of water 

for at least 15 minutes. Get medical attention if irritation occurs.  Skin Contact: Wash with soap and 

water. Cover the irritated skin with an emollient. Get medical attention if irritation develops. 

Serious Skin Contact: Not available. 

Inhalation: 

If inhaled, remove to fresh air. If not breathing, give artificial respiration. If breathing is difficult, give 

oxygen. Get medical attention. 

Serious Inhalation: Not available. 

Ingestion: 

Do NOT induce vomiting unless directed to do so by medical personnel. Never give anything by mouth to 

an unconscious person. If large quantities of this material are swallowed, call a physician immediately. 

Loosen tight clothing such as a collar, tie, belt or waistband. Serious Ingestion: Not available. 

 

Section 5: Fire and Explosion Data 
 

Flammability of the Product: May be combustible at high temperature. 

Auto-Ignition Temperature: Not available. 

Flash Points: Not available. 

Flammable Limits: Not available. 

Products of Combustion: Some metallic oxides. 

Fire Hazards in Presence of Various Substances: 

Slightly flammable to flammable in presence of open flames and sparks, of heat. Non-flammable in 

presence of shocks. 

Explosion Hazards in Presence of Various Substances: 

Risks of explosion of the product in presence of mechanical impact: Not available. Risks of explosion of 

the product in presence of static discharge: Not available. 

Fire Fighting Media and Instructions: 

SMALL FIRE: Use DRY chemical powder. LARGE FIRE: Use water spray, fog or foam. Do not use water 

jet. 

Special Remarks on Fire Hazards: 
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When heated in Chlorine, Tin reacts, producing light and much heat. In the presence of water, cupric 

nitrate and tin foil, on prolonged intimate contact, will produce flaming and sparking. Sodium peroxide and 

Potassium peroxide, potassium dioxide, oxidize tin with incandescence. The reaction between tin and 

tellurium attains incandescence. 

Special Remarks on Explosion Hazards: 

Tin reacts violently or explosively with fused ammonium nitrate below 200 deg. C. Contact of metallic tin 

with turpentine may cause fires and explosions. 

Section 6: Accidental Release Measures 
Small Spill: 

Use appropriate tools to put the spilled solid in a convenient waste disposal container. Finish cleaning by 

spreading water on the contaminated surface and dispose of according to local and regional authority 

requirements. 

Large Spill: 

Use a shovel to put the material into a convenient waste disposal container. Finish cleaning by spreading 

water on the contaminated surface and allow to evacuate through the sanitary system. Be careful that the 

product is not present at a concentration level above TLV. Check TLV on the MSDS and with local 

authorities. 

 

Section 7: Handling and Storage 
 

Precautions: 

Keep away from heat. Keep away from sources of ignition. Empty containers pose a fire risk, evaporate 

the residue under a fume hood. Ground all equipment containing material. Do not breathe dust. Keep 

away from incompatibles such as oxidizing agents, acids, alkalis. 

Storage: Keep container tightly closed. Keep container in a cool, well-ventilated area. Do not store above 

25°C (77°F). 

 

Section 8: Exposure Controls/Personal Protection 
 

Engineering Controls: 

Use process enclosures, local exhaust ventilation, or other engineering controls to keep airborne levels 

below recommended exposure limits. If user operations generate dust, fume or mist, use ventilation to 

keep exposure to airborne contaminants below the exposure limit. 

Personal Protection: Safety glasses. Lab coat. Gloves (impervious). 

Personal Protection in Case of a Large Spill: 

Splash goggles. Full suit. Boots. Gloves. Suggested protective clothing might not be sufficient; consult a 

specialist BEFORE handling this product. 

Exposure Limits: 

TWA: 2 (mg/m3) from OSHA (PEL) [United States] TWA: 2 (mg/m3) from ACGIH (TLV) [United States] 

TWA: 2 (mg/m3) from 

NIOSH TWA: 2 STEL: 4 (mg/m3) [Canada]Consult local authorities for acceptable exposure limits. 

 

Section 9: Physical and Chemical Properties 
 

Physical state and appearance: Solid. 

Odor: Odorless. 

Taste: Not available. 
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Molecular Weight: 118.71 g/mole 

Color: Silver-white Grey. 

pH (1% soln/water): Not applicable. 

Boiling Point: 2507°C (4544.6°F) 

Melting Point: 231.9°C (449.4°F) 

Critical Temperature: Not available. 

Specific Gravity: 7.31 (Water = 1) 

Vapor Pressure: Not applicable. 

Vapor Density: Not available. 

Volatility: Not available. 

Odor Threshold: Not available. 

Water/Oil Dist. Coeff.: Not available. 

Ionicity (in Water): Not available. 

Dispersion Properties: Not available. 

Solubility: Insoluble in cold water, hot water. 

 

Section 10: Stability and Reactivity Data 
 

Stability: The product is stable. 

Instability Temperature: Not available. 

Conditions of Instability: Excess heat, incompatible materials 

Incompatibility with various substances: Reactive with oxidizing agents, acids, alkalis. 

Corrosivity: Non-corrosive in presence of glass. 

Special Remarks on Reactivity: 

Incompatible with bromine, bromine trifluoride, Chlorine, Chlorine trifluoride + Carbon, water + Cupric 

Nitrate, Sodium peroxide, water vapor + Carbon Tetrachloride, Disulfur Dichloride, fused Ammonium 

Nitrate, Potassium dioxide, Tellurium,Turpentine, Acids (Nitric acid, Sulfuric Acid, Hydrochloric Acid, 

Acetic Acid), caustic Alkali, IOdine Bromide. In the presence of water vapor, the interaction between tin 

and carbon tetrachloride is violent. The interaction between tin and disulfur dichloride is violent. Tin reacts 

violently with Iodine Bromide 

Special Remarks on Corrosivity: Not available. 

Polymerization: Will not occur. 

 

Section 11: Toxicological Information 
 

Routes of Entry: Ingestion. 

Toxicity to Animals: 

LD50: Not available. LC50: Not available. 

Chronic Effects on Humans: Not available. 

Other Toxic Effects on Humans: Slightly hazardous in case of skin contact (irritant), of ingestion, of 

inhalation. 

Special Remarks on Toxicity to Animals: Not available. 

Special Remarks on Chronic Effects on Humans: Not available. 

Special Remarks on other Toxic Effects on Humans: 

Acute Potential Health Effects: Skin: May cause skin irritation. Eyes: May cause eye irritation to due 

mechanical action. Inhalation: Inhalation of tin dust may cause respiratory tract and mucous membrane 

tract irritation due to mechanical action Ingestion: It is poorly absorbed from the digestive tract. It can 

cause gastrointestinal tract disturbances which may be from irritant or astringent action on the stomach. 



 

 

316 

 

 

Section 12: Ecological Information 
 

Ecotoxicity: Not available. 

BOD5 and COD: Not available. 

Products of Biodegradation: 

Possibly hazardous short term degradation products are not likely. However, long term degradation 

products may arise. 

Toxicity of the Products of Biodegradation: The product itself and its products of degradation are not 

toxic. 

Special Remarks on the Products of Biodegradation: Not available. 

 

Section 13: Disposal Considerations 
 

Waste Disposal: 

Waste must be disposed of in accordance with federal, state and local environmental control regulations. 

 

Section 14: Transport Information 
 

DOT Classification: Not a DOT controlled material (United States). 

Identification: Not applicable. 

Special Provisions for Transport: 

Transportation information for Tin Metal Powder: Metal Powder, Flammable, n.o.s. (Tin Metal, Powder), 

Class 4.1, Flammable Solid, UN3089, PGIII 

 

Section 15: Other Regulatory Information 
 

Federal and State Regulations: 

Rhode Island RTK hazardous substances: Tin Pennsylvania RTK: Tin Massachusetts RTK: Tin New 

Jersey: Tin California Director's List of Hazardous Substances: Tin TSCA 8(b) inventory: Tin 

Other Regulations: EINECS: This product is on the European Inventory of Existing Commercial 

Chemical Substances. 

Other Classifications: 

WHMIS (Canada): Not controlled under WHMIS (Canada). 

DSCL (EEC): 

This product is not classified according to the EU regulations. Not applicable. 

HMIS (U.S.A.): 

Health Hazard: 1 

Fire Hazard: 1 

Reactivity: 0 

Personal Protection: B 

National Fire Protection Association (U.S.A.): 

Health: 1 

Flammability: 1 

Reactivity: 0 

Specific hazard: 

Protective Equipment: 
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Gloves (impervious). Lab coat. Not applicable. Safety glasses. 

 

Section 16: Other Information 
 

References: Not available. 

Other Special Considerations: Not available. 

Created: 10/10/2005 12:05 AM 

Last Updated: 05/21/2013 12:00 PM 

The information above is believed to be accurate and represents the best information currently available 

to us. However, we make no warranty of merchantability or any other warranty, express or implied, with 

respect to such information, and we assume no liability resulting from its use. Users should make their 

own investigations to determine the suitability of the information for their particular purposes. In no event 

shall ScienceLab.com be liable for any claims, losses, or damages of any third party or for lost profits or 

any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if 

ScienceLab.com has been advised of the possibility of such damages. 
 

Indium MSDS 
 

Section 1: Chemical Product and Company Identification 
 

Product Name: Indium 

Catalog Codes: SLI1033 

CAS#: 7440-74-6 

RTECS: NL1050000 

TSCA: TSCA 8(b) inventory: Indium 

CI#: Not applicable. 

Synonym: 

Chemical Name: Indium 

Chemical Formula: In 

Contact Information: 

Sciencelab.com, Inc. 

14025 Smith Rd. 

Houston, Texas 77396 

US Sales: 1-800-901-7247 

International Sales: 1-281-441-4400 

Order Online: ScienceLab.com 

CHEMTREC (24HR Emergency Telephone), call: 

1-800-424-9300 

International CHEMTREC, call: 1-703-527-3887 

For non-emergency assistance, call: 1-281-441-4400 

 

Section 2: Composition and Information on Ingredients 
 

Composition: 

Name CAS # % by Weight 

Indium 7440-74-6 100 
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Toxicological Data on Ingredients: Indium LD50: Not available. LC50: Not available. 

 

Section 3: Hazards Identification 
 

Potential Acute Health Effects: 

Hazardous in case of ingestion, of inhalation (lung irritant). Slightly hazardous in case of skin contact 

(irritant), of eye contact (irritant),  

Potential Chronic Health Effects: 

Hazardous in case of ingestion. Slightly hazardous in case of skin contact (irritant), of eye contact 

(irritant), of inhalation. 

CARCINOGENIC EFFECTS: Not available. MUTAGENIC EFFECTS: Not available.  

TERATOGENIC EFFECTS: Not available. 

DEVELOPMENTAL TOXICITY: PROVEN The substance is toxic to blood, kidneys, the reproductive 

system, liver, heart, upper respiratory tract, skin, eyes. Repeated or prolonged exposure to the substance 

can produce target organs damage. 

 

Section 4: First Aid Measures 
 

Eye Contact: No known effect on eye contact, rinse with water for a few minutes. 

Skin Contact: 

After contact with skin, wash immediately with plenty of water. Gently and thoroughly wash the 

contaminated skin with running water and non-abrasive soap. Be particularly careful to clean folds, 

crevices, creases and groin. Cover the irritated skin with an emollient. If irritation persists, seek medical 

attention. Wash contaminated clothing before reusing. 

Serious Skin Contact: Not available. 

Inhalation: Allow the victim to rest in a well ventilated area. Seek immediate medical attention. 

Serious Inhalation: 

Evacuate the victim to a safe area as soon as possible. Loosen tight clothing such as a collar, tie, belt or 

waistband. If breathing is difficult, administer oxygen. If the victim is not breathing, perform mouth-to-

mouth resuscitation. Seek medical attention. 

Ingestion: 

Do not induce vomiting. Loosen tight clothing such as a collar, tie, belt or waistband. If the victim is not 

breathing, perform mouth-to-mouth resuscitation. Seek immediate medical attention. 

Serious Ingestion: Not available. 

 

Section 5: Fire and Explosion Data 
 

Flammability of the Product: Flammable. 

Auto-Ignition Temperature: Not available. 

Flash Points: Not available. 

Flammable Limits: Not available. 

Products of Combustion: Not available. 

Fire Hazards in Presence of Various Substances: Not available. 

Explosion Hazards in Presence of Various Substances: 

Risks of explosion of the product in presence of mechanical impact: Not available. Risks of explosion of 

the product in presence of static discharge: Not available. 

Fire Fighting Media and Instructions: 
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Flammable solid 

SMALL FIRE: Use DRY chemical powder. LARGE FIRE: Use water spray or fog. Cool containing vessels 

with water jet in order to prevent pressure build-up, autoignition or explosion. 

Special Remarks on Fire Hazards: Not available. 

Special Remarks on Explosion Hazards: Not available. 

 

Section 6: Accidental Release Measures 
 

Small Spill: Use appropriate tools to put the spilled solid in a convenient waste disposal container. 

Large Spill: 

Flammable solid. Stop leak if without risk. Do not touch spilled material. Use water spray curtain to divert 

vapor drift. Prevent entry into sewers, basements or confined areas; dike if needed. Eliminate all ignition 

sources. Call for assistance on disposal. Be careful that the product is not present at a concentration level 

above TLV. Check TLV on the MSDS and with local authorities. 

 

Section 7: Handling and Storage 
 

Precautions: 

Keep away from heat. Keep away from sources of ignition. Ground all equipment containing material. Do 

not breathe dust. 

Storage: 

Flammable materials should be stored in a separate safety storage cabinet or room. Keep away from 

heat. Keep away from sources of ignition. Keep container tightly closed. Keep in a cool, well-ventilated 

place. Ground all equipment containing material. Keep container dry. Keep in a cool place. 

 

Section 8: Exposure Controls/Personal Protection 
 

Engineering Controls: 

Use process enclosures, local exhaust ventilation, or other engineering controls to keep airborne levels 

below recommended exposure limits. If user operations generate dust, fume or mist, use ventilation to 

keep exposure to airborne contaminants below the exposure limit. 

Personal Protection: Safety glasses. Lab coat. Dust respirator. Be sure to use an approved/certified 

respirator or equivalent. Gloves. 

Personal Protection in Case of a Large Spill: 

Splash goggles. Full suit. Dust respirator. Boots. Gloves. A self contained breathing apparatus should be 

used to avoid inhalation of the product. Suggested protective clothing might not be sufficient; consult a 

specialist BEFORE handling this product. 

Exposure Limits: 

TWA: 0.1 (mg/m3) from OSHA (PEL) TWA: 0.1 (mg/m3) from ACGIHConsult local authorities for 

acceptable exposure limits. 

 

Section 9: Physical and Chemical Properties 
 

Physical state and appearance: Solid. 

Odor: Odorless. 

Taste: Not available. 

Molecular Weight: 114.82 g/mole 
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Color: Not available. 

pH (1% soln/water): Not applicable. 

Boiling Point: 2000°C (3632°F) 

Melting Point: 156.17°C (313.1°F) 

Critical Temperature: Not available. 

Specific Gravity: 7.31 (Water = 1) 

Vapor Pressure: Not applicable. 

Vapor Density: Not available. 

Volatility: Not available. 

Odor Threshold: Not available. 

Water/Oil Dist. Coeff.: Not available. 

Ionicity (in Water): Not available. 

Dispersion Properties: Is not dispersed in cold water, hot water. 

Solubility: Insoluble in cold water, hot water. 

 

Section 10: Stability and Reactivity Data 
 

Stability: The product is stable. 

Instability Temperature: Not available. 

Conditions of Instability: Not available. 

Incompatibility with various substances: Not available. 

Corrosivity: Non-corrosive in presence of glass. 

Special Remarks on Reactivity: Not available. 

Special Remarks on Corrosivity: Not available. 

Polymerization: No. 

 

Section 11: Toxicological Information 
 

Routes of Entry: Absorbed through skin. Eye contact. Inhalation. Ingestion. 

Toxicity to Animals: 

LD50: Not available. LC50: Not available. 

Chronic Effects on Humans: 

DEVELOPMENTAL TOXICITY: PROVEN The substance is toxic to blood, kidneys, the reproductive 

system, liver, heart, upper respiratory tract, skin, eyes. 

Other Toxic Effects on Humans: 

Hazardous in case of ingestion, of inhalation (lung irritant). Slightly hazardous in case of skin contact 

(irritant),  

Special Remarks on Toxicity to Animals: Not available. 

Special Remarks on Chronic Effects on Humans: Not available. 

Special Remarks on other Toxic Effects on Humans: Not available. 

 

Section 12: Ecological Information 
 

Ecotoxicity: Not available. 

BOD5 and COD: Not available. 

Products of Biodegradation: 
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Possibly hazardous short term degradation products are not likely. However, long term degradation 

products may arise. 

Toxicity of the Products of Biodegradation: The products of degradation are more toxic. 

Special Remarks on the Products of Biodegradation: Not available. 

 

Section 13: Disposal Considerations 
 

Waste Disposal: 

 

Section 14: Transport Information 
 

DOT Classification: CLASS 4.1: Flammable solid. 

Identification: : Metal Powder, Flammable, n.o.s.(Indium Powder) : UN3089 PG: III 

Special Provisions for Transport: Not available. 

p. 5 

 

Section 15: Other Regulatory Information 
Federal and State Regulations: 

Rhode Island RTK hazardous substances: Indium Pennsylvania RTK: Indium Florida: Indium Minnesota: 

Indium 

Massachusetts RTK: Indium New Jersey: Indium TSCA 8(b) inventory: Indium 

Other Regulations: 

OSHA: Hazardous by definition of Hazard Communication Standard (29 CFR 1910.1200). EINECS: This 

product is on the European Inventory of Existing Commercial Chemical Substances. 

Other Classifications: 

WHMIS (Canada): 

CLASS B-4: Flammable solid. CLASS D-2A: Material causing other toxic effects (VERY TOXIC). 

DSCL (EEC): R37- Irritating to respiratory system. 

HMIS (U.S.A.): 

Health Hazard: 2 

Fire Hazard: 2 

Reactivity: 0 

Personal Protection: E 

National Fire Protection Association (U.S.A.): 

Health: 2 

Flammability: 1 

Reactivity: 0 

Specific hazard: 

Protective Equipment: 

Gloves. Lab coat. Dust respirator. Be sure to use an approved/certified respirator or equivalent. Wear 

appropriate respirator when ventilation is inadequate. Safety glasses. 

 

Section 16: Other Information 
 

References: Not available. 

Other Special Considerations: Not available. 

Created: 10/09/2005 05:49 PM 
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Last Updated: 05/21/2013 12:00 PM 

The information above is believed to be accurate and represents the best information currently available 

to us. However, we make no warranty of merchantability or any other warranty, express or implied, with 

respect to such information, and we assume no liability resulting from its use. Users should make their 

own investigations to determine the suitability of the information for their particular purposes. In no event 

shall ScienceLab.com be liable for any claims, losses, or damages of any third party or for lost profits or 

any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if 

ScienceLab.com has been advised of the possibility of such damages. 
 

Bismuth MSDS 
 

Section 1: Chemical Product and Company Identification 
 

Product Name: Bismuth 

Catalog Codes: SLB1624, SLB3115 

CAS#: 7440-69-9 

RTECS: EB2600000 

TSCA: TSCA 8(b) inventory: Bismuth 

CI#: Not applicable. 

Synonym: 

Chemical Name: Not available. 

Chemical Formula: Bi 

Contact Information: 

Sciencelab.com, Inc. 

14025 Smith Rd. 

Houston, Texas 77396 

US Sales: 1-800-901-7247 

International Sales: 1-281-441-4400 

Order Online: ScienceLab.com 

CHEMTREC (24HR Emergency Telephone), call: 

1-800-424-9300 

International CHEMTREC, call: 1-703-527-3887 

For non-emergency assistance, call: 1-281-441-4400 

 

Section 2: Composition and Information on Ingredients 
 

Composition: 

Name CAS # % by Weight 

Bismuth 7440-69-9 100 

Toxicological Data on Ingredients: Bismuth LD50: Not available. LC50: Not available. 

 

Section 3: Hazards Identification 
 

Potential Acute Health Effects: Hazardous in case of ingestion. Slightly hazardous in case of eye 

contact (irritant), of inhalation. 

Potential Chronic Health Effects: 



 

 

323 

 

Hazardous in case of ingestion. Slightly hazardous in case of eye contact (irritant), of inhalation. 

CARCINOGENIC EFFECTS: Not available.  

MUTAGENIC EFFECTS: Not available.  

TERATOGENIC EFFECTS: Not available.  

DEVELOPMENTAL TOXICITY: Not available. The substance is toxic to lungs, mucous membranes. 

Repeated or prolonged exposure to the substance can produce target organs damage. 

Section 4: First Aid Measures 
 

Eye Contact: 

Check for and remove any contact lenses. In case of contact, immediately flush eyes with plenty of water 

for at least 15 minutes. Get medical attention if irritation occurs. 

Skin Contact: 

In case of contact, immediately flush skin with plenty of water. Remove contaminated clothing and shoes. 

Wash clothing before reuse. Thoroughly clean shoes before reuse. Get medical attention. 

Serious Skin Contact: Not available. 

Inhalation: 

If inhaled, remove to fresh air. If not breathing, give artificial respiration. If breathing is difficult, give 

oxygen. Get medical attention. 

Serious Inhalation: Not available. 

Ingestion: 

Do NOT induce vomiting unless directed to do so by medical personnel. Never give anything by mouth to 

an unconscious person. If large quantities of this material are swallowed, call a physician immediately. 

Loosen tight clothing such as a collar, tie, belt or waistband. 

Serious Ingestion: Not available. 

 

Section 5: Fire and Explosion Data 
 

Flammability of the Product: May be combustible at high temperature. 

Auto-Ignition Temperature: Not available. 

Flash Points: Not available. 

Flammable Limits: Not available. 

Products of Combustion: Not available. 

Fire Hazards in Presence of Various Substances: Not available. 

Explosion Hazards in Presence of Various Substances: 

Risks of explosion of the product in presence of mechanical impact: Not available. Risks of explosion of 

the product in presence of static discharge: Not available. 

Fire Fighting Media and Instructions: 

SMALL FIRE: Use DRY chemical powder. LARGE FIRE: Use water spray, fog or foam. Do not use water 

jet. 

Special Remarks on Fire Hazards: Material in powder form, capable of creating a dust explosion. 

Special Remarks on Explosion Hazards: Not available. 

 

Section 6: Accidental Release Measures 
 

Small Spill: 

Use appropriate tools to put the spilled solid in a convenient waste disposal container. Finish cleaning by 

spreading water on the contaminated surface and dispose of according to local and regional authority 

requirements. 
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Large Spill: 

Use a shovel to put the material into a convenient waste disposal container. Finish cleaning by spreading 

water on the contaminated surface and allow to evacuate through the sanitary system. 

 

Section 7: Handling and Storage 
Precautions: 

Keep away from heat. Keep away from sources of ignition. Empty containers pose a fire risk, evaporate 

the residue under a fume hood. Ground all equipment containing material. Do not breathe dust. 

Storage: Keep container tightly closed. Keep container in a cool, well-ventilated area. 

 

Section 8: Exposure Controls/Personal Protection 
Engineering Controls: 

Use process enclosures, local exhaust ventilation, or other engineering controls to keep airborne levels 

below recommended exposure limits. If user operations generate dust, fume or mist, use ventilation to 

keep exposure to airborne contaminants below the exposure limit. 

Personal Protection: Safety glasses. Lab coat. 

Personal Protection in Case of a Large Spill: 

Splash goggles. Full suit. Boots. Gloves. Suggested protective clothing might not be sufficient; consult a 

specialist BEFORE handling this product. 

Exposure Limits: Not available. 

 

Section 9: Physical and Chemical Properties 
Physical state and appearance: Solid. (Solid metallic powder.) 

Odor: Not available. 

Taste: Not available. 

Molecular Weight: 208.98 g/mole 

Color: Not available. 

pH (1% soln/water): Not applicable. 

Boiling Point: 1560°C (2840°F) 

Melting Point: 271.3°C (520.3°F) 

Critical Temperature: Not available. 

Specific Gravity: 9.8(Water = 1) 

Vapor Pressure: Not applicable. 

Vapor Density: Not available. 

Volatility: Not available. 

Odor Threshold: Not available. 

Water/Oil Dist. Coeff.: Not available. 

Ionicity (in Water): Not available. 

Dispersion Properties: Not available. 

Solubility: Insoluble in cold water. 

 

Section 10: Stability and Reactivity Data 
Stability: The product is stable. 

Instability Temperature: Not available. 

Conditions of Instability: Not available. 

Incompatibility with various substances: Not available. 

Corrosivity: Non-corrosive in presence of glass. 
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Special Remarks on Reactivity: Not available. 

p. 4 

Special Remarks on Corrosivity: Not available. 

Polymerization: Will not occur. 

 

Section 11: Toxicological Information 
 

Routes of Entry: Ingestion. 

Toxicity to Animals: 

LD50: Not available. LC50: Not available. 

Chronic Effects on Humans: Causes damage to the following organs: lungs, mucous membranes. 

Other Toxic Effects on Humans: 

Hazardous in case of ingestion. Slightly hazardous in case of inhalation. 

Special Remarks on Toxicity to Animals: Not available. 

Special Remarks on Chronic Effects on Humans: 

Due to the presence of dark line on gums, chronic bismuth toxicity may complicate diagnosis of chronic 

lead toxicity. 

Special Remarks on other Toxic Effects on Humans: Not available. 

 

Section 12: Ecological Information 
 

Ecotoxicity: Not available. 

BOD5 and COD: Not available. 

Products of Biodegradation: 

Possibly hazardous short term degradation products are not likely. However, long term degradation 

products may arise. 

Toxicity of the Products of Biodegradation: The products of degradation are as toxic as the original 

product. 

Special Remarks on the Products of Biodegradation: Not available. 

 

Section 13: Disposal Considerations 
Waste Disposal: 

 

Section 14: Transport Information 
DOT Classification: Not a DOT controlled material (United States). 

Identification: Not applicable. 

Special Provisions for Transport: Not applicable. 

 

Section 15: Other Regulatory Information 
 

Federal and State Regulations: TSCA 8(b) inventory: Bismuth 

Other Regulations: OSHA: Hazardous by definition of Hazard Communication Standard (29 CFR 

1910.1200). 

Other Classifications: 

WHMIS (Canada): CLASS D-2A: Material causing other toxic effects (VERY TOXIC). 

p. 5 

DSCL (EEC): 
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This product is not classified according to the EU regulations. 

HMIS (U.S.A.): 

Health Hazard: 1 

Fire Hazard: 1 

Reactivity: 0 

Personal Protection: a 

National Fire Protection Association (U.S.A.): 

Health: 1 

Flammability: 1 

Reactivity: 0 

Specific hazard: 

Protective Equipment: 

Not applicable. Lab coat. Wear appropriate respirator when ventilation is inadequate. Safety glasses. 

 

Section 16: Other Information 
 

References: Not available. 

Other Special Considerations: Not available. 

Created: 10/10/2005 08:15 PM 

Last Updated: 05/21/2013 12:00 PM 

The information above is believed to be accurate and represents the best information currently available 

to us. However, we make no warranty of merchantability or any other warranty, express or implied, with 

respect to such information, and we assume no liability resulting from its use. Users should make their 

own investigations to determine the suitability of the information for their particular purposes. In no event 

shall ScienceLab.com be liable for any claims, losses, or damages of any third party or for lost profits or 

any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if 

ScienceLab.com has been advised of the possibility of such damages. 
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Appendix D.2: Manufacture Information 

 This section contains the manufacture information the impurities typically found in 

indium and tin. The source of manufacture of the bismuth is unknown.  

Typical Indium Analysis (Indium Corporation) 

99.9% 

 

PPMWT 

Fe : 10-20  

Ni : 5-20  

Cu : 5-30  

Cd : 50-100  

Pb : 200-300  

Sn : 50-200  

Ti : 100-300  

 

Analysis by OES  

Typical Tin Metal Analysis (Rotometals) 
 
Material : Grade A Tin Ingot/ Wire, Cut pcs/ Popcorn- ASSAY CERTIFICATE 
ASSAY % 
LOT 1355 
SN 99.9490% 
SB 0.0188% 
CU 0.0028% 
PB 0.0171% 
FE 0.0040% 
BI 0.0040% 
AS 0.0110% 
< ZN 0.0010% 
< AL 0.0010% 
< CD 0.0010% 
NI 0.0020% 
< CO 0.0010% 
< AG 0.0010% 
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Appendix E: Neutron Radiography 

The following appendix discusses and presents the detailed results of the dynamic 

neutron radiography of Field’s metal and Indalloy 174. The dynamic radiographs were analyzed 

using image processing techniques to measure the changes in pixel intensity in the image. This 

difference in contrast and brightness between the solid metals and air voids present in the 

figure are a significant parameter as to the effectiveness of using dynamic neutron radiography 

to study air-liquid In-Bi-Sn alloys flows. 

The intensity was measured using a line profile. A line was placed on the image and the 

intensity at each point along the line was measured. For each angle three line profiles were 

created. One profile that crossed both voids, one profile that crossed a single void and one 

profile that did not cross any voids. The line profiles are shown in Figures 152 – 157. The lower 

the intensity the darker the pixel with 0 being completely black, while white is 256. 

 

Figure 152: Radiograph of Indalloy 174 sample at 170 degrees after image processing 
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Figure 153: Line profile of Indalloy 174 sample at 0 degrees with two voids 

 

The line profiles expectedly have very low levels of intensity. However, the voids are 

visible in the line profile.  In Figure 153, the voids can be seen between 25-50 pixels and 73-98 

pixels by the drop in intensity. Looking at Figure 152 it is clear the voids are darker than the 

metal samples. In Figure 154, the single void is apparent from about 55-80 pixels. In Figure 155, 

where no void is present the intensity curve as a considerably more consistent pattern with 

smaller variations in intensity. 

  

 

Figure 154: Line profile of Indalloy 174 sample at 0 degrees with one void 
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Figure 155: Line profile of Indalloy 174 sample at 0 degrees with no voids 

  

Figures 153-155 demonstrate the voids are visible when directly facing the camera. The 

voids were observed with a thin layer of material such as when the camera was facing the cap 

side of the sample. The voids are clearly visible behind the cap in Figure 152 with less of an 

intensity difference between the void and the metal. Figures 156-158 confirm this observation. 

The voids were visible in the line profile with similar patterns to the line profiles in Figures 153-

155. The results therefore suggest that neutron radiography of air - In-Bi-Sn alloy two-phase 

flow in a narrow pipe is possible as enough contrast is present between the two materials.    

 

Figure 156: Line profile of Indalloy 174 sample at 170 degrees with two voids 

 

Line Profile

Distance (Pixel)

I
n
t
e
n
s
i
t
y

0 20 40 60 80 100

0

100

200

Line Profile

Distance (Pixel)

I
n
t
e
n
s
i
t
y

0 20 40 60 80 100

0

100

200

Voids 



 

 

331 

 

 

Figure 157: Line profile of Indalloy 174 sample at 170 degrees with one void 

 

 
Figure 158: Line profile of Indalloy 174 sample at 170 degrees with no voids 

 

Appendix E.1: Frame Averaging Program 

 The neutron radiography processing used a frame averaging program developed in 
MATLAB R2010a to average the dynamic neutron radiographs to a single image. The code is as 
follows: 

clc  
 

%import background images as matrix 

BG1a = imread('C:\Users\Adam\Pictures\BG1.bmp'); 

BG2a = imread('C:\Users\Adam\Pictures\BG2.bmp'); 

BG3a = imread('C:\Users\Adam\Pictures\BG3.bmp'); 

BG4a = imread('C:\Users\Adam\Pictures\BG4.bmp'); 
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BG5a = imread('C:\Users\Adam\Pictures\BG5.bmp'); 

%convert to double 

BG1 = double(BG1a); 

BG2 = double(BG2a); 

BG3 = double(BG3a); 

BG4 = double(BG4a); 

BG5 = double(BG5a); 

%sample images 

EV1a = imread('C:\Users\Adam\Pictures\I174_0A.bmp'); 

EV2a = imread('C:\Users\Adam\Pictures\I174_0B.bmp'); 

EV3a = imread('C:\Users\Adam\Pictures\I174_0C.bmp'); 

EV4a = imread('C:\Users\Adam\Pictures\I174_0D.bmp'); 

EV5a = imread('C:\Users\Adam\Pictures\I174_0E.bmp'); 

EV1 = double(EV1a); 

EV2 = double(EV2a); 

EV3 = double(EV3a); 

EV4 = double(EV4a); 

EV5 = double(EV5a); 

% change angle 

EV6a = imread('C:\Users\Adam\Pictures\I174_170A.bmp'); 

EV7a = imread('C:\Users\Adam\Pictures\I174_1700B.bmp'); 

EV8a = imread('C:\Users\Adam\Pictures\I174_1700C.bmp'); 

EV9a = imread('C:\Users\Adam\Pictures\I174_170D.bmp'); 

EV10a = imread('C:\Users\Adam\Pictures\I174_1700E.bmp'); 

EV6 = double(EV6a); 

EV7 = double(EV7a); 

EV8 = double(EV8a); 

EV9 = double(EV9a); 

EV10 = double(EV10a); 

%Averaging matrices 
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BG = (BG1 + BG2 + BG3 + BG4 + BG5)/5; 

EV = (EV1 + EV2 + EV3 + EV4 + EV5)/5; 

EV2 = (EV6 + EV7 + EV8 + EV9 + EV10)/5; 

  

%display images 

imshow(BG,[0,256]) 

imshow(EV,[0,256]) 

  



 

 

334 

 

Appendix F: Demonstration of Viscometer 

The apparatus was used to determine the viscosity of tap water in order to demonstrate 

the accuracy and effectiveness of the apparatus. The methodology used was similar to the 

described methodology for Field’s metal in section 3.2.7 with a couple differences. The water 

was not heated in the experiment. In fact, the experiment was performed at 285 K. 

Furthermore, the viscosity for water was significantly lower than that of Field’s metal. 

Therefore, a different spindle was required for the measurement. This spindle had the 

advantage of also being to provide a measurement for shear stress and shear rate. 

Unfortunately, the spindle could not be used to Field’s metal as it was not compatible with the 

circulation jacket. 

 The apparatus measured an average viscosity of 1.27 mPa∙s compared to the reference 

value of 1.24 mPa∙s, which is a percent difference of 2.4%. Figure 159 presents the results of 

the demonstration experiment. The circled data in the figure demonstrates how the apparatus 

steadies around a specific % EOS for each run that provides the most consistent measurement 

for viscosity. Importantly, it is significant to note the linear relationship between viscosity, % 

EOS and shear stress. This relationship was a key factor in determining the viscosity of a sample 

using the described methodology for all fluids. 
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4.2.1.3 Non-Newtonian Fluid 
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• When averaged viscosity was 
calculated to be 1.27 mPa∙s 
@ 285 K. 

• Viscosity is 1.24 mPa∙s @ 
285 K [119]. 

Figure 159: Measurement of tap water using FungiLabs Smart Series L viscometer 
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Appendix G: Cooling of Thermal Conductivity Experiment 

The experimental apparatus presented in Section 3.2.10 and used to measure the 

thermal conductivity of Field’s metal also underwent cooling via the air in the ambient 

environment. The temperatures of the system were recorded during cooling using the method 

as for heating described in Section 3.2.10. Figures 160 and 161 present the cooling data for 

apparatus. Importantly in all cases the 3 temperature measurements for Field’s metal collapsed 

as it approached the solidification point (373 K).  Therefore, the experiment is also capturing 

the exothermic process of solidification. It also suggests a different cooling rate between the 

liquid and solid states of Field’s metal. 
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Figure 160: Cooling of experimental apparatus for experimental run 1 

 

Figure 161: Cooling of experimental apparatus for experimental run 3 
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Appendix H: Sensitivity Analysis of the Boussinesq Approximation 

For the numerical model of the natural circulation loop, β of Field’s metal, was assumed 

to be equal to LBE in order to apply a Boussinesq approximation to the model.  This assumption 

was made for three reasons. 

i) There was no experimental data for the β of Field’s metal available  

ii) The β for liquid metals did not have a large range among common metals 

iii) Because of ii) Field’s and LBE would have similar β 

 

A sensitivity of β in the model was performed a range of ½ the reference vale to 2x the 

reference value. A doubling of β resulted in a 30% in the steady-state mass flow and a 3% 

difference overall.  However, after completion of the model, the β of liquid Field’s metal could 

be determined from the results of the density experiment. This analysis was performed using 

the following equation: 

� = ��w
� � �∆�

∆h�      (57), 

Where ρ represents the density at a known temperature, ∆p represents the change of 

density over a temperature range, and ∆T represents the temperature range.  Figure 162 plots 

β against temperature. 
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Figure 162: Experimentally determined coefficient of thermal expansion for Field's metal 

  

This analysis resulted in an experimental value of 8.3 x 10-4 for Field’s metal at 353 K 

which is the average operating temperature of the loop assumed in the model.  β of LBE at 423 

K is 1.26 x 10-4 according to the LBE Handbook [58].  The Handbook stated that there had been 

no attempt to measure β for LBE. So, the following correlation was used by the Handbook to 

approximate it based on the reported density [58]: 

 

�Vëà = 	 w
ä�Q��h        (58), 

 

where T represents the temperature in Kelvin. The denominator in equation (58) is quite large 

because the density of LBE is to order of 105 while Field’s metal is 104.  This results in a much 
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lower value of β for LBE as compared to other common metals. So, while the β of Field’s metal 

is in the general range for liquid metals it differs from the β of LBE beyond the range of the 

initial sensitivity analysis.  

Therefore, the flow parameters were re-calculated using the experimental β for Field’s 

metal. In order to incorporate this into the model a temperature correlation for β of Field’s 

metal was created based on the experimental results (Figure 1). 

��� = 0.0006 + 8 × 10��J       (59), 

where T is the temperature in Kelvins.  Figure 163 presents the numerical results of the model 

with the correlation for beta with the experimental results, and the previous numerical results. 
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Figure 163: Experimental results of the steady-state velocity of Field's metal under natural circulation 

with the results of the numerical model for Field’s metal and LBE 

   

 The result was the model over predicted the steady-state velocity of liquid Field’s metal 

from the experiment. The sensitivity of β was captured as the experimental data was bounded 

by the numerical model. Thus, the importance of the Boussinesq approximation has been 

demonstrated. For all cases the model reasonably captured the experimental trends.  
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