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SYNOPSIS

The design of the Compact High Temperature Reactor (CHTR) is in progress in BARC.
CHTR is a 100 kWy, power, 2>U-Thorium fuelled, Lead Bismuth Eutectic (LBE) cooled and
beryllium oxide moderated reactor. The reactor is being designed to operate with natural
circulation cooling and at about 1000 °C, to facilitate demonstration of technologies for high
temperature process heat applications such as hydrogen production by thermo-chemical
processes. The high boiling point (1670 °C) of LBE ensures that the reactor can be operated
at high temperatures at near atmospheric pressure without the risk of coolant boiling, which
improves the thermal efficiency. It also improves the plant safety by reducing the risk of
leakage at high temperatures as pressurization is not required.

In natural circulation, the driving force is the buoyancy head developed due to the
heating in the core and cooling in the primary heat exchanger. The flow of the coolant
depends on the relative vertical positions of the core and the heat exchanger. Moreover the
geometry of the primary heat transport system plays an important role on the coolant flow
rate. In CHTR the range of modified Grashof number, Gry,, which is a measure of buoyancy
force in natural convection, is in the range of 10" to 10". Extensive literature survey was
carried out on the liquid metal experimental studies, but no literature on the natural
circulation studies in the operating range of CHTR could be found. So specific experiments
are required to study the behaviour of the coolant in a particular reactor design. The
theoretical modelling is also required to simulate natural circulation of LBE for entire
temperature range of CHTR including all the factors which may affect the natural circulation

of LBE at high temperature.



Synopsis

To conduct natural circulation experiments two liquid metal loops have been made.
One of the loop is named Liquid Metal Loop and the other is Kilo Temperature Loop (KTL).
The experiments in the loop covers a wide temperature range i.e. (200-780 °C) and the entire
Gry, range of CHTR design. The LML was designed on the basis of the knowledge gained
from literature review. To simulate the CHTR conditions, hydraulic diameter of the single
fuel tube is simulated in the heater section. The maximum power of the heater section of the
loop is equivalent to full power the single fuel tube full power. The vertical distance between
the cooler and heater centreline is maintained to simulate the buoyancy head of the reactor.
The LBE inventory of the loop is same as that in CHTR. Accurate measurement of the
dissolved oxygen concentration in liquid LBE was a critical issue for the active chemistry
control in the system. An oxygen sensor was developed to measure dissolved oxygen level in
LBE and used in the loop. A number of steady state and transient natural circulation
experiments are carried out for different power levels with air and water as the secondary
fluids. The results are compared with natural circulation correlations available in literature.

To conduct experiment beyond 500 °C, KTL was constructed from high temperature
material which is compatible with molten LBE. The in-house developed niobium alloy (Nb-1
% Zr-0.1C) was used as the construction material. All the components of the loop are
Electron Beam (EB) welded. The loop was kept in an inert gas enclosure to avoid oxidation
of Nb alloy at higher temperature. The loop was operated up to 1100 °C and natural
circulation studies were carried out. Natural circulation data of LBE could be generated in the
temperature range of (bulk coolant temperature) 200-780 °C.

Transient studies were carried out to simulate some postulated accident scenarios in
the reactor. The main objective was to observe the LBE coolant behaviour during various
transient conditions. The transient experimental studies include start-up of the loop from zero

power conditions, heater trip and step power change. For heat transfer simulation, as the heat

ix



Synopsis

transfer correlations are different from the water based coolants, literature survey was carried
out and found that there are several correlations for liquid metal heat transfer. The help of
CFD is taken for verification of the heat transfer correlations for forced flow and mixed
convection flow for LBE application.

A computer code named LeBENC (Lead Bismuth Eutectic Natural Circulation) was
developed to study steady state and stability (transient) behaviour of natural circulation
rectangular loops for various orientations of heated section and heat exchanger. The code has
the capability to handle, (a) non-uniform diameter loops, (b) different working fluid in
primary and secondary side of the loop, (c) trace heating and surface heat loss from the walls
to ambient and (d) axial conduction through liquid metal and the pipe wall. The details of the
mathematical formulation of the code are described in the thesis. The code was used to
analyse the experimental studies of both KTL and LML. Both steady state and transient
natural circulation analyses were carried out using the code. It was found that the maximum
difference in experimental data and code prediction is + 20 % in all the predictions. The code
was used to study the effect of various parameters like axial thermal conduction, heat loss
through the piping, heat transfer coefficients, etc. The effect of variation heat transfer
coefficient on the transient cases was found to be negligible. The heat loss in the piping has
considerably reduced the loop temperatures during both steady state as well as transient
natural circulations cases. However the natural circulation flow rate has not been affected by
the heat loss. The effect of axial conduction was also found to be negligible on the flow rate.
But the some effect is found on the axial temperature profile especially at the inlet of the
heater. The effect of the surface roughness on the natural circulation was found to be

negligible.
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Chapter 1

INTRODUCTION

Renewed interest in nuclear reactor power plants in the wake of the concern for
sustainable energy development and climate change, has led to the development of numerous
designs and innovative concepts for nuclear reactors with a view to increase their economic
competitiveness and to enhance safety. The main emphasis is to simplify the design of power
plants by incorporating several passive features. New high temperature power plants are
attractive for hydrogen generation and as a power pack for remote areas, where the current
ability to generate electric power depends on costly shipments of fossil fuels. There are many
evolving designs of nuclear reactors with different coolants other than water. Reactor designs
based on heavy liquid metal as coolant have been envisaged by various countries as the
source of high temperature heat for applications such as hydrogen production by thermo-
chemical processes. Heavy liquid metal systems are excellent spallation targets for
Accelerator Driven Systems (ADS). Liquid metal especially lead-lithium is also considered
for the blanket in the International Thermonuclear Experimental Reactor (ITER). Natural
circulation of liquid metal coolant is being considered as the normal core cooling mode in
some advanced reactor designs including the Lead cooled Fast Reactors (LFR) being
developed by some member countries of Generation IV International Forum, (GIF Annual
Report, 2014) [1].

The design of the Compact High Temperature Reactor (CHTR) is in progress in
BARC (Dulera and Sinha, 2006) [2]. CHTR is a **U-Thorium fuelled, Lead Bismuth
Eutectic (LBE) cooled and beryllium oxide moderated reactor. This reactor is being

developed to generate about 100 kWy, power, with refuelling interval of 15 years and several
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advanced passive safety features to enable its operation as compact power pack in remote
areas not connected to the electrical grid. The reactor is being designed to operate at about
1000°C, to demonstrate the technologies for high temperature reactor and the process heat

applications such as hydrogen production by thermo-chemical processes.
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Fig 1.1 Schematic of CHTR

Fig. 1.1 shows the schematic of the reactor. The cross-sectional view of the reactor
core is also shown. The reactor core consists of nineteen prismatic beryllium oxide (BeO)
moderator blocks. These 19 blocks contain centrally located graphite fuel tubes. Each fuel
tube has 12 equi-spaced longitudinal bores made in its wall, in which fuel compacts are
inserted. The fuel tube also serves as coolant channel. The fuel is based on TRISO coated
particle fuel. Eighteen blocks of beryllium oxide reflector surround the moderator blocks.

Graphite reflector blocks surround these beryllium oxide reflector blocks. The fuel,

2
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moderator and reflector blocks are contained in a reactor shell made of high temperature and
liquid metal corrosion resistant material. Top plenum and bottom plenum are provided for
primary coolant inlet and outlet of the core respectively. These plenums have flow guiding
blocks, having passages for coolant flow. The reactor shell is surrounded by two gas gaps that
act as insulators during normal reactor operation and reduce heat loss in the radial direction.
There is an outer steel shell, surrounded by a large heat sink. This outer shell has fins to
improve heat dissipation. During accidental conditions if the temperature of the core
increases, the gaps will be filled with molten metal and the core heat is transferred to the heat

sink by various modes of heat transfer. Table 1.1 gives the major parameter of the reactor.

The high boiling point (1670 °C) of LBE ensures that the coolant can be operated at
high temperatures at atmospheric pressure without the risk of coolant boiling, which
improves the thermal efficiency. It also improves the plant safety by reducing the risk of
leakage at high temperatures as pressurization is not required. Also, LBE does not react
readily with air or water and thus, an intermediate coolant is not essential in the reactor. The
various desirable properties as a coolant make LBE the most suitable choice for CHTR. In
order to design the reactor, it is necessary to study the thermal hydraulic behaviour of liquid

LBE under various operating and accidental conditions.

1.1 NATURAL CIRCULATION

The natural circulation is an important safety phenomenon in nuclear reactor. During
failure of pump or Station Black Out (SBO), the reactor core decay heat is removed through
natural circulation of primary coolant. Some of the advanced reactors are designed for natural

circulation even during normal operating conditions.
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Tablel.1: Major design and operating characteristics of CHTR

Attributes

Design Parameters

Reactor Power

100k W(th)

Core configuration

Vertical, prismatic block type

23C,+ThC, based TRISO coated fuel particles

fuet shaped into fuel compacts with graphite matrix
Moderator BeO

Reflector BeO and Graphite

Coolant Molten Pb-Bi eutectic alloy

Mode of core heat removal

Natural circulation

Coolant flow rate 6.7kg/sec
Coolant inlet/outlet temperature | 900°C/ 1000°C
Primary coolant circuit height 1.4m

Core dia/height 1.27m/1.0m

These reactors do not have any primary circulation pump, thereby eliminating the cost
of the pump and its maintenance and associated events like pump failure. Natural circulation
in a system depends on many parameters like, the system geometry, characteristics of heat
addition and removal rate from the system, thermo-physical properties of the coolant and the
system conditions like pressure and temperature. Another important parameter for natural
circulation is the pressure drop. Since the driving head for this type of system is much less

than the forced circulation system, the pressure drop in the system is to be accurately
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calculated during the natural circulation. This pressure drop includes mainly frictional drop

and local pressure drop due to flow area and direction change.

1.2 NATURAL CIRCULATION IN LIQUID METAL

As mentioned above, natural circulation depends on the thermo-physical properties of
the liquid. For example liquid metal has higher thermal conductivity than water or air, which
makes the heat transfer phenomena different from the common fluid. This may further affect
the natural circulation behaviour of the liquid especially during transient conditions. The heat
transfer coefficient and thermal conductivity of the liquid metal coolant affect the behaviour
of the natural circulation. The studies on natural circulation of liquid metals are important for
the design of liquid metal cooled reactors.. Except few conceptual designs, so far the liquid
metal reactor systems with natural circulation cooling were not considered. So the
experimental studies on liquid metal are also very few and not sufficient to understand the

natural circulation behaviour of the coolant especially at high temperature and low flow rate.

1.3 MOTIVATION AND PROBLEM STATEMENT

The design of the CHTR needs detailed knowledge of the behaviour of the LBE as
coolant during normal operation as well as accidental scenarios. Effective cooling of the
reactor core by natural circulation of the coolant at all scenarios is important requirement for
the reactor design. The sudden temperature rise of the coolant in any part of the reactor
primary system may cause thermal stresses in the refractory material components of the core.
The reactor is to be started from low temperature (200 °C) and slowly the temperature is to be
raised in steps by nuclear heating to the operating temperature (1000 °C). So, natural
circulation behaviour of the coolant is required to be understood for entire temperature range,
before the design of the reactor. Establishing a full scale experimental facility to study the

5
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thermal hydraulic behaviour at operating conditions of the reactor is difficult and an
expensive option. Theoretical analysis on the behaviour of the reactor, by well validated
computer code, is the effective solution. But validation of the code with the experimental data
is important before using them.

In natural circulation the driving force is the buoyancy head developed due to the
density difference caused by heating in the core and cooling in the primary heat exchanger.
The flow of the coolant depends on the relative vertical positions of the core and the heat
exchanger. Moreover, the geometry of the primary heat transport system plays an important
role on the coolant flow rate. Grashof number is a important parameter to characterise a
natural circulation system. In CHTR the range of modified Grashof number, Gry, (as defined
by Vijayan, 2002 [3] ), which is a measure of buoyancy force in natural convection, is in the
range of 10" to 10". The inventory of the coolant in the PHT circuit plays a great role on the
natural circulation especially during transient conditions. So specific experiments are
required to study the behaviour of the coolant in a particular reactor design.

There were several liquid metal experimental facilities made during last sixty years.
Detailed literature review was required to evaluate the experimental studies carried out so far.
Accordingly, a detailed literature survey was carried out for different liquid metal coolant
experimental studies. It was found that though there were many experimental facilities with
operating temperature ranging from 200 to 1450 °C, a very few facilities were made for
natural circulation studies. Moreover there was no facility which studies natural circulation in
the operating range of CHTR. In fact, no facility was found where natural circulation studies
were carried out beyond 550°C. So there was a need to generate the experimental data in the
flow and temperature range of CHTR. Moreover without a computer code to handle liquid
metal natural circulation, it is not possible to design reactor systems. A code is to be

developed to simulate various aspects of liquid metal systems, like heat loss through the
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piping, axial conduction of the fluid, temperature dependent thermo physical properties of
different high temperature fluids etc. In addition to make it generic, it should also be capable
of simulating non-uniform diameter loops and different type of heat sources as well as sink

with different orientations. The code has to be extensively validated with experimental data.

1.4 OBJECTIVES OF THIS WORK

1.4.1 Investigation of Steady State and Transient Behaviour of Natural Circulation of
LBE in the Operating Range of CHTR

As discussed above, the experimental data for the operating range of CHTR was not

available. Experimental facilities are essential for the natural circulation studies for CHTR.

Since the technologies for molten lead bismuth eutectic are not available readily, those are to

be developed for successful operation of the loops. Natural circulation data were to be

generated for Gry, range from 10" to 10" and the temperature range from 200 to 1000°C.

1.4.2. Development of Computer Code for LBE Natural Circulation Studies and its

Validation.

A computer code was to be developed for theoretical studies on natural circulation of
LBE in closed loops. The code can handle various aspects related to high temperature natural
circulation LBE loop, like (a) non-uniform diameter loops, (b) different working fluid in
primary and secondary side of the loop, (c) trace heating and surface heat loss from the walls
to ambient and (d) axial conduction through liquid metal and the pipe wall. (e) various
orientations of heated section and heat exchanger, etc. The code was required to be validated
with both steady state and transient natural circulation experimental results from the LBE

loops.
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1.4.3 Parametric Influence on the LBE Natural Circulation

The various parameters like heat loss in the piping, thermo physical properties of the
fluid, heat transfer coefficients, etc. may affect natural circulation of LBE in the CHTR
operating range. Hence, it was essential to study the parametric effects on both steady state

and transient natural circulations, using the computer code.

1.5 ORGANISATION OF THE THESIS

Chapter 2 presents a comprehensive literature review of the experimental studies
using liquid metal test facilities. The objectives of each of the facility, materials of
constructions, operating range, etc., are summarised. In the review 39 liquid metal loops were
found which were operating up to 550°C and 21 loops were found to be operating beyond
550°C. The facilities, where natural circulation of liquid metal was studied, are briefed
separately. The computer codes which are being used for liquid metal related studies are also
reviewed and briefed in this chapter. The thermal hydraulics in liquid metals especially heat
transfer studies are reviewed. The different parameters that may affect the natural circulation
in liquid metal natural circulation at high temperatures are discussed in light of the work
carried out by other researchers.

Chapter 3 gives the details of the Liquid Metal Loop (LML), its fabrication,
installation, commissioning and experiments performed. The instrumentation developed and
the experiences gained during the operation were briefed. A number of steady state and
transient natural circulation experiments were carried out for different power levels with air
and water as the secondary fluids. The steady state experiments were carried out for the
power range from 900 W to 5000 W. In transient studies different postulated events were

simulated in the loop and the results obtained are discussed in detail.
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Chapter 4 describes the details of the Kilo Temperature Loop which was designed to
operate at 1000 °C. After the literature survey it was found that Nb and Mo based refractory
alloys can be used as the loop material for high temperature experiments. The in-house
development of the loop is described in detail. As the Nb-alloy picks up the oxygen present in
the ambient air at higher temperature and gets oxidized quickly, the main Nb-alloy loop was
kept in an inert gas enclosure equipped with an oxygen scavenging system. The design and
development of the inert gas circulation system was described in the chapter. The loop was
operated up to 1100 °C and natural circulation studies were carried out. Natural circulation
data of LBE could be generated in the temperature range of (bulk coolant temperature) 200-
780 °C and power level range 200 W to 1200 W. The natural circulation correlations
available in literature are compared with experimental results of the various liquid metal
loops including experimental data obtained from LML and KTL.

Chapter 5 gives details of the evaluation of the heat transfer coefficients for liquid
LBE during different operating conditions. During experiments when the flow rate of LBE
varies with time, different modes of convective heat transfer were envisaged during the
experiments, especially in the heater section. When the loop was started with stagnant LBE in
the loop, the LBE in the heater section will experience free convection near the heater
surface. The free convection will initiate the LBE flow in the loop slowly. As the bulk flow
of LBE in the loop starts, free convection will change to mixed convection in the heater
section. When the bulk flow through the heater slowly dominates over the local free
convection in the heater section the flow become forced convection type and may become
turbulent if the flow rate is high. The heat transfer coefficient will also vary with the flow
rate. The correlations for LBE heat transfer coefficients in free convection and mixed
convection flow regimes were evaluated with the help of CFD analysis. For forced

convection turbulent regime the existing correlations were assessed by comparing with
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experimental results available in literature and also from CFD analysis. From the analysis, the
heat transfer correlations for different flow range were defined so that those can be used for

the theoretical calculations on natural circulation flow rate.

Chapter 6 describes the development of a computer code LeBENC (Lead Bismuth
Eutectic Natural Circulation) and its validation. LeBENC is an one dimensional finite
difference code, developed to study the steady state and transient behaviour of liquid metal
natural circulation in closed loop. The 1-D momentum and energy equations were solved in
the code. In the formulation of the governing equations for the fluid, incompressible flow was
considered and Boussinesq approximation was assumed to be valid. The fluid axial
conduction was considered in the energy equation as it might play an important role in LBE
loop. To account for the thermal conduction and energy stored in the pipe wall, separate
conduction equation was solved in the code. The results obtained from the theoretical
analysis have been compared with the steady state and transient experimental results of LML

and KTL.

Chapter 7 describes the parametric studies of various factors like axial conduction,
heat loss through piping, surface roughness on the natural circulation of LBE. After the
validation of the LeBENC code, it was used to study the natural circulation by changing the
parameters like thermal conductivity of the fluid, surface roughness factor and heat loss to

the ambient from the piping. The results obtained are discussed in detail.

Chapter 8 presents the summary of the work both experimental and theoretical
studies. The important findings from the work are prescribed. The future work needed in this

topic was also discussed.

10



Chapter 1: Introduction

1.6 CLOSURE

In this chapter the brief description of the Compact High Temperature Reactor
(CHTR), a LBE natural circulation cooled reactor being designed in BARC, is given.
Motivation of the present work was to study natural circulation at the operating range of
CHTR. The problem involves both experimental and theoretical work related to LBE natural
circulation in the operating range of CHTR. Two experimental loops, Liquid Metal Loop
(LML) which operates with maximum temperature 500°C and Kilo Temperature Loop (KTL)
with maximum working temperature 1100°C were made for natural circulation studies with
LBE at specified operating ranges. Natural circulation experimental data for LBE were
generated for temperature range 200-780 °C for the first time. As there was no in house
computer code available to study the natural circulation behaviour of LBE, a code was
proposed to be developed and validated for theoretical analysis. This code was then used to
study the effect of various factors affecting the natural circulation of LBE at high

temperature.

11



Chapter 2
LITERATURE REVIEW

The experimental studies on liquid metal requires specific knowledge, because of its high
melting point and other thermo-physical properties, which are different from conventional
fluids like air and water. There are limited knowledge on liquid metal thermal hydraulics
especially on lead-bismuth eutectic. So extensive literature survey is required before starting
the work on liquid metal thermal hydraulics.

In the literature survey, different liquid metals which are being used as the nuclear reactor
coolants were reviewed. Different kinds of reactor were also reviewed which are cooled by
liquid metals. Since liquid metal systems are different from water based nuclear reactor
systems, extensive review was essential before handling liquid metal and designing the
systems. The different aspects of the Lead Bismuth Eutectic (LBE) alloy were reviewed in
detail. After that the different liquid metal experimental facilities were reviewed on their
objectives, operating conditions and the main design features. The experimental facilities
where the natural circulation studies had been carried out were studied in more detail. The
theoretical codes available for liquid metal thermal hydraulics were also reviewed. The
different factors which are to be considered for theoretical analysis on liquid metal natural
circulation range were studied. The following sections give the details of the literature

review.

2.1 LIQUID METAL AS COOLANT

The use of liquid metal as nuclear reactor coolant has originated from the inception of the

nuclear reactor systems. Clamentine was the first reactor to be operated in 1943 using
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mercury as the coolant [4]. The various liquid metals considered for reactor coolant are
briefed in Table 2.1. It could be seen that the boiling point of LBE is much more than the
operating temperature of CHTR. Hence unlike water cooled reactors, CHTR can be operated
at atmospheric pressure even at high temperature (~1000°C). The high thermal conductivity
ensures excellent heat transfer even at low flow rate. The specific heat of LBE is 25 times

less than water; however, pCp is only 4 times less than the water.

Table 2.1 Thermo physical properties of different liquid metal coolants

Coolant Tw/Typ at p 1 K Cp B Prandtl | Cost
1 atm. (kg/m:’) Pa- W/mK | J/kgK (K'l) number | (Rs/kg)
(K) s/m (107

10

Water 273/373 983.0 4.66 0.65 |4185.0] 2.14 3.00 -

(at 333K)

Lead 10169.5 | 14.51 | 13.37 | 146.0 | 1.30 0.0158 1500
396.5/1943

Bismuth*

Lead* 600.5/2022 | 10531.0 | 20.95 | 16.21 147.6 |1.13 ]0.0191 200

Sodium* | 370.72/1156 | 849.5 2.64 |[71.10 |1280.0(2.77 |0.0048 1400

Pb-Li* 508/1983 9272.6 |13.82 (15.60 |201.38(1.81 |0.0178 220

Li* 452/1590 493.3 3.63 |51.19 |4249.10.944 [ 0.0301 700

Mercury 234.2/629.7 | 13028.0 | 10.00 | 13.05 | 136.0 |[1.79 |0.0104 150

(at 523K)

NaK* 262/1058 1129.18 | 2.26 [26.00 |395.49(2.82 |0.0034 15000

*Properties at 700K
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The Prandtl number of all the liquid metals is much lower than water. This implies

that the thermal conduction has major contribution in heat transfer in liquid metal compared

to that of water. Various merits and demerits of liquid metals used as the nuclear coolants are

also listed in Table 2.2.

Table 2.2 Liquid metal coolants its use and its merits and demerits

SI | Liquid metal Use in Advantages Disadvantages
No Coolants reactors
1 Mercury Clamentine |0 Low melting point low boiling point
o Good thermal High toxicity
properties High neutron absorption cross
section
2 Lithium Space o Lowest density liquid high melting point,
reactors metal, high corrosion activity,
o Highest specific heat, Reactive with air and water
o High vapour pressure
3 Sodium Fast o Good thermo-physical High Chemical activity with
Breeder properties. air and water
Reactors o Good neutronic Radioactivity due to Na-24
properties, and N-22,
o Less corrosive to
structural metals.
4 Nak Space o Very low melting High vapour pressure of the
reactors point (-12.3°C), eutectic mixture
More reactive to air and water.
5 Lead BREST o Excellent  neutronic Requires  higher pumping
reactor properties, power.
o Good shielding Corrosive to nickel based high
against gamma rays temperature alloys.
o Inert to air and water
6 Lead Bismuth | SVBR, o Lower melting points Highly corrosive nature of
Eutectic (Pb- | alpha class |o Excellent  neutronic bismuth limits structural metal
45.5%-Bi Submarines properties, at high temperature.
55.5%) reactor o Inert to air and water Po-210 and its activity is most
troublesome.
7 Lead Lithium | Fusion Excellent  choice in Lithium is highly corrosive.
(Pb-83%, Li- | reactors for | Fusion reactor The tritium management is

17%)

cooling and
tritium
breeding

application because it is
the good source of tritium
as well as good cooling
media.

critical
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2.2 LIQUID METAL COOLED REACTORS

Liquid metal cooled reactors are under development for last sixty years. As per [AEA
Tecdoc-1531 (2006) [5] the fast reactors are divided into three categories, 1) Experimental
Fast reactors, 2) Demonstration or Prototype Fast Reactors, 4) Commercial Size Reactors.
The review of the liquid metal fast reactors was carried out from the inception to the present
day design. The concepts of future reactors were also reviewed. Here two designs of liquid

metal cooled reactor are briefed.

SGDHR LOOPS _ SURGE TANK
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i

AIR ii
‘ii+ SoDIUM
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Steam
Generator

Fig 2.1 Flow sheet of PFBR [6]

Figure 2.1 shows a flow sheet of Prototype Fast Breeder Reactor (PFBR) being built
in India. The reactor is a pool type and sodium is used as the coolant in the primary and
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secondary circuit. The primary heat exchangers and primary sodium pumps are submerged in
the sodium pool. During normal operation the core heat is removed by the forced flow of the
sodium coolant. In order to improve safety, a Safety Grade Decay Heat Removal System
(SGDHR) is incorporated to remove the decay heat to atmosphere passively by natural
circulation of sodium. Another reactor design, Small Secure Transportable Autonomous
Reactor (SSTAR) reactor is shown in Fig 2.2, which is a molten lead natural circulation
cooled reactor. The secondary system is supercritical CO, cycle and the intermediate heat
exchanger is directly submerged in the molten lead. This type of natural circulation cooled

system offers simple design of the reactor with high thermal efficiency.
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Fig 2.2 Schematic of natural circulation flow path in SSTAR [7]

A total of 40 more designs have been reviewed, which are already operated or under

advanced design stage. It was found that most of the reactors are Na cooled and reactors with
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wide range of power were made and maximum operating temperature was limited to 550°C.
The new concepts of liquid metal reactor systems were also reviewed and it was found that
most of the design was lead/lead bismuth alloy cooled. Total 21 concept designs were found
and the maximum operating temperature of the reactor was below 600°C, except CHTR. The
primary geometry is mainly pool type configuration which may give the advantages like large
thermal inertia and lower possibility of leakage. Three concepts were found, which are
designed for natural circulation cooling during normal operating conditions. Most of the other
designs depend on the natural circulation of the coolant for passive decay heat removal
during any accidental conditions. So the natural circulation has become important for both

normal operating conditions and accidental conditions.

2.3 NATURAL CIRCULATION

There are number of application of natural circulation in engineering. The application
includes, nuclear reactor core cooling, transformer cooling, solar water heaters, gas turbine
blade cooling, geothermal power extraction, computer cooling, etc. One of the applications of
the natural circulation, for different type of fluids, is corrosion studies in low velocity flow.
The literature review is limited on the single phase liquid metal natural circulation
considering the present work. There are number of studies on single phase water natural
circulation. The general reviews on single-phase NCLs can be found in Zvirin (1981) [8],
Mertol and Greif (1985) [9], Greif (1988) [10] and Vijayan (2001) [11]. The basic
requirement of understanding steady state and stability behaviour of natural circulation is the
availability of generalised dimensionless groups which are not loop specific. These
dimensionless groups facilitate the comparison of the behaviour of different loops and extend
the data from experimental loops to the prototype. Considerable work have been carried out

on this by Welander (1967) [12], Creveling et al. (1975) [13], Chen (1983) [14], Bau and

17



Chapter 2: Literature Review

Torrance (1981) [15], Huang and Zelaya (1988) [16], Vijayan et al. (1992) [17]. This study
was extended for non-uniform diameter loops by Vijayan (2002) [3]. For steady state natural
circulation, he showed that the flow in single phase uniform or non-uniform diameter natural

circulation loops can be expressed as,

P
Re, = c(%)
No (2.1)

S _D’p’ AZ
Where, Re, =2 0 =13 p1, 4 =13 411, = zL Gr, = 2 £ PO,
Ap 441°C,

t i=l [ i=1
s s

Equation (2.1) defines the steady state flow rate in a closed loop with defined geometry and
heater power. Gry, is the modified Grashof number and is a measure of natural circulation
driving force.

Ng is a geometric parameter of the loop and defined as,

L N Zef/
N, =23
G Dr ;[Bl+b22—b )i (2.2)
(Zs) Ly 7 _4 5.0 -
\7\7here,(1ﬁ)l= off t (L ) L,+L.k= , ,Ai Ar’D D leﬁ

For laminar flow, a=64 and b=1. For turbulent flow, a=0.316 and b=0.25, if Blassius friction
factor correlation is used. L. is the equivalent length to absorb the local loss coefficient k;.

The coefficients of the Eq (2.1), i.e. ‘¢’ and ‘p’ were modified by different authors based on
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their experimental and theoretical analysis. The studies by Pilkhwal et al. (2007) [18],
Swapnalee et al. (2011) [19], Kumar et al. (2011) [20] are few of the examples of this type of
work.

Stability analysis is one of the most important part of the transient studies in a natural
circulation loop. Zivirin (1981) [8] pointed out that there are three type of instabilities
associated with natural circulation loops, (a) stability of the rest state, which may occur due
to heating in the horizontal leg in stagnation conditions, local boiling in the loop or very low
temperature difference across the heater section. (b) Metastable equilibrium with multiple
steady states, which was seen especially in loops with parallel vertical channels ( [21], [22]
[17]). (c) Small-amplitude oscillations that grow and may lead to flow reversals, which was
first shown analytically by Welander (1967) [12] and experimentally observed by many
researchers ([13], [23], [24], [25]). It was observed that the instabilities may occur in any of
the orientation, Horizontal Heater Horizontal Cooler (HHHC), Horizontal Heater Vertical
Cooler (HHVC), Vertical Heater Horizontal Cooler (VHHC) and Vertical Heater Vertical
Cooler (VHVC). The HHHC position was found to be most unstable but instability were also
found in the other orientations [25]. The best way to represent the conditions or parameters
which affect the instability was the generation of stability map. It clearly defines the stable
conditions for a particular system where the stable natural circulation exists.

Proper scaling philosophy was required to design experimental facility where the
natural circulation behaviour of the medium was to be simulated as in the prototype. Vijayan
and Austregesilo (1994) [26] used the power-to-volume scaling laws for the design of a
scaled test facility simulating the primary heat transport system of nuclear power plants,
which results in loops of the same elevation with reduced diameters. They checked adequacy
of the scaling laws for simulating single phase natural circulation by testing in three

rectangular loops, each having same elevation but different diameters. The experiments
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showed that the power-to-volume scaling principle adequately describe the steady state
behaviour. But the transient and the stability behaviours were found to be significantly
affected by the loop diameter and modified Stanton number. So the stability map

generated in the scaled experimental facility may not be applicable to nuclear power plant.

2.4 LIQUID METAL LOOPS FOR NATURAL CIRCULATION STUDIES

There is lot of interest in natural circulation flow of LBE in various nuclear reactor
systems but very few experimental studies have been carried out so far. Takahashi et al.
(2005a) [27] have carried out experimental studies in LBE-water two-phase loop. Single
phase natural circulation studies were carried out before LBE-water two phase boiling
experiments [28] . The loop consists of a heater section where an immersion heater with four
rod bundle was used. Single phase LBE experiment was carried out up to 304°C with
maximum power of 7.7kW. The LBE flow rate was found to be increasing with increase in
power. The LBE flow rate was found to be steady when the power was constant.

Another experimental study was carried out by Ma et al. (2007) [29] in TALL facility
with forced flow and natural circulation of LBE for ADS systems. The studies carried out in
the natural circulation experiments are, (a) start-up of natural circulation at different
operating conditions, (b) stability of natural circulation (c¢) effect of influencing parameters:
loop power, secondary side flow and flow resistance; (d) the capability of natural circulation.
In the start-up experiments it was found that the flow rate picks up quickly from stagnant
condition but takes considerable time to stabilise at certain power. The natural circulation
flow was found to be stable and the direction was forward when the loop was started from the
stagnant condition. To observe the stability of the natural circulation, the flow of LBE was
reversed with the help of an EM pump. When the pump was stopped and the natural

circulation flow was continued, it was found that the flow remained in reversed direction.
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Coccoluto et al. (2011) [30] carried out experimental studies in a LBE loop, NACIE
(NAatural Clrculation Experiment) to characterize the natural and gas enhanced circulation
flow regimes and to qualify components for heavy liquid metal applications. The study was
carried out in support of the Integral Circulation Experiments (ICE) in CIRCE facility. The
fuel rod cluster simulators were tested at different power to see the performance of the fuel
simulators during natural circulation. Both high heat flux bundle and low heat flux bundle
were tested. Recently natural and mixed convection studies were carried out in the loop with
a wire spaced 19 rod fuel simulator rod bundle in the range of sub channel Reynolds number
1000 to 10,000 [31]. The local Nusselt numbers in the sub channels were calculated and
compared with the experimental results. Cho et al. (2011) [32] carried out benchmarking
exercise on thermal hydraulics of LBE in HELIOS (Heavy Eutectic Liquid Metal Loop for
Integral test of Operability and Safety of PEACER). PEACER (Proliferation resistant
Environment-friendly Accident-tolerant Continuable-energy Economical Reactor) is a LBE
cooled transmutation reactor being developed in the Republic of Korea.

Agostini et al. (2002) [33] carried out natural circulation experimental studies in
CHEOPE-III loop with LBE as coolant. The decrease in flow in the loop after a pump
shutdown and reaching steady state condition of natural circulation with a heater power was
one of the main studies in the loop. Kang et al. (2013) [34] carried out steady state natural
circulation experiments in a loop with molten gallium. Steady state natural circulation tests
were carried out for different power of the loop. Padmakumar et al. (2013) [35] studied the
natural circulation in a sodium loop SADHANA, to assess the passive decay heat removal
capability of the Safety Grade Decay Heat Removal (SGDHR) System. The loop was a
natural circulation system which removes heat from a constant temperature sodium pool and

rejects to atmosphere through an air heat exchanger. The experiments in SADHANA proved
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that the performance of SGDHR of the reactor was sufficient to remove the decay heat after
shut down.

The details of each of the liquid metal loops discussed above were studied and the
values of Gry, and Reg as defined in Eq (2.1) were found for different power levels. Table 2.3
shows the operating parameters of the liquid metal loops along with the calculated parameters
of the CHTR. It can be seen that except gallium loop the range of Gry, is higher than that of
the CHTR.

Limited steady state natural circulation experimental data of the Gallium loop is
available which is not sufficient for the design study of CHTR. The operating temperature of
the loops was also much lower than the CHTR. There was no steady state and transient
natural circulation experimental data of LBE , which can be used for the thermal hydraulic
design of the CHTR. Experimental data were to be generated for LBE natural circulation at

the operating range of CHTR. For that, experimental facilities were to be made.

2.5 THEORETICAL STUDIES IN LIQUID METAL LOOPS

In the studies of natural circulation of LBE in TALL loop [36], the experiments were
simulated using TRAC/AAA and RELAPS codes and the numerical results were compared
the experimental results. The results of the steady state and transient simulation analysis were
in good conformity with the experimental results. Wu and Sienichi (2003) [37] carried out 1D
linear stability analysis for a uniform diameter rectangular natural circulation LBE loop,
Argonne Lead Loop Facility (ALLF). The Nyquist criterion and a root search method were
employed to find the linear stability boundary of both forward and backward circulations.
Lumped minor loss coefficient was used for the uniform diameter loop. It was found that

single phase LBE could be unstable in a high Reynolds number region. Any increase in loop
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friction makes the forward circulation more stable, but the backward flow unstable with same

heating/cooling conditions.

Table 2.3 Operating conditions of CHTR and different liquid metal loops reported in

literature.
Reactor/ Facility Modified Max. Coolant | Reg Uniform/Non-
Grashof Tcootant ("C) uniform
number, Gr, diameter
CHTR [2] 10'%-10" 1000 LBE 1000- Non-uniform
2300

SADHANA [35] 10'-10" 550 Sodium | >10000 Non-uniform

LBE loop [28] 10"-5x10" 450 LBE 2000- Non-uniform
4000

TALL [29] 7x10"%-5x10" | 475 LBE 4000- Non-uniform
10000

NACIE [30] 1.3x10"- 450 LBE >10000 Non-uniform
2x10"

Gallium [34] 5.0x10"- 1.0 | 350 Gallium | 2500- Uniform
x10" 4000

The pre-test analysis was carried out on the NACIE loop [38] using RELAP 5 and
coupled analysis using FLUENT-RELAP 5 code. The analysis gave a good insight of the heat
transfer in the heater bundle of the loop during natural circulation of LBE. The results of the
coupled analysis results were found to be in good agreement at low flow rate. Agostini et al.
(2002) [33] carried out pre-test and post-test analysis of the CHEOPE-III loop. The pre-test
analysis helped to make the operating procedure of the loop. The post-test analysis was
carried out to assess the capability of the RELAP 5/Mod3.2 code to simulate the steady state
and transient experiments in the LBE loop. Kang et al. (2013) [34] carried out CFD analysis
to simulate steady state natural circulation experiments in a loop with molten gallium. The
loop was modelled as a rectangular in shape with uniform diameter and the steady state flow

rate and temperature distribution in the loop were predicted at different power levels. The
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results were compared with the experimental results. Though the heat loss through the piping
was ~12%, its effect on the natural circulation flow rate was not studied.

Sabharwall et al. (2012) [39] studied the effect of axial conduction on natural
circulation in liquid metal systems and found that for Reynolds number beyond 3.0x10°, the
effect of axial conduction was negligible. This was derived from the fact that for Peclet
number < 1 only the axial conduction has effect on the axial temperature distribution. It was
commented that the effect of axial conduction might have influence on the stability in some
set of loop geometries, especially preventing flow reversal during unstable behaviour of the
loop. A literature survey was carried out for use of different codes for liquid metal system

analysis. Table 2.4 gives the summary of the review.

Table 2.4 Summary of computer codes used for liquid metal systems

SI | Code Country/Ins | Features Example of use | References of the
No titute in Liquid metal | users
systems

1 TRACE USA/NRC System code for | Natural Batra, 2013) [40],
reactor safety | circulation in | Shao (2011) [41]
analysis LBE loops and Ma et al,

(2006) [36]

2 CATHARE | France/CEA | System code for | Sodium  reactor | Tenchine et al.
reactor  thermal | System  thermal | (2013) [42]
hydraulics hydraulics

3 CFX USA/ANSY SFR design and | Velushamy et al.

S General purpose | analysis, 3D CFD | (2013) [43],

4 FLUENT USA/ANSY | CFD code analysis of | Naphade et al.

S various liquid | (2013) [44],
5 PHOENIC | UK/CHAM metal loops. Tarantino et al.,
S (2008) [45] and
Cho et al(2011)
[32].

6 TRIO-U France/CEA | CFD code for | SFR design and | Tenchine et al.
nuclear  thermal | analysis (2012) [46] and
hydraulics Vasile (2012) [47]

7 MASKA- Russia/IPPE | 2-D code for lead | System analysis | Kumayev et

LM cooled reactor | of BREST type of | al.(2005) [48]
thermal reactor
hydraulics  and
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mass transport
analysis
8 SAS-4A USA/ANL Detail ~ thermal | Accelerator Cheng et al. (2004)
hydraulic code for | driven system | [49]
reactor analysis dynamics
9 ATHENA | USA/INL System code for | Pool type LBE | Davis (2003) [50]
reactor safety | cooled reactor
analysis design analysis
10 | DEMO USA/Westin | Thermal LMFBR reactor | Albright and Bari
g-house Ltd | hydraulics of pool | thermal (1978), [51]
type Fast reactor | hydraulics
11 | NATDEM | USA/ANL Code for thermal | Transient thermal | Mohr and Feldman
O hydraulic system | hydraulic analysis | (1981) [52]
dynamics of Fast | of LMFBR
reactor systems
12 | DYNAM India/IGCAR | Code for thermal | System dynamics | Vaidyanathan et al.
hydraulics of fast | studies of FBTR | (2010), [53]
reactor core core.
13 | MELANI USA/- Thermal Decay heat | Durham (1976),
hydraulics of | removal by | [54]
molten metal in | natural circulation
reactor pool. in the reactor
pool.
14 | MDSNP USA/Califor | Thermal Decay heat | Hung and Dhir,
nia Univ. hydraulics of | removal by | (1990), [55]
molten metal in | natural circulation
reactor pool. in the reactor
pool.
15 | SIMMER | Japan/JNC, 2D thermal | Fast reactor | Yamano et al.
Germany/FZ | hydraulics code | severe  accident | (2009), [56]
K, for reactor safety | analysis.
France/CEA | analysis.
16 | THYC-2D | India/IGCAR | 2D thermal | Natural Rajakumar et al.
hydraulic code for | convection in an | (1987), [57]
liquid metal | enclosure of
thermal PFBR
hydraulics.
17 | THYC-3D | India/IGCAR | 3D thermal | Flow analysis in | Kumar (1990), [58]
hydraulic code for | sodium pool and
liquid metal | piping of FBR
thermal
hydraulics.
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Thus, it is seen from Table 2.4 that system codes like TRACE and CATHARE were used for
the natural circulation analysis. These codes can handle non uniform diameter loops also. The
codes are still being validated with experimental results.

Analytical methods were also used to study natural circulation in LBE loops. But
these were limited to the uniform diameter loops. The minor loss coefficients in different
parts of the loop were lumped into one. This formulation limits the study of the local
phenomena like temperature variation in the joint of two pipes with different diameters. The
application of CFD codes is still limited to the simulation of steady state natural circulation in
LBE. The transient analysis of LBE loop using CFD code was not found. System level codes
are essential and more convenient for the theoretical analysis of natural circulation in a loop.
But since there was no system code available for LBE application with the author, a code was

to be developed which will include all aspects of LBE natural circulation at high temperature.

2.6 LITERATURE REVIEW CARRIED OUT FOR CONSTRUCTION OF THE
LEAD BISMUTH FACILITIES

Due to the lack of previous knowledge and experience on lead bismuth systems, an
extensive literature survey was to be carried out before making a LBE loop. Accordingly the
literature review was done which encompass the following,

1. Lead bismuth eutectic material, its properties and handling issues,

2. Experimental facilities of liquid metals to review its instrumentation, different

essential components and its design, material of constructions, etc.
3. Thermal hydraulic parameters affecting the natural circulation of LBE at high

temperature and the formulations of each one.

The following sections give the details of the review,
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2.6.1 Attributes of Lead Bismuth Eutectic (LBE)

As discussed above LBE is one of the potential high temperature coolants and it has
been successfully used in nuclear submarine reactors in Russia. There are recent interests in
the studies of heavy liquid metal for innovative reactor design. However the experience base
with lead alloy reactor is less robust than sodium cooled system. In India, there was no LBE
experimental facilities built for thermal hydraulic studies, so literature review were carried
out for the required fields of LBE to make experimental facilities and the findings are briefed

below,

2.6.1.1 Thermo physical properties of LBE

As shown in Table 2.1 the density of LBE is high and similar to lead coolant. The
lower specific heat of the coolant makes it cool quickly in the pipe line. So care has to be
taken to reduce heat loss in the piping. The viscosity is similar to water and it is a Newtonian
fluid. The isothermal pressure drop correlations developed for water is applicable to LBE also
[59]. Figure 2.3 (a) to Figure 2.3 (d) show the variation of different properties of LBE with
temperature. The temperature variable correlations for the data are plotted up to 1300 K.

It can be seen that there are considerable variation of properties of LBE in the
temperature range of 500 to 1250 K. The thermal conductivity increases by 100% and the
viscosity decreases by 62.5%. The study on the effect of these variations on natural
circulation is important for high temperature reactor design. The volumetric thermal
expansion coefficient has been calculated and plotted. Figure 2.3 (e) shows the variation and

it can be seen that the thermal expansion coefficient increases with temperature.
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2.6.1.2 Liquid metal experimental loops

A literature survey is carried out for experimental loops using liquid metal as working
fluid. Table 2.5 gives the list of the loops with maximum operating temperature up to 550 °C.
Few loops were found where natural circulation studies were carried out, which will be
briefed below. Most of the loops were found to be used for material compatibility and coolant
chemistry control related studies under forced flow. The loops used for these studies are,
STELLA [60], LECOR [61], DELTA [62], JLBL-1 [63], MESLOOP2001 [64], CORRIDA
[65], LISOR [66], CorrWett , CIRCO [67], LINCE [68], KPAL-1 [69], Natural convection
quartz harp loop [70], LBE corrosion test loop [71], DRAGON-1 [72], KYLIN-I & KYLIN-
IT [73] and LIFUS-3 [74]. Few loops were found where material compatibility studies were
carried out under natural circulation also. The loops were DRAGON-I [72], KYLIN-I [73],

KYLIN-II [73] and the thermal convection loop reported by Pawel et al. (2014) [75]. The
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experimental studies on forced flow heat transfer in heater rod bundles were carried out in
several loops like THESYS [76], TALL [36] and HELIOS [32]. The two phase flow studies
were also carried out in some loops as reported by Loewen and Tokuhiro (2003) [77] and
Abdulla et al. (2001) [78]. The facilities like THEADES [79], CHEOPE [67] and JLBL-3
[63] were used for thermal hydraulic design and testing of ADS components. MHD effect on
thermal hydraulics is important in fusion reactor technology development. Facilities like
MaPLE [80], MHD loop reported by Uda et al. (2001) [81], LIMITS [82] were made to study
the effect of MHD on heat transfer and flow pattern in liquid metals. There were large
facilities like CIRCE [83] and ATENA [84], where full scale components and system level
studies of ADS were carried out. The loops were used for instrument development especially
for flow measurement. The loops JLBL-2 [63] and JLBL-4 [85] were extensively used for
advanced flow measurement technique development.

Literature survey was also carried out for experimental loops operating above 550°C.
Table 2.6 briefs some of the loops reported in literature. It can be seen from the table that
most of the high temperature corrosion loops were natural circulation based. COLONRI-I
[86], COLONRI-II [87], DRAGON-II [72], Sodium loops in CIAE, China [88], thermal
convection loops reported by Scheuermann (1974) [89], Devan et al.(1966) [90], Bryhan and
Chan (1993) [91], Rowkamp (2013) [92] and Harrison (1970) [93] have studied the different
high temperature material compatibility in liquid metals. Forced flow high temperature
corrosion loops were few as compared to the loops reported in Table 2.6. The loops reported
by Hvasta et al.(2010) [94], Devan et al.(1966) [90], Harrison (1970) [91] were used for
material compatibility studies in forced flow of liquid metals. Loops simulating integrated
power conversion system were found which were mainly developed for design validation of
space nuclear power systems. SNAP-8 simulation facility [95], the T-111 loop reported by

Harrison (1970) [93] were two such facilities given in Table-2.5. For sodium cooled fast
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reactors high temperature loops were made to study special issues at high temperature like
thermal fatigue of structural material [84] and sodium two phase thermal hydraulics ( [96],
and [97] ). High temperature liquid metal loops were made to test components like EM pump
[98] and dissimilar material joints [99], etc.

From the literature survey as discussed above it was found that though many liquid
metal natural circulation loops were made but most of them were for mainly corrosion related
studies. Extensive natural circulation studies were carried out in very few loops. It was seen
that all the natural circulation experimental studies carried out so far, are in the temperature
range of 250-550°C only. The studies above 550°C could not be found in literature except the
work reported by Haga (1983) [96] where two phase sodium coolant natural circulation
studies were carried out. There was no LBE loop except the present loop KTL, which has
operated up to 1100°C. The following sections describe the important aspects of liquid metal

experimental set ups gained from literature review.

Table 2.5 Liquid metal loops operating up to 550 °C

Sl | References | Name of the | Ty, Flow Inven- | Coola- Remarks

No facility/ ‘C) rate tory nt

Institute/ (LPM)/ (L)
country Nature
of flow

1. Knebel and | THESYS 550 58, 100 LBE Heat transfer studies in
Goschel /FZK/ FC rod bundle and single
(2003) [76] | Denmark heater rod were carried

out for CFD code
validation.

2. | LBE CHEOPE 1/|550 |FC 900 LBE Component level
Handbook | ENEA/Italy thermal hydraulic
(2007) [67] studies of ADS and

pumping system
development and
testing were carried
out.

3. | Beauchamp | STELLA 550 16.7, 32 LBE Apart  from LBE
et al. | /CEA/ France FC chemistry control,
(2010) [60] purification filter
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development and
testing and
characterisation of
different  impurities

were carried out.

4. | Mikinori et | MESLOOP20 | 550 15, FC | - LBE Corrosion of steels and
al.(2003) 01/ coolant chemistry
[64] MES/Japan control were studied.
5. Carsten et | CORRIDA/ 550 2-4m/s, | - LBE The loop was devoted
al.(2011) FZK/Denmark for corrosion
[65] FC experiment with
varying oxygen by
gas/liquid transfer. The
longest sample was
tested for 20000 hrs.
6. | Hosemann | DELTA 550 2-5m/s, | 200 LBE Corrosion tests for
(2008) [62] | /LANL/USA different metal
FC including ODS steels
were carried out in
high flow rate of LBE.
7. Kikuhchi JLBL-3/ 500, 450 LBE Heat transfer
(2009) [63] | JAERI/Japan FC characteristics around
beam window and
testing of mechanical
pump.
8. | LBE CIRCO/ 550 | NC 1 LBE Long term corrosion
handbook | CIEMAT/Spai was studied.
(2007) [67] | n
9. Agostini et | CHEOPE- 1II/ | 550 67, 30 LBE Natural circulation
al. (2002) | ENEA/France FC/ studies and material
[33] NC compatibility  under
forced flow  were
carried out.
10. | Cho et al. | KPAL-1/ 550 | 60, 30 LBE Long term corrosion
(2006) [69] | KAERI/Korea FC experiments for
cladding and structural
materials were carried
out.
11. | Abraham et | Natural 550 0.01 m/s LBE Quartz was used as the
al.  (2000) | convection FC structural material for
[70] quartz  harp/ the loop different steel
ANL/USA samples were tested
for corrosion in LBE.
12. | Takahashi | LBE corrosion | 550 6, 22 LBE Corrosion studies on
(2002) [71] | test loop/ FC different steels were
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TIT/Japan carried out. The role of
Si on the formation of
stable oxide inner
layer was found to be
effective.

13. | Ma(2005) TALL/ 550 40, - LBE Thermal hydraulic
[36] RIT/Sweden studies with fuel rod

FC bundle were carried
out.

14. | Abdulla et | Wisconsin 550 230, - LBE Studies on molten
al. (2001) | Tantalus/ LBE and water
[78] UW/USA FC interaction and related

heat  transfer  was
carried out.

15. | Wu et al. | KYLIN-II 550 | FC/ LBE Test run of the loop
(2014) [73] NC was completed.

16. | Uda et al. | MHD 550 13, 230 Li MHD effect on Heat
(2001) [81] | loop/Osaka FC transfer in  lithium

Univ/Japan flowing in annular
channel was studied.

17. | NEA report | ATENA/JAE | 550 | 31500, 10° Na The complex of loops
(2011) [84] | A/Japan FC has been made to

simulate  the  heat
removal system of
JSFR with installed
heat load of 60 MW.

18. | Pawel et al. | Thermal 550 0.14, - PbLi Made of Kanthal APM
(2014) [75] | convection alloy, designed for 800

loop, NC °C. Corrosion studies

ORNL/USA were carried out up to
550 °C.

19. | Coccoluto | NACIE/ENEA | 550 | 40, 100 LBE Thermal hydraulic
et al. |/ NC studies were carried
(2011) [30] | ITALY out to find pressure

drop in fuel rod
bundles.

20. | Wu et al. | KYLIN-I/ 500 | NC 2 LBE Corrosion studies on
(2014) [73] | FDS/China SS316 and clam steel

was carried out.

21. | Padmakum | SADHANA/ 500 110, 3500 Na Natural circulation
ar et. al | IGCAR/India experiments have been
(2013) [35] NC carried out to validate

the  capability  of
SGDHR system to
remove the decay heat
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from the fast breeder
reactor core after its
shutdown.

22. | Toshinobu | JLBL-4 40, - LBE Development of
and FC advanced flow
Hiroyuki measurement
(2014) [85] techniques like, use of

UVP.

23. | Kikuhchi JLBL-2/ 500 50, - LBE It was a tube-in-tube

(2009) [63] | JAERI/Japan FC type compact flow set
up where target flow
was simulated and
testing of Ultrasonic
Doppler method and
EM flow meter were
carried out.

24. | Fazio et al. | LECOR/ 500 75, 600 LBE Corrosion and
(2003) [61] | ENEA/ITALY mechanical stress test

FC studies of steels and
refractory metals like
W and Mo.

25. | Borgohaine | LML/BARC/ | 500 1, 50 LBE Natural circulation
t al. (2011) | INDIA NC was carried out at
[100] different operating

conditions.

26. | Cinotti LINCE/ 500 40, 170 LBE Corrosion studies were
(2012) [68] | CIEMAT/ FC carried out for steel.

Spain Weight loss of steel
samples was observed
after 5000 hrs and at
450°C.

27. | Wu et al. | DRAGON-I/ 480 | 0.08m/s, | 1 PbLi Experience gained on
(2012) [72] | FDS/China Pb-Li and corrosion

NC studies on SS316 and
Chinese  martensitic
steel samples were
done.

28. | Takahashi LBE test loop/ | 460 36, - LBE Natural circulation
(2005a) TIT/Japan FC studies on of single
[27] phase LBE and two

phases LBE-steam
were carried out.

29. | Bandini et | CIRCE/ 450 | 900, 9000 LBE Integral thermal
al. (2015) | ENEA/Italy hydraulic experiments
[83] FC on ADS were done.

Natural circulations in

35




Chapter 2: Literature Review

pool type geometry
including thermal
stratification were
studied.

30. | Schulenber | THEADES/ 450 1670, 4000 LBE The loop with 4 MW
g et al | FZK/ capacity was used for
(2005) [79] | Denmark FC testing  full  scale

component testing of
ADS.

31. | Kikuhchi JLBL-1/ 450 18, - LBE The loop was used for

(2009) [63] | JAERI/Japan erosion-corrosion
FC experiment.

32. | Kang et al. | /UNIST/ 450 13, - Ga Natural circulation

(2013) [34] | Korea NC experiment was
carried out in a
rectangular loop.

33. | Tanaka LIMITS/Sandi | 425 FC - Li The loop was well
(2004) [82] | aNL/USA equipped to study the

free surface of lithium
which was required for
flow studies on the
surface under MHD.

34. | Cho et al. | HELIOS/ 400 2m/s, 1800 LBE Benchmark  exercise
(2011) [32] | SNU/Korea FC has been carried out

for isothermal pressure
drop in the loop.

35. | Kirchner et | LISOR/ 350 1 m/s, 18 LBE T91 steel
al.  (2003) | PSI/Swtzerlan embrittlement was
[66] d FC found to be more

under irradiation.
Coated T91 shows
good resistance.

36. | LBE CorrWett/ 350 0.8m/s, |- LBE Corrosion studies were
Handbook | PSI/Swtzerlan FC carried out on coated
(2007)[67] | d samples in LBE and

found that TiN coating
gives the best result.

37. | Smolentsev | MaPle/ 350 50, 20 PbLi The MHD pressure
et al. | UCLA/USA FC drop reduction and the
(2013) [70] compatibility of

different coated
samples were studied.

38. | Technical LIFUS- 350 30, 46 Li Material corrosion and
Report 3/ENEA/Italy FC erosion  studies in
(2009) [74] lithium were carried
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out. Experience on
lithium  purification
and handling were
gained.

39. | Loewen Pb-Bi TH/ | 300 100, - LBE The heat transfer and
and CREIPI/Japan FC LBE-gas two phase
Tokuhiro flow  characteristics
(2003) [77] were studied.

Table 2.6: Summary of the experimental loops operated at and above 550°C

SIl. | References | Name of the | Ty, | Flow Inven- | Coolant Remarks

No facility/ (°C) | rate tory

Institute/Cou (LPM)/ | (L)
ntry Nature
of flow

1 Devan et | ORNL/ 1400 | FC/ - Li, K Made of Nb-1%
al.(1966) USA NC Zr alloy, Material
[90] compatibility

studies were
carried out.
Scheuerma | Thermal 1370 | NC - Li The loop was

2 nn (1974) | convection made of Tantalum

[89] loop /NASA/ alloy T-111.

USA Corrosion studies
were carried out
to find the
materials suitable
for lithium cooled
space systems.

3 Harrison T-111 1235 | 3.28, - Liand K The material
(1970) [93] | corrosion test compatibility and

loop /GE/USA K-0.56 Rankine cycle
FC performance was
studied for SP-
100 space nuclear
reactor. Primary
loop has Li and
Secondary  loop
has 2  phase
Potassium.

4 Annual STL-300 1200 | FC - Li The loop was
report /Univ. Latvia/ made of Nb-alloy
(2010) [98] | Latvia and used for

testing of high
temperature EM
pumps.

5 Borgohain | KTL/BARC/ | 1100 | 0.75, 32 LBE Natural
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et al.
(2016)
[101]

India

NC

circulation
experiments were
carried out for
temperature range
200-1100 °C.

Harrison
(1970) [93]

Thermal
convection
loop /GE/USA

1040

FC

3.5

Li

The loop was
made of T-111
alloy and used for
corrosion related
studies.

Gnadt et al.
(1979) [97]

THORS
/ORNL/
USA

1010

FC

The 2.0 MW
capacity  heater
bundle was made
from Hastelloy-X.
The bundle
thermal

hydraulics  were
carried out for
both single phase
and 2 phase of
sodium.

Noborio et
al.  (2011)
[99]

Kyoto Univ/
Japan

926

PbLi

The high
temperature
section was made
of SiC¢SiC. The
heat transfer
between PbLi
loop and high
pressure  helium
loop was studied.

Haga
(1983) [96]

SIENA/ OEC-
PNC/Japan

887

0.29
m/s, NC

The different
regimes of flow
boiling and dry
out conditions
were studied to
evaluate the
capability of
cooling of the
core by two phase
natural circulation
during reactor
shutdown.

10

Cathcart
and Manly
(1956)
[102]

Thermal
convection
loop/
ORNL/USA

800

0.6,
NC

Pb

The quartz loop
was used to test
the compatibility
of 24 different
metal/alloys  in
molten lead.
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11

Bryhan and
Chan
(1993) [91]

Thermal
convection
loop /NASA/
USA

732

NC

Li

Made of Nb alloy.
Corrosion  attack
by molten lithium
weldments in
presence of
contaminates like
oxygen and
nitrogen were
studied.

12

Valerino et
al.(1968)
[95]

Snap-8
simulation
facility/
NASA/USA

704

NaK
280

5.0,

FC

NaK, Hg

The performance
of the nuclear
reactor with non
nuclear  heating
was carried out to
evaluate the
energy conversion
system consisting
of coupled NaK-
Hg loops.

13

Gabriele et
al.(2014)
[86]

COLONRI 11/
REZ/CZ

700

1-2
cm/s,
NC

Pb

Loop was made
from SS321.
Different coated
samples were
tested up to 600
°C in flowing
lead.

14

Wu et al.
(2012) [72]

DRAGON-II
/FDS/China

700

NC

10

PbLi

Made of high
temperature alloy.
Corrosion studies
on TBM alloy and
coatings were
carried out.

15

Xu Mi
(2007) [88]

Several
/CIAE/
China

loops

700

12 m/s,
FC/NC

60

Large number of
sodium loops has
been operated in
CIAE since 1968.

16

ANL
Website
[103]

ALEX /ANL/
USA

700

FC/NC

NakK,
Li

This was a facility
has the provision
for various
experiments with
different coolants.

17

OECD/NE
A report
(2011) [84]

TTS /JAEA/
Japan

650

400,
FC

75000

Na

Mixing of high
temperature  and
low temperature
sodium to
simulate high
temperature

fluctuation for
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thermal  fatigue
behavior of the
structural material

of different
components were
studied.
18 | Rowkamp | UTK/ 650 |24 - NaK A compact loop
(2013)[92] | USA NC was designed to

fit in a glove box
and the flow
measurement by
thermal spike was

tested.
19 | OECD/NE | PLANDTL 625 1200, 1000 | Na The coupled
A report | /JAEA/ thermal hydraulic
(2011) [84] | Japan FC studies were

carried out with
max heat flux 2
MW/m? in the
fuel simulator.

20 | Hvasta et | Univ of | 600 100, 30 Na High temperature
al. (2010) | Wisconsin/US FC high flow system
[94] A for testing
materials for
fusion and fast

reactor.
21 | Gabriele COLONRI 11600 1-2 - LBE Effect of different
and Kosek | /REZ/CZ cm/s, element content in
(2013) [86] NC steel on corrosion

rate in LBE with
different oxygen
concentration was
studied.

FC: Forced Circulation, NC: Natural Circulation

2.6.1.3 LBE corrosion and material of construction

Structural materials exposed to liquid metals can undergo corrosion by: (1) direct
dissolution of the structural material in the liquid metal by a surface reaction involving atoms
from the solid and the liquid metals or impurities present in the liquid metal, and (2) by
intergranular attack. In the dissolution process or leaching, one component of the alloy was
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preferentially dissolved, as in the case of nickel that is leached from stainless steels by lead
and lead bismuth eutectic [104]. Intergranular attack occurs because the atoms at the grain
boundary have a higher potential energy than the atoms inside the grains. If the concentration
of higher solubility elements increases in the grain boundaries, the dissolution rate may
increase due to the preferential dissolution of these elements [105]. Oxygen concentration in
liquid lead alloys is a key parameter for the corrosion of structural materials. Figure 2.4
shows the effect of oxygen concentration on corrosion resistance for stainless steels. There is

a minimum in material loss associated with the formation of a protective oxide film.
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Fig 2.4 Corrosion/oxidation of stainless in lead at 550°C [106]

With appropriate control of the oxygen concentration in the liquid metal, the
formation of oxide films on the surface of the structural materials occurs, limiting further
dissolution. For Fe containing alloys, such as structural steels, the minimum oxygen

concentration is defined by the magnetite (Fe;O4) decomposition potential, considering this
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oxide the less stable of the ones that can be formed on structural steels. The maximum value
is fixed by the precipitation of lead oxide. It was found that the dissolved oxygen level was to
be maintained between 107 to 107 wt.% for operating range of LBE from 300 to 500 °C.

Data on the influence of other elements on the corrosion resistance of structural steels
in liquid lead alloys have been provided by Gorynin, et al. (1998) [107] and Gorynin (1999)
[106]. The effect of other alloying elements such as Cr, Ti, Nb, Si and Al on low alloy steels
corrosion in flowing lead-bismuth at 600°C was studied by the same authors. A significant
decrease of the dissolution was observed for concentrations of Si and Al around 2% whereas
for the rest of the elements, concentrations higher than 3% seem to be needed to obtain
similar effects. In general, in reducing environments, in which the formation of protective
oxide layers was not possible, steels with lower chromium concentration show lower
dissolution rate. Austenitic steels suffer accelerated attack in lead and lead-bismuth due to the
high nickel solubility. Yachmeniov et al. (1998) [108] has recommended limiting
temperatures for the application of non-protected stainless steels to around 450°C for ferritic-
martensitic steels and 400°C for austenitic steels.

Corrosion tests of a wide variety of materials under wide ranging conditions have
been carried out in both stagnant and flowing LBE/Pb [67]. It was concluded that for tests
conducted both in stagnant and in dynamic (flowing) LBE/Pb within the oxygen control
band, most Fe-Cr and Fe-Cr-Ni steels form oxides that are protective below 550°C, specially
for an oxygen concentration above 10° wt.% for short- to medium-term applications.
Austenitic steels show thinner oxide layers. For oxygen concentrations lower than 107° wt.%,
dissolution takes place in most of the steels, especially austenitic steels, due to the high
solubility of nickel in LBE/Pb. For tests temperatures higher than 550°C, the layer of oxides

is not stable and the protection usually fails due to dissolution for long time.
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Therefore, structural parts exposed to high thermal loads like cladding tubes, which could

reach temperatures above 550°C, need additional protection measures. In LBE handbook

(2007) [67] the activities on the corrosion control at elevated temperature were reviewed and

the following materials and modifications were being proposed,

(@)

(ii)

(iii)

(iv)

Steel was appropriately alloyed with Al especially on the surface to form stable
oxide layers and Si in the bulk volume to increase the corrosion resistance. This
method needs improvement for perfection especially on the uniformity of the

Alumina layer on components.

The coatings help to form protective oxide layers in LBE containing very low
oxygen concentration. The coating has not been successful as it has a rough
surface because of the relatively large spray droplets, contains pores and also the
adhesion on the bulk material was not perfect [109]. The coating with the
refractory metals on steel were found to be satisfactory for the material, but the

coating technology is not yet ready for industrial level use [67].

Use of inhibitors like Zr dissolved in LBE that cause formation of protective layer
on the structural material which reduces corrosion to great extent [110] but proper
mixing procedures to assure a homogenous distribution of the inhibitor within the
LBE as well as maintaining its amount at a constant level during the whole loop

operation are crucial here [67].

The use of high temperature refractory alloys was found to be the only option for

very high temperature application in LBE [111]. The Ta and W cannot be
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considered in reactor design because of its high neutron absorption cross-section.
Mo can be considered if suitable joining techniques could be developed. Nb alloy
is suitable for LBE application but the oxidation of the material at high
temperature in air is to be prevented. The corrosion resistance for ceramic based
materials like SiC, Ti3SiC,, SiC-SiC composites were also studied in LBE. The
experiments which were carried out in static LBE up to 700°C reveals that SiC
and Ti3SiC, are compatible with LBE. LBE penetrates into SiC-SiC composites

due to its porous nature and forms cracks.

From the review it was found that for experiments up to 500°C, a few options of
stainless steels, as construction materials for LBE application were available. However
beyond this temperature and up to 1000 °C, refractory alloys of Nb or Mo are the only choice
for structural material in molten lead alloys. But to use them as the structural material for
high temperature application the oxidation by air has to be prevented either by protective

coating or providing inert gas environment to the material.

2.6.1.4 Dissolved oxygen measurement

As discussed above dissolved oxygen control in LBE is essential for coolant
chemistry control. This required accurate online measurement of oxygen in LBE at high
temperature. The sensors based on solid electrolyte electrochemical cell proved efficient for
measuring the dissolved oxygen of the lead alloys systems, despite a number of limitations,
which are quite typical of this kind of measurement. However, it was not commercially
available, so that for a day-to-day use on experimental facilities, the sensors were to be
developed with sound theoretical background. The most widely used oxygen sensor for

measuring dissolved oxygen in lead alloy is Yttria Stabilized Zirconia (YSZ) based
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concentration cells. The potential difference (EMF) developed between the electrodes of the
cell depends on the partial pressures of the molecular oxygen (O;). The control of oxygen is
done by several ways. The most common technique is injection of Ar+H, if the oxygen is to
be reduced or injection of Ar+0O, if oxygen is to be increased. The other method which is
more robust is use of PbO pellet balls to release or consume dissolved oxygen as per
requirement from the LBE system. The release rate of oxygen from the oxide balls depend on
the temperature and flow rate of LBE through it ( [112], [67] ). So a suitable design of the
system is possible so that confinement of the LBE system is maintained and complex gas
circulation system can be avoided. However extensive development is required before using

this technique for oxygen control.

2.6.1.5 Safety aspects of molten lead alloy

Lead is a cumulative toxicant that affects multiple body systems and is distributed to
the brain, liver, kidney and bones [113]. Human exposure is usually assessed through the
measurement of lead in blood. Exposure to lead through inhalation or ingestion can cause
serious health effects in a variety of body systems. Such health effects may arise from acute
(short-term) or chronic (long-term) exposures. A short-term, high-dose lead exposure can
cause kidney, nerve, and brain damage that may lead to seizures, coma, and death within a
matter of days. As per WHOs report there is no known level of lead exposure that is
considered safe. Table 2.7 gives the maximum allowable limit of the lead in air and human
blood. In practice, if we use the lead and LBE vapour pressures from the literature ( [114],
[115]), the 50-100 g/m’ PEL corresponds to 530-550°C for LBE. However it is to be noted
that if the working area is under ventilation the lead concentration will be lower at these

temperature.
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Table 2.7 Maximum allowable concentration of lead in air and blood

Medium Maximum Permissible References
Concentration
Air 50-100 g/m3 (WHO, 1989) [113]
Blood 70 u g/decileter OSHA standards

The detailed guidelines for safe operation of lead alloy systems are given in the LBE
handbook (2007) [67]. The general operation steps include setting up apparatus, preparation,
melting, filling, insertion, sealing, heating, gas injection, cooling, opening, extraction,
cleaning, freezing, transferring, draining, circulating, etc. As per the handbook the danger
posed by lead to human health and environment is very real and serious, and should not be
overlooked in the research and development of lead-alloy coolant technology. However if
rules and regulations are properly observed and safe work practices and controls are

employed and effectively utilised, lead hazards are manageable.

2.7 LIQUID METAL THERMAL HYDRAULICS AND FACTORS AFFECTING
NATURAL CIRCULATION

The theoretical modelling of natural circulation in a loop consists solving the coupled
governing equations of mass, momentum and energy equations. The continuity equation in a
closed loop is not required to be solved, because the mass flow rate at any section is equal at
particular time, due to LBE being an incompressible fluid. The axial conduction of LBE can
be part of the energy equation as shown by Vijayan (2002) [3]. The wall conduction equation
was also to be solved as heat is transferred to and from the LBE at different locations in the
loop. Moreover the thermal inertia of structural material of the wall plays an important part in

natural circulation especially during transient conditions [116].
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The heat transfer coefficient is important parameter in the natural circulation
formulation [11]. The correlations for the heat transfer coefficient were to be properly
selected for different flow regimes of LBE. When the loop was started from stagnant
conditions at certain heater power, the flow of the LBE in the loop, especially in the heater
section undergoes different flow regimes such as, free convection, mixed convection, forced
laminar flow and forced turbulent flow. The different flow regimes were given by Metais and
Eckert (1964) [117] is shown in a single graph. The graph is discussed in more detail in
chapter 5. For free convection the heat transfer coefficient for liquid metal was given by
Sherrif and Devis (1978) [118]. There were some studies on heat transfer in mixed
convection done by different researchers, ([119], [120], [121]). Jackson et al. (1994) [120]
studied the mixed convection heat transfer in vertical tube for sodium extensively. It was
found that the mixed convection heat transfer was different from the normal fluid like water.
In the studies the radial velocity profiles were found to be similar to other fluids, however the
temperature distribution was very different. For LBE, no such studies were found in
literature. For forced convection laminar flow regime, the Nusselt number correlations for
common fluids were found to be applicable for LBE also [67]. The literature review on the
heat transfer in forced convection turbulent flow of LBE, revealed that there are number of
correlations available. The best suitable correlations for the present work were to be
evaluated from these.

LBE natural circulation at high temperature may be affected by different parameters.
Since LBE has high thermal conductivity the axial conduction effect may be prominent
especially at low flow conditions. Several authors have studied the effect of axial conduction
on liquid metal flow. Ambrosini et al. (2001) [122] and Misale et al. (2000) [116] studied the
effect of this on natural circulation in single phase water loop. Girgin and Turker (2011)

[123] studied the effect of axial conduction on fluid temperature in a circular tube for wide
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range of Prandtl number. Sabharwall et al. (2012) [39] carried out analytical studies in a
uniform diameter LBE loop for high Reynolds number. But there were no extensive studies
for natural circulation with low flow rate of LBE in closed loops. Heat loss in the piping is
undesirable but not totally avoidable. The effect of this on natural circulation was not studied
so far. At high temperatures the heat loss in the piping is considerable and its effect on the
natural circulation is important to study. Another parameter is the surface roughness. Since
LBE is corrosive at high temperature, it may make the surface rough by corrosion. This may
eventually increase the frictional pressure drop in the loop. This study is not found in

literature so far.

2.8 SUMMARY OF FINDINGS FROM THE LITERATURE SURVEY
Following are major finding from the literature survey,
1. Various liquid metals were used in nuclear reactors. Sodium is the most widely used for
fast reactor, due to its good thermo-physical and neutronic properties. Recently interest
in LBE has increased due to its low melting point compared to lead and inertness to air

and water.

2. It was seen that the studies on natural circulation in liquid metal have been increased
only recently. This may be due to design of the passive decay heat removal systems in
advanced reactor designs and the development of natural circulation liquid metal cooled

reactor systems.

3. The literature survey shows that most of the natural circulation loops were made for

material corrosion studies. There were few loops which were made for mainly natural
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circulation experimental studies. But there were no loops where natural circulation

studies were carried out in the operating range of CHTR.

. As a structural material for LBE systems there are few options of stainless steel up to
550 °C along with the use of dissolved oxygen control mechanism. The different
operational aspects of LBE were also reviewed. It was found that monitoring and
control of dissolved oxygen in LBE monitoring were essential for operation of LBE
loops. For temperature range more than 550 °C, very few structural materials are
available and in the temperature range of 700-1000 °C, only Mo and Nb based alloys

were found to be suitable for LBE application.

. Limited studies were carried out on the effect of various parameters of LBE on the
natural circulation of LBE. The effect of different of factors like thermal conduction of

LBE, heat loss in the piping, heat transfer coefficient, etc. are not studied so far.

. There are various computer codes developed for the thermal hydraulic studies related to
liquid metal cooled reactor systems. System codes are still being validated with
experimental results. The analytical methods are limited to simple geometries like
uniform diameter loops for natural circulation in LBE. The applications of CFD codes
are also still limited to the simulation of steady state natural circulation in LBE. So an
in-house system code is required to be developed which will include all aspects of LBE
natural circulation at high temperature so that extensive parametric studies can be

carried out.
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DEVELOPMENT OF LIQUID METAL LOOP (LML)
AND EXPERIMENTAL STUDIES

3.1 INTRODUCTION

It was found from literature review that there was no natural circulation data available for the
operating range of CHTR. So, experimental study in high temperature loop was planned to
generate the data for the CHTR natural circulation. Since there was no previous knowledge
and experience in design and operation of LBE facility, an extensive literature survey was
carried out to make a loop which can be operated up to ~1000 °C. Initially a loop to operate at
such a high temperature could not be made mainly due to the unavailability of structural
material to withstand such a high temperature in LBE medium. So a loop was designed with
structural material SS316, which can operate up to 500 °C with the dissolved oxygen control
in LBE within certain range. Since this kind of study with LBE was done for the first time in
India, the design and development of the facility was carried out entirely based on the
literature review. The loop mainly consists of a heated section, air heat exchanger, valves,
various tanks and argon gas control system. All the components and piping are made of
SS316. The instrumentation like oxygen sensor and level sensor were also developed for high
temperature LBE application. The auxiliary systems of the loop like ventilation system water
and scrubber were also designed for safe operation of the loop. This chapter includes the
design, development of liquid metal loop, its commissioning and natural circulation
experiments at various operating conditions. The details of the loop and the experimental
studies carried out with loop power levels varying from 900 W to 5000 W are described in

this chapter. The analysis and results of the performance of the heat exchanger with air and
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water as the secondary coolants are also discussed. Transient studies simulating various
events like heat sink loss, start up from stagnant condition and step power change as well as

secondary side flow change are also discussed.

3.2 DESIGN OF THE LOOP

To simulate the thermal hydraulics of a prototype, the experimental facility was to be
scaled properly. Nayak et al. (1998) [124] describes about the power to volume approach for
scaling of the natural circulation experimental facilities. The loop was designed to maintain
the scaling of important parameters of CHTR in LML. Table 3.1 gives the values of the

parameters which could be maintained for LML.

Table 3.1 Comparative design parameters of CHTR and Liquid Metal Loop (LML)

Sr. Parameters CHTR LML Ratio
No (CHTR
:LML)
1 Normal Power per fuel tube, W 5263 5263 1
2 Volume of LBE/ fuel tube, m’ 0.01834 | 0.01667 ~1
3 Vertical height between the centres of | 0.475 0.475 1
the heater and heat exchanger, m
4 Fuel tube hydraulic diameter, m 0.035 0.038 ~1
5 Gr,y/Ng, as given in Eq (2.1), at normal ~10"-10°% | ~10"-10° 1
operating conditions
6 Reg 0-2000 800-2000 1
7 | Mass flux, (kg/m’ 310 220 1.71
8 Heat flux, (in heat exchanger) kW/m’ 60.63 41.65 1.45

Immersion heaters were used to simulate the heat generation in the fuel with maximum power

6000 W. The heater power can be varied from 0 to 6000 W to study the natural circulation at

different powers.
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3.3 DESCRIPTION OF THE LEAD-BISMUTH LOOP

The LBE loop mainly consists of a heated section, air heat exchanger, valves, various
tanks and piping system (Fig. 3.1a). All the components and piping were made of SS316.
Figure 3.1 (b) shows a view of the loop. High temperature graphoil filled metallic gaskets
were used in the loop. The gaskets were tested at high temperature in LBE before using it in

the loop..

S=—==" Expansion Tank

Melt Tank

3600

Fig. 3.1(a). Isometric view of Liquid Metal Loop
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Adequate instrumentation and control system were designed and used in the loop for smooth
and safe operation of the loop Table 3.2 gives detailed specifications of the loop. The

different components of the loop are discussed in the following sections.

3.3.1 Heating System

There were three types of heaters used, in the loop. Band heaters were used to melt
the LBE in the melt/sump tank and other vessels. Immersion heaters were provided inside
heated section. Surface heaters were be used to maintain the piping temperature above the

melting point of LBE during the starting of the loop.

Fig. 3.1(b) Photo of a part of Liquid Metal Loop
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The surface heaters were installed in segments and covers entire length of the piping.
Thick ceramic wool insulation was provided to reduce heat loss to the atmosphere. In the
main heater section, the heat generated by the immersion heater was transferred to the liquid
metal as sensible heat. It mainly consists of ‘U’ shaped mineral insulated heater elements
mounted on a SS flange. The heating filament was made of Kanthal and the sheath material
was SS316. A. C. power supply was used for resistance heating. Figure 3.2 shows the view of

the heater section.

Table 3.2. Design parameters of LML

;l('). Parameters Values
1. Fluid used Lead Bismuth Eutectic
2. Fluid circulation mode Natural circulation
3. Line size 15 mmNB(1/2”) Sch 80
4. Centreline elevation difference between | 475 mm
heat exchanger and heated section
5. Total circulation length 5500 mm
6. Loop material SS 316L
7. Design pressure of the loop 5 kgf/em”
8. LBE inventory 500 kg
9. Maximum main heater power 6.0 kW
10. Design temperature 550 °C
11. LBE mass flow rate 0.09 to 0.15 kg/s
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3.3.2 Heat Exchanger
The heat exchanger was specially designed tube-in-tube type (Fig 3.3). The liquid
metal flows in the central pipe and cooling air/water flows in the outer annular jacket. A

radial air gap thickness of 1 mm, was provided between the central pipe and water jacket.
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Fig.3.2. View of the main heater of the Loop
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Fig. 3.3 Schematic of the heat exchanger of the Loop

The gap prevents the direct contact of cooling water with the high temperature tube surface
and this prevents solidification of LBE due to overcooling. The heat exchanger was tested

and the gas gap resistance was estimated in a High Temperature water Loop (HTL).
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3.3.3 Instrumentation

The instrumentation and control of the LBE loop was realized by means of a
Programmable Logic Controller (PLC) based Data Acquisition and Control System (DACS).
Monitoring of various parameters like pressure, temperature, levels in different components
of the loop, valve positions etc. was done through DACS. All operational and safety
conditions were built into the program. Levels in the tanks, temperatures in the loop,
dissolved oxygen in LBE, cover gas pressure; flow and other parameters were measured.
Figure 3.4 shows the flow diagram of the loop with cover gas system. High Temperature
pneumatically operated Control Valves (CV) and Pressure Regulating Valves (PRV) were
used for the control and operation of the loop.

Figure 3.5 shows a view of the cover gas distribution panel of LML. Pressure relief
valves were used to relieve argon gas in case of high system pressure. All the valves were
made of SS316L and were PLC controlled. The instrumentation and control systems were
designed in such a way that the loop can be operated remotely as far as possible. Pressure
transmitters which can work at high temperature were used to measure the fluid pressure and
gas pressure in the main loop. Fifty six ungrounded K-type, SS (Stainless Steel) sheathed
thermocouples were installed in the loop. Most of the thermocouples were installed on the
surface and some were inserted into the piping and vessels through special fittings. Figure 3.6
shows the mimic in the computer located at the control room for monitoring and control of
the loop. Since the LBE level measurement was very important requirement of the loop, two
types of level sensors were used; discrete type and continuous type. The discrete type was
based on electrical conduction principle, where the electrical circuit was closed when liquid
LBE surface touches a metallic rod hanging from the top flange of expansion tank. Figure 3.7

shows the schematic of the working principle of the discrete type level sensor.
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Fig 3.5 Instrumentation panel of LML
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Fig 3.8 (b) Response of the continuous level sensor during loop filling

The continuous type was based on gas bubbling technique. In this type of sensor, the
argon gas is bubbled at the LBE tank in a controlled rate. If the differential pressure required
to maintain minimum argon gas flow, is measured the hydrostatic height can be obtained as
shown in Fig 3.8 (a).The sensor is calibrated with the discrete type sensor before using in the

loop. Figure 3.8 (b) shows the response of the continuous level sensor used in LML.

3.3.4 Oxygen Measurement and Control

Accurate measurement of the dissolved oxygen concentration in liquid LBE was a
critical issue for the active chemistry control in the system. Oxygen enters the loop mainly
during start-up operations and also due to incidental contamination. If the dissolved oxygen
level reaches above a certain value, it leads to the formation of oxides in the liquid metal,

resulting in plugging and degradation of heat transfer. On the other hand, if the oxygen level
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falls below a certain value, the protective oxide layer on the structural material dissolves,
leading to corrosion. Hence, the oxygen level must be constantly monitored and kept within a
certain range. In a typical operating temperature range of 350°C to 550°C, the upper limit of
oxygen concentration in LBE is 5.5x10”wt%, and the minimum oxygen concentration is
1.0x10® wt% [125]. The lower limit of the dissolved oxygen in LBE was defined as the
concentration of oxygen required to form Fe;O4 protective oxide layer and the upper limit as
the saturation level of oxygen at a particular temperature, beyond which the formation of PbO
starts . The limits were obtained from the following two reactions taking place in LBE,

Pb+0O < PbO (3.1)

3Fe+40 < Fe,0, (3.2)

In terms of free energy of formation of Fe;O4 and PbO, using Henry’s law, the limits of

partial pressure of oxygen can be expressed, by following equation [126],
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Fig. 3.9 Working principle of an YSZ oxygen sensor
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Fig 3.10 Variation of EMF in the oxygen sensor with temperature for different dissolved
O, concentrations (%wt) in LBE.

<RTInP, <2AF,,~2RTna, (3.3)

1
EAF Fes0,
Figure 3.9 shows a schematic of an oxygen sensor consisting of a one-end closed
Yttria Stabilised Zirconia (YSZ) tube as solid electrolyte with molten Bi+Bi,O3; mixture as
reference electrode. The molten lead alloy in which the tube was immersed serves as the

other electrode. The potential difference developed across the electrodes due to the difference

in oxygen concentration, can be calculated from Nernst Equation as [125],

P/
E =Eln =
4F h,

= lF(l AF,, , —AF,,, ~RTIna,,, +RTn a,,bj

2 3 (3.4)

The unit of T in above equation is in K. P(;2 and £}, are the partial pressures of the dissolved

oxygen in reference electrode and liquid metal respectively. Using Eq (3.3), Eq (3.4) and
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referring Oxide Handbook [127] for AF’s, the limits of the sensor voltage can be expressed

as,
Ema= 8.123x107° T+0.4304 (3.5)
Emin=-7.264x107 T+0.142 (3.6)

The unit of T in Eq (3.5) and (3.6) is degree Celsius. Figure 3.10 shows the predicted
variation of emf generated in the oxygen sensor as a function of different temperature for
different oxygen concentration (% wt) in LBE. From the figure, it can be seen that if the
EMF value of the sensor goes below 0.1 Volts then PbO oxide layer formation starts. If EMF
goes above 0.45 Volts the protective oxide layer on the metal surface becomes unstable
which may lead to corrosion. For normal operation range (i.e. 300 to 500 °C) the
concentration of oxygen, 107 to 10™ % wt is assumed as ‘safe zone of operation’. In terms of
EMF, it is 0.2 V to 0.4 V which is safe for the above mentioned temperature range. An
oxygen sensor was developed to measure dissolved oxygen level in LBE. The oxygen sensor
consists of a one-end closed YSZ tube. The tube was partially filled with laboratory grade
Bi+Bi,O; mixture, which was the reference electrode of the sensor. A Molybdenum rod
(signal rod, for electrical connection between molten reference electrode and vessel wall) and
a SS sheathed thermocouple (for temperature measurement) were immersed in the mixture.
The tube was sealed with a Teflon® cap and high temperature silicon sealant. The detailed
construction and testing of the sensor can be found in Borgohain et al., 2008 [128]. Figure
3.11 shows schematic and photo of the oxygen sensor used in the loop. Fig 3.12 shows the
variation of EMF of the sensor for some period during operation of the loop. The sensor is
installed in the expansion tank with specially made leak tight fittings. When the Ar+H, gas
bubbling is started in the expansion tank, the hydrogen gas combines with oxygen and forms

moisture. The moisture goes away with the purge gas.
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The partial pressure of the dissolved oxygen decreases with decreasing concentration of
oxygen in LBE. As per Eq (3.4), the EMF generated in the oxygen sensor is inversely
proportional to the partial pressure of oxygen in LBE. So the EMF started increasing, as
shown in Fig 3.12. When the Ar+H, gas bubbling is stopped the EMF reduces as the oxygen

level in the LBE in the tank rises again by mixing with LBE of the loop.

3.4 SAFETY DESIGN ASPECTS OF THE LOOP

For safe operation of the loop, all possible events, during operation of the loop were
to be envisaged and design of the loop should take care of these so that loop can be operated
safely. Table 3.3 highlights the events of the loop that can occur during the operation and the

design features of the loop to mitigate those..
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Fig 3.13 (a) View of the Argon gas scrubber of LML
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For personnel safety also a ventilation system has been made to prevent any spread of lead
fume or dust during any accidents. It was calculated that the equilibrium concentration of
LBE vapour at 500° C was 42.0x10° mg/litre [67]. considering that the air in the operational
area was stagnant i.e. it was not ventilated. This level is below the permissible limit (50-100 x
10 mg/Lit). However, the prevention of carrying fine LBE dust with the argon cover gas was
ensured by providing high efficiency mechanical filter and scrubber at the exhaust of argon
gas of the loop. The process flow sheet of scrubber system is shown in Fig 3.4. Fig 3.13 (a)

shows the view of the system.
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Fig 3.13 (b) P&I diagram of the Argon gas scrubber of LML
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Fig 3.14 Schematic of the ventilation system with enclosure of LML

The P&I diagram of the set up is shown in Fig 3.13 (b). The whole loop was kept
inside an enclosure. The enclosure was welded at the bottom with a MS plate on which the
loop was installed. The pressure inside the enclosure was kept slightly negative with the help
of blower and ventilation system. The air from the enclosure was passed through double-
stage filtration system where the air was filtered to remove fumes and lead dust particles and
the clean air was discharged to atmosphere. Figure 3.14 shows the schematic of the

ventilation system of the loop.

3.5 CHARACTERISATION OF THE LOOP
3.5.1 Heat Exchanger Performance Analysis
The heat exchanger is a tube-in-tube type with an annular air gap between the primary

and the secondary sides. The schematic of the heat exchanger is already shown in Fig 3.3. Air
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is used as the secondary fluid for low power studies in the loop and water is used for higher

power studies.

Table 3.3 Postulated events and measures for safety

Sl Events Action

No

1 | Failure of power and air | In the event of Power failure, the heater will be
compressor to operate the | tripped; subsequently valves were operated by
pneumatic valves opening the pneumatic bypass supply valve, to

dump the molten LBE in the sump tank.

2 | Temperature of the LBE at the | High temperature trip will be generated in the
outlet of heated section goes | PLC, the heaters will be tripped, valves will be
beyond normal operating | opened and LBE will be dumped in the sump tank.
temperature due to abnormal
heater operation or failure of
cooling water supply in the heat
exchanger.

3 | Heater failure in the loop When temperature at any location of the loop
drops below 150°C, all the heaters will be tripped
automatically and all the LBE will be dumped
from the main loop.

4 | Pressure rise in the sump tank. The control valve for the argon gas supply will be
closed. Relief valve was provided at the Argon
exhaust line.

5 | Decrease in pressure in the | The Non Return Valve (NRV) was provided

expansion tank between the purge tank and scrubber to prevent
the air ingress from the water scrubber. The
control valve at the Argon exhaust line will be
closed.

6 | Overflow of LBE from expansion | A purge tank was provided in the exhaust line to
tank collect LBE, which will avoid outflow of LBE

from the loop.

7 | Leakage of LBE from the loop If there is any leakage in the loop, the level of

LBE in the expansion tank will decrease. The
decrease in level will prompt trip of the heaters in
the loop and consequently the isolation valve will
open to dump the LBE in the sump. Any spillage
of the LBE will be accumulated in solid form on
the tray provided at the bottom of the loop.
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To find the air gap resistance, the heat exchanger was tested in a separate water loop, High
Temperature and high pressure water Loop (HTL) which has maximum operating
temperature and pressure of 270 °C and 70.0 bar. The secondary side of the heat exchanger is
cooled by service water. Figure 3.15 shows the results of the tests. Since the radial gap is
very small (~Imm), the gap resistance is modelled as the contact resistance for this heat
exchanger. It can be seen that with contact resistance of 1.2x10™ m” °C/W, the prediction of
the overall heat transfer coefticient matches well. So for the calculation of the overall heat
transfer coefficient of the heat exchanger, the contact gap resistance is taken as 1.2x10~ m?
°C/W. This contact resistance has been used for estimating the secondary side heat transfer
coefficient of the heat exchanger when it is installed in the lead bismuth loop, which is

required for the theoretical analysis.

275 P

&) -
o 2504 _ - .
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Fig 3.15 Test results of the heat exchanger in high temperature water Loop before
installing in the LML.
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After the test in HTL, the heat exchanger is installed in the lead bismuth loop. In the natural

circulation experiments with LBE the overall heat transfer of the heat exchanger is found as,

U, =% (3.7)
AAT

ATy, can be found from the experimental data and Qsis calculated as follows,

Qs = WiCps (Ts.our Ts.in) (3.8)
Considering the radial dimensions across the wall, as shown in Fig 3.16, the overall heat
transfer coefficient in the heat exchanger is also given as,

rln(V)
v_n 7 ), 1

U e T (3.9)

o in"in eff s

The effective thermal conductivity, k.; across the wall thickness in the heat exchanger
includes three parameters, the inside wall resistance, the gap resistance and the inner wall
resistance of the water jacket.The value of kg is found as,

n( ) w(57) w, m(%)
T ) Ry n

k"ﬁ B kinﬂw " rl " k (3.10)

Fig 3.16 Radial dimensions considered [ Eq (3.9) and Eq (3.10)] across the walls of the
heat exchanger
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After calculating U, from Eq (3.7), hj, for LBE was calculated from the correlation given by
Holman (1964) [129], keg from Eq (3.9) and hg can be calculated from Eq (3.10). The value
of hs is required for theoretical simulation of natural circulation in the loop as discussed in
chapter 6. The overall heat transfer coefficient U, and A7), of the heat exchanger are
calculated for steady state natural circulation with different power levels and shown in Fig
3.17. In general it is seen that with air cooling in the secondary side, U, is found to be lower

than the cases with water cooling.

B AT

3507 U,

300
Air Water

250

200

150

100

AT(°C), U (W/m*°C)

50

900W.
3600W
4200W
5000W

[9\] [9\]
Power (W)

Fig 3.17 Variation of AT}, and overall heat transfer coefficient in the heat exchanger of
the loop.
3.5.2 Heat Loss in the Loop
In ideal situation the heat should be removed only in the heat exchanger of the loop.
But at high temperature the heat loss through the insulation could not be avoided in spite of
providing sufficient insulation. The heat removed by the heat exchanger and heat loss in the

piping is shown in Fig 3.18. The secondary side flow was kept in such a way that the heat
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exchanger can remove maximum possible heat from the LBE. At the same time the
temperature at the heat exchanger outlet was monitored so that the LBE does not solidify in
the heat exchanger due to over cooling. Up to 2400 W, air has been used as the working fluid
in the secondary side. Above this power the heat loss in the piping increases as the
effectiveness of the heat exchanger does not increase with power. So, heat exchanger was
cooled by water when the main heater power was more than 2400 W. The water was
preheated before entering the heat exchanger for power from 2400 W to 3600 W to avoid
solidification in the primary side. At higher power the heating was not required. It can be
seen that the heat loss through the piping was much low in spite of the high power levels in
the loop. This was due to the increase in effectiveness of the heat exchanger with water

cooling in the secondary side.

5000 -
| | I Heat removed in HX
4500 4 | 2 Heat loss through piping
1 Water cooling
4000 ] ~—in Secy. side
% 3500
o |
52 3000 1 Air cooling in
5 | " Secy. side
Q
qé 2500
g |
= 20004 12.3%
5 1500 -
= ]
1000
500 -
0

900 1800 2400 2400 3000 3600 5000
Main Heater power (W)

Fig 3.18. Heat removed by the heat exchanger and heat loss in the loop piping in LML.
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3.5.3 Experimental Test Matrix in the Loop
A number of steady state and transient natural circulation experiments were carried out for
different power levels with air and water as the secondary fluids. The experimental test

matrix is shown in Table 3.4. The results of the experiments were discussed in the next

section.
Table 3.4 Natural circulation test matrix of the Liquid Metal Loop
SI No | Experiments Power Secondary | Avg. loop
side fluid | temperature
1.0 Steady state:
1.1 900 W to 2400 W Air 250 to 350 °C
1.2 2400W to 5000W Water 350 to 500 °C
2.0 Transient
2.1 | Start up | At 1200W,  1500W, | Air 250 to 375 °C
experiment 1800W,  2400W  and
3000W
2.1.1 For 3000W power, water | water 350 °C
was used as the secy fluid
2.2 | Heat sink loss At heater power 2400W Air 400°C
2.3 | Step change in heater power
2.3.1 | Step power up 1500-1800-1500W Air 320°C
2.3.2 | Step power down | 2100-1200-1800W Air 275 °C
2.4 | Secondary side coolant flow effect
2.4.1 | Step rise of | 200-320-200 LPM at | Air 280°C
coolant flow rate 1500 W
242 | Step down of|320-100-320 LPM at | Air 350°C
coolant flow rate 2280 W

3.6. Operation of the Loop
Following steps are followed during operation of the loop
1. Before operation of the loop, the leak test of the whole loop was done by pressurising
the loop with air up to the operating pressure (~ 2.0 kg/cm?). The pressure drop of the
pressurised loop was monitored for 30 minutes. If the drop in pressure is less than

20% of the initial value the loop is considered to be sufficiently leak proof.
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After the leak test the loop was evacuated to take out air from the loop, with the help
of vacuum pump, up to 0.25 bar-abs. Then refilled with argon gas and pressurised to

0.5kg/cm?2. The loop was again evacuated to 0.25 bar-abs.

. This cycle was then repeated for 4 times. After that the loop is filled with argon and

0.2 bar pressure is maintained in the loop.

Solid ingots of the LBE of required quantity was filled in the melt tank and melted by
raising melt tank temperature to 200°C. The solid oxide layer from the LBE free
surface was removed mechanically. Personal safety was maintained by following
safety guide lines provided by LBE Handbook (2007) [67]. The melt tank was then

closed and Ar+H, gas was bubbled to remove the dissolved oxygen gas from LBE.

. The whole loop was then heated with trace heater and maintained at 300°C for 8
hours. This long heating time ensures maintaining the whole loop temperature well
above the melting point of LBE. After that the valve between the melt tank and the

sump was opened to drain the LBE from the melt tank to the sump.

. The LBE coolant in the sump tank was then pressurized by argon gas system. Due to
pressurization molten LBE flows into the loop and subsequently fills up the loop.
After filling the loop up to a required level in the expansion tank, the loop was

isolated from the sump tank by a valve.
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6.

10.

The main loop power is increased and the cooling air flow in the secondary side of the
heat exchanger is started. Natural circulation of LBE takes place in the loop due to

heating of the LBE in the heated section and cooling in the heat exchanger.

Adequate care has been taken to prevent contact of air with the molten LBE to avoid
formation of insoluble metal oxide which may block the piping of the loop. The
oxygen level in LBE was monitored and if the level of O, goes above the prescribed

limit Ar+H, gas mixture is directly purged in LBE at the expansion tank.

Experimental studies at different temperatures and power were carried out by
controlling the main heater power and the secondary flow rate in the heat exchanger.
The loop temperature was maintained between 200 to 500 °C during the experiments.
If the temperature of the loop goes beyond this range all the LBE will be dumped after

opening the isolation valve and the heaters will be tripped automatically.

After the experiments or in case of any anomaly in the loop, it was shut down. To shut
down the power of the main heater and the secondary side coolant flow was reduced
to zero. Then the valve between the main loop and the sump was opened. Care was
taken that the argon pressure in the expansion tank was maintained at least 1.2 bar-

absolute, so that air ingress during the dumping of LBE is avoided.

After dumping if the loop is to be shut down for a long time, all heaters were switched

off and natural cooling of LBE was allowed. Positive argon gas pressure is maintained

in the loop till the LBE is solidified and loop temperature comes down below 100 °C.
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3.7. Results and Discussions
3.7.1 Steady State Analysis

In the steady state natural circulation experiments, the loop was allowed to reach
steady state conditions at different heater powers. The mass flow rate in the loop was
estimated from the heater power and the temperature difference between the inlet and outlet
of the heated section. For heater power 900 W to 5000 W the flow was found to be varying
from 0.095 kg/s to 0.135 kg/s. Figure 3.19 shows the variation of calculated mass flow rate
with heater power. It can be seen that as the loop power increases mass flow rate also
increases. The steady state natural circulation results are also given in tabular form in
Appendix 4.4. For steady state natural circulation, Vijayan (2002) [3] showed that the flow in

single phase uniform or non-uniform diameter natural circulation loops can be expressed as,

Re. =C(Grm) (.11

G
Where, constant ‘c’ and ‘»’ depends upon the nature of flow (i.e., laminar or turbulent).
Parameter Ny depends on geometry of the loop and the details of Eq (3.11) is given in
Chapter 2. Regs and Gryy, are based on the reference diameter.

Figure 3.20 shows the comparison of the correlation with the experimental data for
the present loop. At low flow the correlation under predicts by 17% maximum, whereas at
higher flow it over predicts the experimental results by 13%. The comparison with other
correlations available in literature is discussed in Chapter 4. The temperature distributions
over the whole length of the loop at 2400 W power are shown in Fig 3.21 (a) and Fig. 3.21
(b). Figure 3.21 (a) shows temperature distribution with air as the secondary side fluid. The
increase in air temperature in the secondary side of the heat exchanger was much higher
compared to the drop in LBE temperature in primary side due to lower heat capacity of air.

The minimum temperature of the loop was around 300 °C. Figure 3.21 (b) shows the axial
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variation of temperature with water cooling in the secondary side. The axial variations in
temperature in the heat exchanger were approximately same in the both sides. With the water
cooling, the minimum temperature of the loop was found to be 235 °C. Hence it is evident

that as a coolant, water is better than air in this case.
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Fig. 3.19 Calculated mass flow rate during steady state natural circulation at different
power levels

But water was to be at higher pressure so that it remains in single phase even at temperature

above the melting point of LBE. In both the figures steady rise in temperature could be seen

in the heated section of the loop. In the piping there was small temperature drop due to heat

loss through the insulation. The temperature drop in the expansion tank was found to be more

than other parts of the piping because of the heat loss from vessel wall, flanges, gas purging

lines, oxygen sensor fittings, etc.
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Fig. 3.20 Comparison of steady state correlation [Eq. (3.9)] with experimental data.
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Fig. 3.21(a) Steady state temperature distribution along the length of the loop at main
heater power= 2400 W with air as the secondary side coolant.
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Fig. 3.21(b) Steady state temperature distribution along the length of the loop at main
heater power= 2400 W with water as the secondary side coolant
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Fig 3.22(a) Steady state axial temperature distribution of the loop at 900 W power
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Fig 3.22(b) Steady state axial temperature distribution of the loop at 4200 W power

Figure 3.22 (a) shows the axial temperature distribution in the loop at 900 W power
with air cooling in the secondary side of the heat exchanger. The temperature difference
between inlet and outlet of the heater was found to be 67 °C. Figure 3.22 (b) shows the axial
temperature distribution for power of 4200 W with water cooling. The temperature difference
between the heater section inlet and outlet in this case was found to be 220 °C. Hence in case
of natural circulation, the higher temperature gradient in the loop at high power was observed
which was needed to generate higher buoyancy driving force so that it can overcome the
hydraulic resistance offered by LBE at higher flow rate. The heater surface temperatures
which were given by two thermocouples located at around 2/3" of the axial length of the

heater from inlet were also shown in Figures 3.21 and 3.22.
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3.7.2 Transient Studies

Transient studies were carried out to simulate some postulated accident scenario in the
reactor. The main objective was to observe the LBE behaviour during various transient
conditions. The transient experimental studies include start-up of the loop from near stagnant

conditions, loss of heat sink and step power change.

3.7.2.1 Start-up operation

Start-up operation from near zero flow condition for various power levels was carried
out. Here, the start up at main heater power levels of 1200 W, 2400 Wand 3000W have been
discussed. Initially, the steady state of natural circulation of LBE was achieved by
maintaining same operating conditions for long time. Then the main heater was put off and
secondary side air flow in the heat exchanger was stopped. The cold leg temperature slowly
increased to the hot leg temperature by starting the trace heaters in the cold leg. In this way,
near no flow condition was achieved by reducing the LBE temperature differences across the
heated section and heat exchanger near to zero. After achieving near zero flow condition, all
the trace heaters were put off and main heater was put on. The secondary side air flow in the
heat exchanger was started. The temperature variation in the heated section outlet and heat
exchanger outlet was observed till steady state condition was achieved. Figure 3.23 (a)
shows the temperature variation at the outlets of the heated section heat exchanger for 1200
W power. Here the driving force of the LBE circulation was the buoyancy force developed
due to temperature difference created between hot leg and cold leg in the loop. At initial stage
the LBE starts to flow from stagnant condition. Due to initial low flow, temperature at the
heated section outlet rises. As the flow approaches steady state the temperature reduces and
stabilises. The peak temperature achieved during this start up experiment was 318 °C which

was 10.0 % higher than the steady state temperature (~290 °C).
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Fig. 3.23 (a) Temperature variation at outlets of heater and heat exchanger during
start-up of the loop from near stagnation condition with Power 1200 W.
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Fig. 3.23 (b). Temperature difference across the heater section and heat exchanger
during start-up of the loop from stagnation condition at Power 1200 W.
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It can be seen from Fig 3.23(a) that the heat exchanger outlet temperature decreases rapidly
and stabilises after some time. Due to initial low flow of LBE, the heat exchanger cools down
the LBE drastically. But as the flow increases, further fall in the temperature reduces. It can
be further seen that the temperature stabilises smoothly after sometime. Figure 3.23 (b) shows
the temperature difference across the heater section and heat exchanger for 1200 W power
experiment. It could be seen that the steady state temperature difference is reached across the
heater section more quickly than that of the heat exchanger section. Figure 3.24 (a) shows

results for 2400 W power level.
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Fig. 3.24 (a) Temperature variation at outlets of heater and heat exchanger during
start-up of the loop from stagnation condition at power 2400 W.

Here the initial LBE temperature in the heat exchanger was lower than the steady state

temperature. From Fig 3.24 (b) it can be seen that the temperature difference in the heat

exchanger reaches steady state more quickly than the 1200 W power experiment. So the

initial temperature value, especially in the heat exchanger is important for the time required

83



Chapter 3: Development of LML and Experimental Studies

to reach steady state during start up experiment. Figure 3.25 (a) shows the temperature
variation in the loop for 3000 W power with0.3 lIpm cooling water flow rate in the secondary
side. The heat exchanger outlet temperature drops drastically during initial moment due to
low flow rate of LBE in the primary side and high heat removal rate in by water flowing in
the secondary side. After 35000 s, oscillation in the heat exchanger outlet temperature was
observed, which was due to the local boiling of the cooling water in the secondary side. The
water flow was increased marginally after 52000 s in the secondary side which caused the

disappearance of oscillation, but increase in water flow rate caused decrease in temperature of

the LBE.
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Fig. 3.24 (b) Temperature difference across the heater section and heat exchanger
during start-up of the loop from near stagnation condition at Power 2400
W.

Fig 3.25 (b) shows that the steady state temperature difference in the heater section is reached

more quickly than the previous two cases. This is due to high heat removal rate of water

during the experiment. In the heat exchanger the steady state temperature difference is
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achieved more slowly than that of the heater section. The initial decrease in LBE temperature
in the heat exchanger caused the delay in achieving the steady state.

As shown in Fig 3.24 (b), it was found that the time to start the natural circulation in
the loop were 240 s for power 3000 W. The time required to start natural circulation for
power 1200 W and 2400 W were found to be 600 s and 400 s, respectively. So it can be
inferred that higher the power, lesser was the time required to start natural circulation. More
discussions on the start-up of natural circulation and its theoretical validation are done in

chapter 6.
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Fig 3.25 (a) Temperature variation at outlets of heater and heat exchanger during start-
up of the Loop from near stagnation condition at 3000 W power.

3.7.2.2 Loss of heat sink
The loss of heat sink was considered in the safety analysis of the reactors and good
prediction was necessary to ensure safe plant operation. Here the experiments with 2400 W

power levels were discussed. To start the experiment the loop was started and a steady state
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was established. After achieving steady state, secondary flow in the heat exchanger was
stopped completely at t=24000 s. Due to the inability of the liquid metal to dispense its heat,
the steady state was disturbed and the temperatures of the loop began rising. Figure 3.26 (a)
shows the rise in temperature at inlet and outlet of heated section during the heat sink loss
experiment with loop initial power of 2400 W. Whereas Fig 3.26 (b) shows the variation of

inlet and outlet temperature in the heat exchanger.
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Fig 3.25 (b) Temperature difference across the heater section and heat exchanger
during start-up of the loop from stagnation condition at 3000 W power.
Here despite the absence of the cooling by secondary flow, the LBE temperature difference
between the inlet and outlet of the heat exchanger was maintained at significant value. To
study it in detail, the temperature difference in the heater section and the heat exchanger are
plotted along with the secondary side inlet and outlet temperatures during the experiments,
for two power levels 1200 W and 2400 W and shown in Fig 3.27 (a) and (b). In both cases it

can be seen that the temperature at inlet of the secondary side of the heat exchanger has
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increased and the outlet temperature is decreased due to the stopping of the air flow. But the
temperatures remained well below 100 °C, due to which the heat removal is continued
although at reduced rate even for a long time and hence natural circulation in the loop is
continued. It is observed that that due to the loss of heat sink the temperature of the loop

increased. So this transient has prominent effect in most part of the loop.
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Fig. 3.26 (a). Variation of inlet and outlet temperature of heated section during the
simulation of loss of heat sink with initial steady state power 2400 W.

3.7.2.3 Step change in heater power

Effect of step change in main heater power has been studied in the loop. Initially the
loop was operated at 2100 W power level at steady state. The power was decreased to 1800
W for at 7000 s and stepped up back to 2100 W. The effect of this power change was shown
in Fig. 3.28 in terms of change in temperature. In the heater section, the step change could be

clearly seen.
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Fig. 3.26 (b). Variation of inlet and outlet temperature of heat exchanger during the
simulation of loss of heat sink with initial steady state Power 2400 W.
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Fig. 3.27 (a) Variation of the difference of LBE inlet and outlet temperature of heated
section and heat Exchanger, during the simulation of loss of heat sink with
initial steady state Power 1200 W.
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The power rise leads to decrease in temperature difference across the heater section from 135
°C to 85 °C in 1270 s. It remained at this value till the power is restored to 2100 W. To reach
the temperature difference 135 °C, it took 1030 s. In the heat exchanger initially the
temperature difference has increased, which is due to the reduction in natural circulation flow
caused by the step power reduction. But it is slowly reduced because of the reduction in
temperature of LBE in the heat exchanger. When the power is restored to 2100 W the
increase in the temperature difference is much slower than the heater section. This is because

of the high inventory in the expansion tank which takes long time to regain the initial LBE

temperature.
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Fig 3.29 Temperature variation in the loop when secondary air flow was decreased from
320 LPM to 100 LPM with 2280 W loop power

3.7.2.4 Effect of coolant flow in heat exchanger
The effect of the variation in secondary side coolant flow rate was also studied. The

variation of power and the results obtained were depicted in Fig 3.29.The air flow rate was
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decreased from 320 LPM to 100 LPM and again restored to 320 LPM. The power was kept
constant at 2280 W. Significant changes of heat transfer rate in the heat exchanger is seen in
the form of temperature difference across the heat exchanger. While the change in
temperature difference across the heater section is lower than that of heat exchanger. It can be
seen that the step change in power mainly affects the temperature gradient across the heater
section whereas the step change in secondary side coolant flow rate affects the temperature
gradient across the heat exchanger section. In general it can be summarised that local change
in heat input and output in the loop affects local temperature gradient more than the whole

loop.

3.8 SUMMARY OF MAJOR FINDINGS
A loop with LBE coolant was made to generate experimental data up to 500 °C. The
necessary instrumentation like oxygen sensor, level sensor, etc, were developed for smooth
operation of the loop. Following were the major achievements/findings from the experimental
studies,
1. Instruments for measurement of oxygen in LBE and level measurement were
developed and found to be sufficient for loop operation. The chemistry control of
LBE in the loop during the operation was achieved by using controlled injection of
Ar+H, in molten LBE.
2. During steady state natural circulation experiment, data were generated for Gry,

ranging from 10" to 10" and Reg, range 600 to 2000.

3. A correlation, developed for steady state natural circulation single phase Newtonian
fluids was compared with experimental results and found to be in good agreement

with the experimental results.
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4. The transient experiment conducted are, start up experiment at different power, heater
trip, loss of heat sink, step change of power and the effect of secondary coolant flow
variation in the heat exchanger.

5. It was seen during the start-up experiment that with loop power increase, the time
required to initiate the natural circulation, decreases. The time to reach steady state
mainly depends on the secondary side heat transfer conditions.

6. In the loss of heat sink experiment it was found that, the temperature of the loop rises
steadily when the secondary coolant was stopped. Continuation of the natural
circulation for long time in the loop was observed, even after the coolant flow
secondary side was stopped. This is due to the natural cooling in the secondary side
through the structural material and cooling by recirculation of the air.

7. In step change in heater power it was found that, the rise in temperature difference
across the heater section was more than that of heat exchanger. But in the experiment
to study the effect of the secondary coolant flow in the heat exchanger, the
temperature rise in the heat exchanger during the step change of coolant flow was
more prominent. From the results of these two experiments it can be concluded that
the effect of step change in parameters in heaters and heat exchangers are more

prominent at respective locations.
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Chapter 4

EXPERIMENTAL STUDIES IN KILO TEMPERATURE
LOOP

4.1 INTRODUCTION

As discussed in the previous chapter the LML could be operated only up to 500 °C
due to the limitation of use of the structural materials to withstand high temperature.
Experimental data were required at higher temperature for the design of CHTR, whose
operating temperature is ~1000 °C. Since LML was made of SS316, maximum allowable
temperature for operation was 500 °C. So another loop was required for experimental studies
at higher temperature. This chapter deals with the development of a high temperature loop.
Two materials were tried to make the loop Mo based alloy and Nb based alloy. Nb based
alloy was found to be better for the fabrication of the loop and consequently a high
temperature loop which was capable of operating above 1000 °C, Kilo Temperature Loop
(KTL) was set up using this material. A number of experimental studies were carried out on

LBE natural circulation in this loop which are discussed in this chapter.

4.2 DEVELOPMENTAL WORK FOR HIGH TEMPERATURE LOOP

As discussed in the chapter 2, at high temperature only Nb based alloy and Mo based
alloys were compatible with molten LBE. TZM (5 % Titanium, 0.08 % Zirconium and 0.02
% Carbon with the balance Molybdenum.), a Mo based alloy was tried for development of

the loop. But due to joining difficulties the loop could not be developed.
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4.3 DESIGN OF THE LOOP WITH Nb-ALLOY

After carrying out the unsuccessful trials with TZM, Nb alloy i.e. Nb 1% Zr 0.1 %
carbon were tried. The development of the material was carried out in Material Science
Division (MSD), BARC for CHTR application. The mechanical properties at high
temperature were found to be good and suitable for the loop design conditions (Tewari et al.,

2003) [130].

The mechanical test results of the EB welded pieces were found to be satisfactory
with the design requirement of the loop. The availability of the material and sizes were
evaluated. All the joints of the loop were done by EB welding. The size of the vacuum
chamber of EB welding machine also limited the size and geometry the loop. The
development of the fabrication techniques were carried out jointly by NFC, MSD and Reactor
Engineering Division (RED) of BARC for the Nb alloy components and the detailed design
of the loop was finalised. Figure 4.1 shows the isometric view of the Kilo Temperature Loop
(KTL). Due to limitation of material availability, the loop was designed in two parts, high
temperature part and low temperature part. The main loop where the natural circulation of
LBE takes place was made of Nb-alloy. The low temperature part which consists of the dump
tank, the loop filling lines and the isolation valve were designed with SS316 material. For the
mechanical design of the loop components, ASME Section VIII division I was referred. Since
the components were to be designed to work at high temperature, the creep stress of Nb-alloy
was taken as the maximum allowable stress at design temperature. The details of the
thickness calculation of different components of the loop are given in Appendix 4.1. The
flexibility analysis of the loop was also carried out to design the support system of the loop.

Figure 4.2 shows the loop with supports.
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Fig 4.1. Isometric view of the KTL made jointly with NFC, Hyderabad.
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Fig 4.2 Schematic of the support of KTL

A number of trials were carried out on EB welding of different components of the loop. After
the trials the Nb alloy loop components were made at NFC. The expansion tank which has
internal diameter of 104 mm was made by joining number of circular rings which were again
individually made from rectangular plates. The elbows and tees were specially made for ease
of EB welding. The different components of the loop were shown in Fig 4.3. Since the source
of the electron beam was fixed in the EB welding machine the job was to be moved as per

requirement of welding. Proper jigs and fixture were developed for the loop. The procedure
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and sequence of welding of the joints were developed. A stainless steel loop was made with
the same geometry to finalise the welding and assembly procedure of the loop. After this the

Nb alloy loop was successfully assembled as per the procedure developed.

Tank, Nozzle, Top Tube Cluster

Specially designed Elbows Full loop assembly

Fig 4.3 KTL components and loop assembly fabricated in NFC, Hyderabad.
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4.4 DESCRIPTION OF KILO TEMPERATURE LOOP (KTL)

KTL comprises of five basic parts: heater, cooler, dump tank, expansion tank and loop
piping. Table 4.1 gives the main design parameters of the loop. High temperature and low
temperature parts of the loop were joined with ANSI standard SS 316 flanges. Ceramic
impregnated SS metallic gasket was used for sealing the flanged joints. Figure 4.4 shows the
schematic of the flanged joint. The KTL has been designed to operate up to 1100 °C. The
present set up does not allow forced circulation of the cooling argon gas in the secondary side
because of the possibility of sudden cooling of the loop heat exchanger section if the argon
flow was started abruptly. The sudden cooling of the section lead to the thermal stress
generation in the joints and from the stress analysis it was found that it may cause failure of
the joints at higher temperature. Moreover the oxygen impurity in the argon gas may lead to

oxidation on the outer surface of the Nb alloy piping in the heat exchanger section.

Table 4.1 Design parameters of KTL

;l;). Parameters Values
1. Fluid used Lead Bismuth Eutectic (LBE)
2. Fluid circulation mode Natural circulation
Line size 15 mm NB(1/2”) Sch 80
4. Centre line vertical distance | 500 mm
between heat exchanger and heater
5. Total circulation length 2500 mm
6. Loop material Nb-1 %Zr-0.1 %C
7. Design pressure of the loop 4 kgf/em®
8. Coolant inventory 32 kg
9. Maximum main heater power 2.0 kW
10. Maximum operating temperature 1100 °C
11. Loop Height 2.5 meters (approx)
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So the heat exchanger in the present loop was designed as vertical tube in tube type and
cooled by natural convection of argon gas in the enclosure. Figure 4.5 shows the schematic of
the heat exchanger. The inner tube was the part of the primary loop and LBE was flowing
through it vertically in downward direction. The outer tube was concentric to the inner tube
with both ends open. So the secondary side was a vertical annular passage where argon gas in
the enclosure enters from the bottom of the passage, flows through it due to natural
convection and goes out through the upper opening. This way the heat from the heat

exchanger was rejected inside the enclosure.

The dump tank which was made of SS 316 serves as the melt tank and holds the total
inventory of LBE of the facility. It holds sufficient amount of LBE even when the loop was
filled during the experiment. In case of an emergency, the LBE was required to be dumped at
high temperature. The additional LBE which was kept at low temperature in the melt tank
mixes with the high temperature LBE and keeps the dump tank temperature below the design

limit.

Nb-alloy Part

/

/ SS ring flange Part

Fig 4.4 Joint between Nb alloy part and SS part of the loop.
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Fig. 4.5 Schematic of heat exchanger of the loop.

Argon gas inlet and outlet lines were connected for cover gas purging. The tank was
connected to the main loop by a 15 NB pipe which was immersed in the LBE to a sufficient
depth so that when the surface of LBE was pressurized by Ar gas, the LBE was lifted through
the pipe to fill the loop. The dump tank has continuous level sensor which works on gas
bubbling method as explained in chapter 3. The gas pressure and LBE temperature in the tank
was also measured. The temperature controlled heaters were provided to keep the tank at
required temperature. An expansion tank has been provided at the top of the loop to
accommodate the volumetric expansion of the LBE. This tank consists of a discrete type LBE
level sensor to monitor LBE level and thermocouples to monitor the LBE temperatures. The
cover gas pressure of the tank was also monitored. Trace heaters were provided in the piping
and other components of the loop such that temperatures at all locations of the loop could be

controlled as and when required.
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The possibility of any leakage of LBE vapour into the atmosphere was prevented by suitably
designed ventilation system as shown in Fig 4.6. Control valves have been used for
controlling cover gas pressure and dumping the LBE in to the dump tank remotely. The loop
was successfully operated up to 1100 °C. The temperature limit of all the heaters in the low
temperature section of the loop were kept at below 500 °C, so that the temperature of the

section does not exceed the design limit.

The instrumentation and control of the process plays the most important role as the
molten lead alloy freezes at 125 °C. K-type SS 316 Sheathed thermocouples were used for
LBE temperature measurement. For the surface temperature measurement, inconel sheathed
thermocouples were used. There were 25 thermocouples in the loop. Surface temperatures on
piping and vessels were being monitored and power supply to the heaters was, controlled
continuously. The main heater of the loop was resistance type with maximum power of 2 kW.
Pressure measurement was done by remote seal type electronic transmitters. Diaphragm of
these transmitters was rated up to 300 °C. These instruments sense cover gas pressure and
purging gas (argon) pressure and do not face high temperature. Control valves of 1/2” size
were used for controlling cover gas pressure remotely. One isolation valve of size '2” NB
with band heater were used to isolate the dump tank from the loop. This open/ close type
valve was controlled by solenoid valve using 24 VDC remote control. All the electronic
signals transmitted from the field transmitters were sent to the central control system for
further processing. Data acquisition system has been provided for data storage and analysis.
Pressure measurements have been done by remote seal type electronic transmitters. These
instruments sense cover gas and purging gas pressures. Beside this, the level of LBE was

sensed by discrete type level probe. Figure 4.6 shows the P&I of the loop.
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4.5 ENCLOSURE FOR INERT GAS AND OXYGEN SCAVENGING SYSTEM
Nb-alloy, which was used as construction material for main loop piping and
expansion tank, picks up the oxygen present in the ambient at higher temperature and gets
oxidized quicklybeyond 400 °C. This oxidation rate increases with temperature. So the main
Nb-alloy loop was kept in an inert gas enclosure. The front side of the enclosure was
provided with transparent glasses for the visibility of the loop from outside. Argon gas was
purged in the enclosure with a rate of 1.0 to 3.0 LPM. This gas was used to lower the oxygen
level in the enclosure. The discharged argon gas was passed through a water column which
provides positive pressure to the enclosure as well as acts as scrubber to the gas to remove
lead particles if any. The heat from the heat exchanger of KTL was rejected inside the
enclosure by the natural convection of the inert gas. Fins were designed and provided on both
sides of the walls of the enclosure for better heat transfer so that the temperature of the
enclosure remains below 200 °C even at maximum power level of the KTL. Another figure of
the enclosure with fins and cooling coil is given in Appendix 4.3. Figure 4.7 shows the
isometric view of the enclosure with fins. Apart from fins, water cooling coils were provided
at the top of the enclosure for additional cooling. Appendix 4.2 gives the details of the
thermal design of the enclosure. There were six nozzles provided in the enclosure. The
instrumentation tubes and wires were passed through these nozzles. The tubes were sealed by
swage lock fitting. The electrical wires were mineral insulated and sealed by ceramic
cements. The thermocouple wires penetrations were also sealed by ceramic cement. The
enclosure was tested for leak tightness up to the pressure 300 mm water column. The low
temperature part of the KTL was also enclosed in a separate enclosure made of steel with
sufficient leak tightness. This enclosure is connected to the ventilation system of LML for

filtration of lead vapour which may be generated due to any leakage in the dump tank
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connections. The level of Pb in the water scrubber tanks was monitored periodically. The
sampling of enclosure surface dust was done whenever it was required to do maintenance
work inside the enclosure. Figure 4.8 shows the loop with the enclosure. Analysis has been
carried out to estimate the maximum time of operation at different temperature. The analysis
was done on the basis that the minimum thickness of the Nb-alloy material should be
available to contain the hot LBE at maximum operating temperature and pressure. It was
found that maximum thickness of the loop material which can be allowed for oxidation was
1.7mm. It was found that that with 10 ppm oxygen in argon gas the loop can be operated
more than 8 months at 1000 °C, which was the sufficient time to conduct all the experiments

envisaged.

/F ins

Glasses

Fig 4.7 Solid model of the enclosure of KTL (top finned plate is not shown for clarity).
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Loop Enclosure

Valve

Dump tank
enclosure

Fig 4.8 KTL facility with the enclosure

So it was decided to keep the oxygen level at 10 ppm or below. The detailed calculation of
oxidation rate with different oxygen concentration and at different operating temperatures
was given in Appendix 4.3. An online oxygen analyser made by TECHNOVATION®(model
OX-1) was used for the monitoring oxygen level in the enclosure. To achieve low oxygen
concentration, high purity argon gas was continuously purged from the enclosure. But the
required oxygen (~10ppm) level could not be achieved with the purging process. A separate
circuit was designed in which the argon gas of the enclosure was re-circulated through
oxygen scavenging systems. The flow diagram of the oxygen removal system was shown in
Fig 4.9.
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Fig 4.9 Flow sheet of oxygen scavenging system the KTL enclosure.
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The oxygen was removed from the enclosure from atmospheric level to 2000 ppm by purging
with argon gas. The argon gas in the enclosure was re-circulated through Titanium turning
vessel ( VT) at 600 °C to reduce the oxygen from 2000 to 200 ppm. To reduce from 200 ppm
to 10 ppm, uranium turning at 150 °C was used. By this way, very low oxygen level has been
achieved in the enclosure containing the loop. The argon gas recirculation circuit also

consists of a silica gel unit to remove moisture from the gas.

4.6 LOOP OPERATING PROCEDURE

Apart from testing the loop instrumentation and other auxiliary systems as a part of
commissioning, the leak test of the loop and the enclosure were carried out at rated pressure
condition. The air inside the loop and the enclosure was replaced with argon gas by repeated
evacuation and refilling of argon gas. This was done for at least three cycles as recommended
in the LBE handbook. The oxygen concentration in the purged argon gas was then measured
to ensure that the oxygen concentration is less than 10 ppm. The solid ingot of the LBE was
melted in the dump tank by heating and the slag suspended in the LBE was manually
removed. The operational safety guidelines as given in LBE Handbook (2007) [67] was
followed during the slag removal process. The liquid LBE was then bubbled with Ar+H, gas
to remove dissolved oxygen in the LBE. The whole loop was then heated to 250 °C. Since
whole section of the Nb alloy piping are welded, care had been taken to avoid uneven heating
in the piping to prevent stress generation in the piping. After attaining the required
temperature at all the locations of the loop, the LBE coolant in the dump tank was then
pressurized by argon gas system. Due to pressurization, molten LBE flows into the loop and
subsequently fills up the loop. When the level sensor at the expansion tank detects the LBE
level, the loop was automatically isolated from the dump tank by the isolation valve. After

the filling of LBE, all the surface heaters were put OFF and the main heater of the loop was
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put ON at certain power level. Natural circulation of the coolant in the loop starts due to
heating of the coolant in the heated section and cooling of the heat exchanger. Argon in the
enclosure provides natural cooling in the secondary side coolant in the heat exchanger. After
losing heat in the heat exchanger, LBE re-enters the heated section through 15 mm NB
pipeline, thus completing the loop. During the operation of the loop high purity argon gas
was used as cover gas in the vessels. The argon gas pressure inside the enclosure and the loop
were maintained at 150 mm water column higher than the atmospheric pressure to avoid
ingress of air in the enclosure. When the enclosure pressure falls below 50 mm Water
column, the Ar outlet line was closed automatically to prevent further drop in the pressure.
Various natural circulation experimental studies were carried out in the loop from 200 °C to
1100 °C, which were described in the following section. After the experiments the LBE was
dumped to the dump tank by opening the isolation valve. It was ensured that the LBE
temperature in the loop was below 500 °C before the dumping. The pressure of argon gas

inside the enclosure was maintained till the temperature of the loop falls below 200 °C.

4.7. RESULTS AND DISCUSSIONS
The loop was operated to study the steady state and transient behaviour of the LBE
for a wide range of temperature. The details of the experiments conducted were discussed

below,

4.7.1 Steady State Experiments

In the steady state experiments, the loop was allowed to reach steady state conditions
at different input power levels. The power of the loop heater was varied from 200 to 1200 W.
The temperatures at inlet and outlet of the heated section were recorded. Figure 4.10 (a)

shows temperature rise across the heater section at different steady state heater power levels.
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Fig 4.10 (a) Temperature rise across heated section during steady state natural
circulation at different power levels.
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Fig 4.10(b) Mass flow rate of LBE during steady state natural circulation at different
power levels.
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The steady state LBE mass flow rate was found from the measured heater power and the

temperature difference LBE at inlet and outlet of the heated section, i.e

Y
Wss,LBE = C

p.LBE (neater,ouﬂer - T}water,inlet ) (4 1 )

Figure 4.10 (b) shows the estimated steady state LBE mass flow rates in the loop at various
main heater power levels. The flow rate was found to vary from 0.075 kg/s to 0.12 kg/s for

power level varying from 100 W to 900 W.
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Fig. 4.11 Fluid and wall temperature distribution in the axial direction of the loop at 360
W power.

Figure 4.11 shows the steady state axial temperature distribution in the loop at loop
power of 360 W. The temperature varies linearly in the heater section. The wall temperature
was found to be higher than the fluid temperature in this section because the heater was put
on the outer surface of the pipe and so heat flows radially into the fluid through the pipe wall

thickness. There was temperature drop of 8 °C in the hot leg region due to heat loss in the
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piping through the insulation. The temperature drop in the cooler was not linear which may

be due to the natural convection cooling by argon gas flowing through the narrow annulus.

4.7.2 Comparison of Steady State Natural Circulation Flow Equations with
Experimental Data
As given in chapter 2, the steady state natural circulation flow rate is expressed in

dimensionless form as,

Re, =c ( G )
No 4.2)

There were few correlations in the above form and were available in literature which were

developed for natural circulation of single phase water. Table 4.2 gives the values of the
coefficients mentioned in Eq (4.2). It can be seen from Table 4.2 that three correlations were
available (Vijayan et al., 2002 [3] ; Swapnalee et al., 2011 [19]; Wang et al., 2013) [131],
which cover wide range of Re. The correlation given by Vijayan (2002) [3] was derived from
the momentum equation in single phase natural convection data. Swapnalee et al. (2011) [19]
derived the correlation for each regime of flow, from the pressure drop correlations available
in literature. The correlations developed by Wang et al. (2013) [131] was derived from CFD
analysis of a closed natural circulation water loop. Pilkhwal (2007) [18] also carried out CFD
analysis to predict the single phase natural circulation in a closed loop and found that the
correlation given for turbulent flow regime by Wang et al. matches well with the CFD
predictions and experimental data. The correlation given by Kumar et al. (2013) [20] was
developed from the experimental data and valid for lower Reynolds number. It was to be
noted that all the correlations were developed for single phase water as working fluid.

Validity of these correlations for liquid metals was to be checked by comparing with the
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experimental data. The steady state natural circulation results of the KTL, LML and other

liquid metal loops collected from literature to evaluate the correlations discussed above.

Table 4.2 The values of coefficients of Eq (4.1) recommended by different authors

References C r Range of validity
Vijayan et al. (2002) [3] | 0.1768 0.5 Re<1100
1.956 0.3636 Re>1100
0.1768 0.5 Re<898
Swapnalee et al. (2011) | 1.216 0.387 <898<Re<3196
" 1.956 0.364 Re> 3196
0.1653 0.493 Laminar
Wang et al. (2013) [131] 0.9833 0.403 Transition
0.8422 0.3962 Turbulent
Pilkhwal et al. (2007) | 0.8422 0.3962 700<Re<1250
= 1.4092 0.3757 VHVC (736<Re<4757)
Kumaretal. (2013) [20] - =5-5875 043471 VHHC (816<Re< 5758

From the liquid metal flow rates, corresponding loop power and the loop geometry
parameters of the loops non-dimensionless numbers Reg, Gry, and Ng were calculated for
each loop and plotted in a single graph. The calculations were briefed in Appendix 4.3. After
this analysis, the correlations given in Table 4.2 were compared with the experimental data.
Figure 4.12 shows the experimental results of various liquid metal loops. The comparison of
the various correlations given in Table 4.2 is also shown in the graph. It can be seen that all
the correlations are matching with the experimental results within = 20% range with the

experimental results. The error analysis of various parameters were carried out and given in
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Appendix 4.5. It is found that the error of experimental values Reg is £8.7%. The Gry, and

Ng values has maximum error + 11.2 % and +8.7 % respectively.

4.7.3 Transient Studies

Transient studies were carried out to simulate some postulated accident scenarios in
the reactor. The main objective was to observe the LBE coolant behaviour during various
transient conditions. The transient experimental studies include start-up of the loop from zero

power conditions, heater trip and step power change.

1 + LBE Loop, Expt. (Takahashi et. al, 2005b) [27]
1 o TALL, Expt. (Ma et al., 2007) [29]
10°4 O KTL, Expt. (Borgohain et al., 2016) [101]
1 + LML, Expt. (Borgohain et al., 2011) [100]
] < Gallium loop (Kang et al., 2013) [34]
1 3 SADHANA Loop, (Padmakumar et al., 2013) [35]
7 <& NACIE Loop, Expt. (Cocoluto et al., 2011) [30] _-
. -
10 E 5
o8 -
Y 4
3
10 3 —— Correlation, Laminar, (Vijayan, 2002) [3]
: —— Correlation, Turbulent, (Vijayan, 2002) [3]
i ---- Correlation, VHVC, (Kumar et. al, 2011). [20]
J ---- Correlation, VHHC, (Kumar et. al, 2011). [20]
) ---- Correlation, (Swapnalee, 2013) [19]
10” 5 ----Correlation (Pilkhwal, 2007) [18]
7 ---Correlation (Wang et. al, 2013) [131]

1.00x10° 1.00x10’ 1.00x10° 1.00x10""  1.00x10"®  1.00x10"
Grm/NG

Fig 4.12 Comparison of steady state natural circulation correlations with experimental
data for flow range of 100< Re< 10°.
4.7.3.1 Start-up operation
Start-up operation from main heater zero power condition for various power levels

was carried out. Initially, the loop was running at steady state by natural circulation of LBE.
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The main heater was put off and the cold leg temperature was slowly increased to the hot leg
temperature by starting the trace heaters in the cold leg. The heat exchanger temperature in
the secondary side was also increased by the trace heaters. In this way, near no flow condition
was achieved by reducing the LBE temperature differences across the heated section and heat
exchanger near to zero. To start the experiment, main heater power was set at certain power

and the trace heaters of cold leg and heat exchanger were put off.
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Fig 4.13 (a) Start up experimental results at 800 W and with loop avg
temperature350°C.

Figure 4.13 shows results of the experiments conducted at 800 W power and with different
initial loop temperatures. It can be seen from Fig 4.13 (a) that the loop temperature slowly
increases and achieves steady state in 20000 s. From Fig 4.13 (b) it can seen that it takes
around 15000 s to reach steady state. So with higher initial temperature the loop reaches

steady state in less time. It can also be seen that there was no oscillation in loop temperature
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in any of the results, which means instability in natural circulation was not present during the

experiments.
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Fig 4.13 (b) Start up experimental results at 800 W and with loop average temperature
475 °C.

4.7.3.2 Loss of heat source

The loss of heat source was simulated by switching off the main heater from the
steady state operation of the loop at certain power. The experiments were carried out from
different initial power levels. Figure 4.14 (a) shows the case with 200 W initial loop power.
Except the heat exchanger inlet temperature, other temperatures decrease after the heater trip
till the end of the experiments. The temperature of the heat exchanger inlet which was also at
the downstream of the expansion tank increases suddenly at 5000 s. This may be due to the
stoppage of natural circulation due to the lack of driving force. The high inventory of the
LBE in the expansion tank which was located just on the upstream of the heat exchanger

inlet, keeps the temperature at this location higher compared to the other locations.
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Fig 4.14 (a) Temperature variation in the loop during heater trip experiments at power
200 W.
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Fig 4.14 (b) Temperature variation in the loop during heater trip experiments at power
700 W.
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The experiments were carried out for power levels 700 W and 1000 W also. Figure 4.14 (b)
shows the loss of heat source experiment with 700 W as the initial loop power. It can be seen

that at higher power the natural circulation remains active even after long duration.
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Fig. 4.15 Variation of loop temperature during step change in power 440-300-200-0 W.

4.7.3.3 Step change of heater power

Effect of step change in main heater power was studied in the loop. Figure 4.15 shows
an experiment with step power change. The loop power was decreased from 440 W to 300 W.
The power was then decreased to 200 W and after that the heater was tripped. Figure 4.16
shows another experiment on step power change. The loop was running at steady state with
power level of 700 W. The power was increased from 700 W to 800 W. After it reaches
steady state with 800 W, the heater was tripped. After 6000 s the power was reset at 800 W.
The loop reaches steady state at this power after 14000 s. It can be seen that the temperature

distribution was reproduced at 800 W in this experiments.
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Fig. 4.16 Variation of temperatures during different power levels in the loop.
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Fig. 4.17 Variation of loop temperature during step change in power from 1100 W to
1200 W.
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The step power change experiments at higher power were shown in Fig 4.17. Here the
maximum pipe wall temperature has reached 1060 °C during steady state and the loop was

operated for 72 hours.

4.8 SUMMARY OF MAJOR FINDINGS/ACHIEVEMENTS
1. A LBE loop with maximum operating temperature of ~1100 °C was designed and
fabricated. An enclosure and an oxygen scavenging system were designed to operate

the loop at high temperature with negligible oxidation of the Nb alloy.

2. The natural circulation data were generated from 200 °C to 780 °C of LBE. The
steady state data were evaluated at various loop temperature levels. The range of Reg
is from 1500 to 3200. The temperature difference across the heater was found to be

more at high operating temperature compared to low temperature at same loop power.

3. The steady state correlations available for single phase flow were compared with the
experimental data of KTL, LML and other liquid metal loop data. It is found that all

the correlations matches well with the experimental data within + 20 % accuracy.

4. In transient experiments, start-up transient shows gradual rise of temperature in the
loop without any oscillation. The loop took much more time to reach steady state than
that of LML. This was due to the natural cooling in the secondary side of heat

exchanger.
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5. During loss of heat source experiment at low power, the natural circulation flow
found to be stopped after certain time period. At higher power however the natural

circulation continued for long duration after the power was put off.

6. During experiments with step change in power it was seen that there was smooth

change in temperature in the loop without any instability.
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Chapter-5

EVALUATION OF LBE HEAT TRANSFER

COEFFICIENT AT DIFFERENT FLOW REGIMES

5.1 INTRODUCTION

Heat transfer process is an important aspect in the natural circulation studies (Vijayan,
2002) [3]. During natural circulation in a closed loop heat transfer can be divided into three
zones, (a) main heater section where heat addition to the primary medium takes place, (b) the
heat exchanger, where the heat transfer from primary medium to the secondary fluid takes
place and (c) in the piping where the heat was lost through the insulation. The heater section
was one of the most important part of the loop where the heat from the electrical heater was
transferred to the working fluid. If we consider only the heater section of the loop, during the
LBE start up from stagnant condition experiment, the following sequence of events of LBE
flow can be envisaged, (i) when the main heater of the loop is started and the LBE is still at
stagnant condition, the LBE in the heater section may experience free convection near the
heater surface. This phenomena will be prominent if the heater section has bigger diameter
compared to other parts of the loop piping. (ii) the free convection will initiate the LBE flow
in the loop slowly. The bulk flow of LBE in the loop starts, which results in mixed
convection in the heater section. (iii) when the bulk flow through the heater dominates over
the free convection in the heater section the flow become forced convection type and may
become turbulent if the flow rate is high. So LBE in the loop, especially in the heater section
undergoes different flow regime during transient experiments. The different flow regimes in a
vertical tube were identified by Metais and Eckert, (1964) [117] in graphical form which is

given in Fig 5.1. The operating region in the heat section of KTL and LML are also
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highlighted in the figure. The value of Gr Pr% is calculated at the heater region of the loops.

gB(1,~T.)d"

2

The value of Gris Gr =

14
107 | | |
] Forced Convection,
5 ] Turbulent flow
10" 5
] ‘ L
N | Transition, laminar-turbulent | | / I
10" = / s
E ) 1xed Convection,
. /1:////5/6’////{ WAL SSL NS T url:uley Free Convection,
orced Convection, %
’ Turbulent fl
Re 10° 3L Laminar flow /r ~ HIDUIent LowW
| Y //////
102 3 s ’/
3 /ﬁxed
] e Laminar Free Convection, Laminar Flow
10" 5 1 -
P =
] A
- lRange of present study |
100 T Illllllﬁ T Illllllﬁ T T TTTTT T T TTTIT T T TTTTI0T T T T TTT0T T T TTTTIT T T TTTTIT
10’ 10° 10° 10° 10° 10° 10 10° 10°

Gr Prd/L

Fig 5.1 Regimes of free, mixed and forced convection flow through vertical tubes [117]

If the flow regimes changes during the experiments, the heat transfer coefficient also changes
with the nature of flow. So the heat transfer coefficient is to be properly modelled in the
theoretical simulation of the natural circulation. A brief literature survey was carried out on
heat transfer in free convection, mixed convection and forced convection through tubes in
liquid metals. The liquid metal heat transfer studies in vertical plates was found in literature (
Churchil and Chu, 1975 ) [132], Chang et al., 2011 [133] and Sheriff and Davis, 1978) [118].
However liquid metal free convection heat transfer studies in vertical tubes were not found in
literature. So CFD studies were to be carried out to find the free convection heat transfer

coefficient in vertical tubes for LBE. Extensive studies have been carried out in the mixed
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convection in vertical channels ( [134], [120], [135], [136] ). Jackson et al. (1989) [137] gives
the review on the mixed convection heat transfer. However the mixed convection heat
transfer studies in vertical tube with LBE were not found in literature. So it also needs CFD
studies to find the heat transfer coefficient for the LBE flow. In case of forced circulation
heat transfer in liquid metals including LBE, extensive studies were carried out. Both
experimental data and different correlations were available in literature. However the
correlations were to be assessed to find the best suitable one for the present studies. The
variation of LBE heat transfer coefficients in the developing length of the heater and heat
exchanger are to be considered, because of their limited heat transfer length. A correlation
developed for low Prandtl number fluids [138] was found and this is to be further validated
by CFD analysis for LBE application. The validation of CFD codes was required before use
in liquid metal applications. The liquid metal has very low molecular Prandtl number (Pr). So
modification in turbulence models, especially turbulent Prandtl number (Pr) was required for
application in liquid metal heat transfer analysis [139]. An assessment of the correlations for
finding Pr; in liquid metals were to be carried out again to find the best one for the LBE

applications.

Following sections describes about the studies and evaluation of the heat transfer coefficients
for the different flow regimes of the LBE. These heat transfer correlations were used in the

formulations of natural circulation equations in the subsequent chapter.

5.2 DIFFERENT FLOW REGIMES IN NATURAL CIRCULATION

5.2.1 Free Convection
Literature review revealed that the free convection studies were in liquid metal with

vertical heated plates were only available. Table 5.1 shows the correlations developed from
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experimental results and applicable for low Prandtl number fluids with uniform heat flux
condition. The free convection heat transfer studies in vertical tube was not found in
literature. A CFD analysis was required for the verification of these correlations for LBE
application. Ideally for free convection in a closed loop the bulk fluid flow was zero i.e. when

the fluid was in stagnation.

Table 5.1 Correlations available for free convection heat transfer for low Prandtl
number fluids in vertical plate.

Reference Correlation Remarks
—1 0.387Rda"® This correlation is valid for
Churchil and Chu (1975) | V¢ =0.825+ 57 | wide range of Pranddl
Y6 |7 | number
[131] 1+(04377 ) :
Pr

B RPN 4 This was developed for
Chang etal. 2011y [132] | N =0.732(Gr, Pr’) sodium.

Sheriff and Davis (1978) _ x 1 210213 Valid for sodium for the
[118] Nu, =0.674(Gr, Pr’) range 10°< Gr* < 3x10'!

But for ease of analysis, a range of flow starting from zero can be assumed where free
convection heat transfer correlations can be applied [133]. In the present analysis the free
convection regime is assumed in the range of 0 < Re < 50, as given in Joye et al. (1989)

[133].

5.2.2 Mixed Convection

The heat transfer in a vertical heated tube with liquid flowing upward varies with the
free convection. Jackson et al. (1989) [137] studied the mixed convection with sodium in
vertical tubes for both upward and downward flow. In the experimental studies, the radial
velocity profile was similar to other fluids like water, but the temperature profile was not

similar. The buoyancy effect near the wall enhanced heat transfer in upward flows whereas
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detoriated the heat transfer in downward flows. Figure 5.2 shows the variation of the
enhancement of the heat transfer with the buoyancy parameter Bo. Jackson et al. (1994) [120]
carried out 2D CFD analysis with low Re k-g¢ turbulence model and the prediction was
reasonably good but it over predicted for the downward flow. Experimental results for LBE
mixed convection heat transfer could not be found. So CFD analysis was required to be

carried out to find the heat transfer coefficient in LBE.
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Fig 5.2 Influence of buoyancy on heat transfer to sodium [120].

5.2.3 Heat Transfer in Forced Laminar Flow

As per LBE handbook, laminar flow heat transfer in LBE in circular tube is similar to
the normal fluids. So the formula, Nu =4.36 should be valid for the liquid metal also.
However the Nusselt number values may change in flow through vertical tubes due to the
presence of gravity as discussed above. The deviation of the values depends both on the Re

and Gr as shown in Fig 5.2.
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5.2.4 Forced Convection Turbulent Flow

A number of experimental studies carried out on liquid metal helat transfer in
turbulent flow. After a literature survey, a few correlations were selected for assessment with
experimental data on LBE. Table 5.2 gives the available heat transfer correlations for liquid

metals with their range of applicability.

Table 5.2: Literature review of heat transfer correlations in liquid metal flow in pipe
with uniform wall heat flux

Reference Correlations Range of | Remarks
Application

pe)Vt |0 < Pr<0l and | Based on analogy of
Lyon  (1951) | Nu=7.0+0.025 (—J 4x10°< Re< 3x10°, | turbulent momentum

Pr
[140] ‘ and energy transfer.
Lubarski  and | Nu = 0.625P¢"* 0 <Pr<0.1 and Based on the
Kaufman 10*<Re< 10°, experimental studies
(1955) [141] on various liquid

metals.
Ibragimov et al. | Nu=4.5+0.014Pe"® 0 <Pr<0.1 and Experimental
(1960) [142] 10*<Re< 10°,
Holman (1964) | Nu=4.36+0.0053Pe 0 <Pr< 0.1 and Experimental,  with
[129] 2300<Re<23500, LBE and mercury.
Ede (1961) | Nu=4.36 (1+0.06Gr"") | 300<Re<100000 | Experimental  with
[143] water and air.
Notter and | Nu=6.3+0.0167Re"*Pr | 0.004 <Pr < 0.1 | Numerical analysis.
Sleicher (1972) | *? and 10*<Re< 10°,
[144]
Kirrilov and | Nu=5.0+0.025Pe"® 0 <Pr<0.1 and Experimental,  with
Ushakov (2001) 10*<Re< 10°, special measure for
[145] LBE purification.
Cheng & Tak | Nu=A+0.018Pe"® Formulations based on
(2006) [146] Where, Pe< 6000 various correlations.
4.5 Pe<1000
A=) 5.4-9x10™"Pe
1000<Pe<2000
3.6 Pe>2000
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5.3 CFD APPLICATION FOR LIQUID METAL HEAT TRANSFER

Recently use of CFD in liquid metal thermal hydraulic studies is gaining acceptance
for design of liquid metal cooled nuclear reactor systems. But assessment of CFD codes for
liquid metal application is essential before using it for the design of system level studies. Due
to the much higher surface tension and the drastically lower Prandtl number of liquid metals
compared to water, the CFD modelling of liquid metal flows cannot rely on turbulence
models developed and validated for water flows. Thus, a separate benchmarking of the CFD
modelling for liquid metal flows was inevitable.

The most widely used turbulence models in CFD were based on eddy diffusivity
concepts (e.g., k—¢ model), which use turbulent Prandtl number to evaluate the turbulent heat
transport. [JAEA-TECDOC 1520 (2003) [147] provides a comprehensive report on the
different CFD studies and highlights major hurdles for its application in liquid metal systems.
It was emphasized that improvement in turbulence modelling and turbulent Prandtl number
formulation were essential for precision results. LBE handbook (2007) also points out that
careful validation of CFD codes with experimental results was necessary for liquid metal
flow related analysis. There were some works on validation of CFD codes for liquid metal

heat transfer prediction ( [146] and [148] ).

5.3.1 Turbulent Prandtl Number
In turbulent flow, the thermal eddy diffusivity ey is correlated to momentum

diffusivity as below,

t (5.1)
Where Pr; is called turbulent Prandtl number. Reynolds analogy assumes that&, =¢,,, i.e.

Pr=1.0. Experimental evidence indicates that Pr;= 0.9 is correct for most of the conventional

fluids, i.e. air, water, etc. [139]. During 1950s it was found that the experimentally
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determined heat transfer coefficients for liquid metal flows falls below what would be
predicted using Reynolds analogy. The possible reason was found to be the role of Pr; in heat
transfer prediction. A lot of experimental and theoretical studies were carried out to evaluate
Pr. Reynolds (1975) [149] assessed more than 30 methods to calculate Pr; and found that the
value of Prin a tube depends on molecular Prandtl number, radial distance from the wall and
eddy diffusivity. It was emphasized that semi-empirical methods were more promising for the
prediction of Pri. Gori et al. (1979) [150], carried out numerical analysis for heat transfer in
low Prandtl number fluids flowing through pipes. Based on their analysis the correlations for
Pr; were specified for different Reynolds number ranges. Kays (1994) [139] assessed the
present status of the Pr; for wide range of Prandtl number. It is found that for liquid metal
turbulent Prandtl number is higher than unity. In tube flow with heat transfer from the wall,
the value of Pr; varies in radial direction. Recently, Cheng and Tak (2006) [146] derived a
correlation for Pr; based on the heat transfer correlations available in literature and CFD
analysis. The correlation is reported to be valid for a wide range of Peclet number. Fuchs
(1973) [151] carried out experimental studies on sodium and Pr; values were found at
different radial locations. The different methods for prediction of Pr; for liquid metal heat
transfer were briefed in LBE handbook (2007) [67]. It is mentioned that semi-empirical
methods were the best approach to derive turbulent Prandtl number of fluids.

However for practical application, the empirical correlations are preferred for
simplicity. But care should be taken while applying those correlations, because they were
developed for particular range of parameters and fluids. Some of the empirical correlations
developed for Pr; for liquid metal applications are discussed below,

Aoki (1963) [152] proposed the following correlation,
-1
Pr, = X{l —exp (—)]
X (5.2)
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Where, X =0.014 Re"*Pr’% Reynolds (1975) [149] proposed following correlation for

liquid metal flows,

Pr,=(1+100Pe4’-5)[; 0.15}

05

Gori et al. (1979) [150] carried out numerical analysis for low Prandtl number fluids by using
one equation (k) turbulence model near wall region and a two-equation (k-g) turbulence
model in the core region. From the analysis, they recommended that the Eq. (5.2) and Eq.
(5.3) can be used for 40,000<Re<170,000. For 170,000<Re<260,000, the following
correlation was proposed,

0.005
Pr (5.4)

Pr,=0.85+

The above correlation was derived by Jischa and Rieke (1979) [153] based on the modelling
of transport equations for turbulent kinetic energy, turbulent heat flux and turbulent mass
flux. For 260,000<Re< 400,000, Pr=0.85 was recommended. Cheng and Tak (2006) [146]
developed a correlation for Pr, based on the evaluation of various heat transfer correlations
for liquid metal flow and CFD analysis, which was given as,

s

4.12 for Pe <1000

3 0.01Pe
[0.018P* ~(7-4)]

Pr= for 1000 <Pe < 6000 (5.5

\
Where, A is given in Table 5.2.

5.3.2 Turbulence Models and Mesh Distribution

As it can be seen from Eq. (5.1) that ey is mainly calculated from €y. So it is
important to analyse whether the turbulent momentum diffusivity, ey is calculated by
turbulence models are correct or not. For Reynolds number up to 10000, which includes free

convection, mixed convection and forced convection were solved by using low Re-turbulence
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model as done by Jackson et al. (1988). For Re > 10000, four turbulence models which were
available in PHOENICS-3.6 have been taken for the evaluation: a) standard k- model, which
is the most widely used for turbulent CFD analysis. b) RNG (ReNormalised Group) k-¢
model, which takes into account of the small scale turbulence by expressing them in terms of
larger scale motions and modified viscosity. ¢) Chen and Kim modified k-¢ turbulence model
which improves dynamic response of g-equation by introducing an additional time scale in
the equation and d) LVEL (Length-VELocity) model, which is a zero equation turbulence
model and a unique feature of PHOENICS. Equilibrium log-law wall functions were used to
provide near-wall boundary conditions for the mean-flow and turbulence transport equations.
The RNG k-¢ turbulence model in PHOENICS is based on “Renormalized Group” theory and
was proposed by Yakhot and Orszag (1986) [154]. In this model an inverse effective Prandtl
number is used to calculate the effective thermal conductivity. The inverse effective Prandtl
number varies with pmor/Lesr, Which is consistent with experimental evidence and takes care of
turbulent heat transfer. There is no need to modify the turbulent Prandtl number because the
model itself takes care of the turbulent heat transfer. It is reported that this model works well
across a broad range of molecular Prandtl numbers, from liquid metals to paraffin oils. There
were few literatures ( [155] and [45] ) where this model has been applied to LBE heat transfer
studies. So an assessment of this model was also carried out. Mesh distribution was another
factor to be considered carefully during CFD analysis. Here, 2-dimensional structured grid
was used in cylindrical coordinate. The mesh density near the tube wall is important for the
turbulent model applications. For low Re turbulence model, the y;" is kept lower than 5. For

high Reynolds number flow, as the wall function used is equilibrium log law function, the
mesh density near the wall is kept so that 30<, <130 [156]. This requirement was met by

adjusting the mesh numbers near the wall at different flow rate.
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5.3.3 Evaluation of Nusselt number from PHOENICS Results
To compare the CFD results with empirical heat transfer correlations, Nusselt number
was calculated from the temperature distribution obtained by the CFD analysis. The Nusselt

number for fully developed region was calculated from the PHOENICS results as described

below,
Nu=l4
k (5.6)
Where / is the average heat transfer coefficient, and
=4
L,-1T, (5.7)

Where q” is the heat flux at the inner surface of the wall. Ty is the inner surface wall

temperature of the tube and T,, was found as [157],

> TuQrr)dr
"> uQrr)dr (5.8)

5.3.4 Thermo-physical Properties of Lead Bismuth Eutectic
The thermo-physical properties for the analysis were calculated from the equations as
given in LBE Handbook (2007) [67]. Care has been taken to maintain the fluid temperature

within the range of application of the properties.

5.3.5 Heat Transfer in Developing Flow

The flow in the heater and heat exchanger was assumed as the developing flow. The
Nusselt number varies along the axial direction appreciably in this regions. For
simultaneously hydro-dynamically and thermally developing liquid metal flow in pipe a
correlation was given by Chen and Chiou (1981) [158] for calculating the local Nusselt

number in developing flow with constant wall heat flux and is given below,
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Nu, _ogge 24 125 (5.9)

Nu, X ?
a, (%)
The range of applicability of the above correlation is Pr < 0.03 and 2 <x/dj, <35.
Where Nu, is the Nusselt number for fully developed flow and to be evaluated based on the

flow regime.

5.4 HEAT TRANSFER FORMULATIONS IN DIFFERENT PARTS OF THE LOOPS
KTL and LML were rectangular shaped closed loops with three major heat transfer

sections such as heater section, piping (hot leg and cold leg) and heat exchanger. The

convective heat transfer modes in LBE will be different in different sections of the loops.

Following sections brief on the heat transfer in the different sections,

5.4.1 Heater Section

In KTL the heater section was vertical and the flow was in upward direction. The heat
was added to the loop through the heater section pipe walls. During transient experiments
different modes of convective heat transfer i.e. free convection, mixed convection and forced
convection will be experienced in this section. In LML the heater was immersion type and
was modelled as the heat source in the energy equation. The heat transfer coefficient need not
to be defined to simulate the heat transfer from the heater to LBE in LML. However the heat

loss through the heater section was to be modelled.

5.4.2 Piping
In the piping the heat transfer was mainly due to the heat loss through the insulation.
This heat transfer rate was much less than that takes place in heater section and in the heat

exchanger (less than 15%). So the gravitational effect on the heat transfer was negligible
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here. The correlations for heat transfer coefficient which were developed without considering

gravitational effect can be used in the piping.

5.4.3 Heat Exchanger
In LML the heat exchanger was in horizontal position, so the gravitational effect may

not significant as in the vertical position. Shannon and Depew [159] (1968) shown that the

gravitational effect on the heat transfer is not significant if Rao'%u < 2. For low flow where

this condition was satisfied the correlation from Ede (1961), given in Table 5.2 was used. For
higher flow rate the correlation suggested by Holman (1964) [129], was used for the heat
transfer coefficient calculation in the heat exchanger. In KTL however the heat exchanger
was in vertical position. The effect of gravity has also favourable effect on the heat transfer as
it assist the downward flow of the cooled LBE near the wall. Like in vertical heater, here also
the three modes of convective heat transfer could be experienced. The heat transfer
enhancement phenomena is similar to the vertical heated up ward flow conditions [120]. So
based on this assumption, same heat transfer correlations derived for the vertical heated

section were used to find the LBE heat transfer coefficient in the heat exchanger of KTL.

5.5 RESULTS AND DISCUSSIONS

For the analysis a circular tube with the geometry, thermal and flow conditions
described in Table 5.3 was considered. The inlet temperature was kept at 500 °C. Figure 5.3
shows the 2D axi-symmetric mesh considered for the CFD analysis. A wall with thickness of

1.0 mm was considered.
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Fig. 5.3 2D axi-symmetric section of a tube with mesh distribution

Table 5.3: Parameters for the LBE heat transfer analysis

Parameters Values

Coolant LBE

Tube diameter/length (m) 0.02/2.0

Inlet Temperature (°C) 773
Reynolds Number 50x10%to 4.5x 10’
Wall heat flux (W/m?) 2.0x10°

v 3-130

The boundary condition of constant heat flux was imposed on the outer surface of the tube
wall. The velocity and thermal boundary layers were developed as the flow proceeds towards

downstream of the heater section.
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5.5.1 Free Convection

As we discussed above the free convection heat transfer correlations were available
for vertical surfaces only. So CFD analysis was required to find the heat transfer in the
vertical heated tube with molten LBE flow. For CFD analysis an axi-symmetry geometry of a
vertical tube is considered as shown in Fig 5.3 where the flow is mainly due to the buoyancy
force caused by heating at the tube wall surface. The inlet and outlet condition was defined as
the constant pressure boundary conditions, due to which the flow direction may be either
forward or backward across the inlet and outlet. The buoyancy force was defined by Grashof
number. The Nusselt number which is mainly the function of the Gr and increases with the
value of Gr. The Nusselt number variation was plotted with heat flux and the comparison is
done with the correlations developed for vertical plates and mentioned in Table 5.1. Figure
5.4 shows the result. It can be seen that the prediction of the CFD code was much higher
(>50%) than the correlations given in Table 5.1.

The wvalidation of the CFD results could not be done directly, because the
experimental results with free convection in vertical tubes could not be found in literature. So
an effort was made to compare the results with the results of the mixed convection studies
given by Jackson et al. (1994) [120]. He compared the enhancement of the heat transfer with
the buoyancy factor, Bo. Bo is a function of modified Gr and inversely proportional to
Reynolds number and Nusselt number. So, higher Bo means the higher dominance of
buoyancy effect. At higher values of Bo, the free convection results should be comparable to
the mixed convection data. A comparison of free convection results were compared with the

mixed convection data from Jackson et al. (1994) [120] in Figure 5.5.
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Fig 5.4 Prediction of CFD results for free convection heat transfer and comparison with
correlations developed for vertical heated surfaces.
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Fig 5.5 The prediction of free convection heat transfer and comparison with the data for
mixed convection [120].
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As expected the present free convection CFD results shows lower values compared to the
mixed convection data. However the free convection values were showing similar trends and
only 10% lower than the mixed convection data at high Bo values. The prediction of the CFD
code thus can be assumed as reasonable. From the CFD results a correlation was developed
with Bo as the function from Fig 5.5, which was given as,

N =1.024 +1.46B0—1.02424 Bo

Nu, (5.10)
where Nu,=4.36

To apply this correlation, it was assumed that a very small amount of bulk flow with Re< 50,
exists in the convection. Such a low flow may exists during start up experiments in the liquid

metal loops.

5.5.2 Mixed Convection

The effect of gravity on heat transfer in LBE in vertical tube at low Reynolds number
range (i. e. 50<Re<4000) was studied. It was found that the gravitational effect was
prominent at low Reynolds number and becomes less effective as the value of Re increases.
Figure 5.6shows the simulation results of the heat transfer analysis by CFD. The comparison
of the CFD results with the prediction of the correlation of Holman (1964) [142] and the
formula Nu=4.36 is shown in the figure. In the laminar flow range the gravitational effect
was prominent and it enhances the heat transfer. As the value of Re increases, the difference
between the formula and the Holman's correlation, also increases because the flow becomes
turbulent at higher Reynolds number. For mixed convection heat transfer the experimental
results were available for sodium and mercury. For LBE the experimental results could not be
found. So CFD analysis was carried out for studies of mixed convection in vertical tube with

LBE. CFD analysis was carried out for different wall heat flux at low flow to vary Bo.
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Fig 5.6 Variation of Nusselt number with Reynolds number for the range 50 < Re <
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Fig 5.7 CFD results of the buoyancy aided mixed convection with LBE
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The variation of the enhancement factor with Bo was predicted. Figure 5.7 shows the results
of the CFD analysis. The best fit curve of the prediction gives the following correlation,

N =1.8656+0.5587B0 —0.08869 Bo’

Nu, (5.11)
where X=log;oBo and Nu,= 4.36+0.0053Pe

This correlation can be used in the range of 50<Re<4000.

5.5.3 Forced Convection

The CFD prediction of the Nusselt number for the flow range 4000<Re< 10000 with
and without gravitational effect was shown in Fig 5.8. It can be seen that as the Re increases
the gravitational effect diminishes. For this flow range three correlations were assessed and
found that the correlation by Kirrilov and Ushakov (2001) [145] fits well with the CFD
results. So the following correlation was taken for the Re range 4000<Re< 10000.

Nu=5.0+0.025Pe"® (5.12)

5.5.4 Heat Transfer Analysis at Higher Reynolds Number

As discussed in Section 5.2.4, there were a number of heat transfer correlations
available for liquid metals in flow range, Re > 10000. Figure 5.9 depicts variation of Nusselt
number as a function of Peclet Number using various heat transfer correlations given in Table
5.2.  The correlations were assessed by comparing experimental results from Seban (1950)
[160], Johnson et. al. (1954) [161] and Lubarski (1951) [162]. The correlation given by Lyon
(1951) [140] over predicts the experimental data, with Pr=1.0, while with Pr=3.0 as shown
Fig 5.9, it under predicts. So the influence of Pr; on heat transfer coefficients can be observed.
The correlation from Kirrilov and Ushakov (2001) [145] also over predicts the experimental

results.
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Fig 5.8 CFD results of LBE heat transfer in vertical tube for flow range
4000<Re<38500.

It is to be noted that the correlation was developed from the results of experimental studies
with pure sodium, whose thermo-physical properties were different from lead bismuth
eutectic. The correlation of Notter & Sleicher (1972) [144] over predicts the experimental
data by 10% up to Pe=1500. At higher flow the correlation predicts well, as shown in Fig.
5.9. This correlation has been used in LBE handbook (2007) [67] for assessment of other
correlations for liquid metal applications. The correlation proposed by Cheng & Tak (2006)
[146] under predicts the experimental results in whole flow range. The correlation suggested
by Lubarsky and Kaufman (1955) [141] predicts well the experimental results up to Peclet
number 2000. It should be noted that this correlation was developed from the results from
twenty experimental studies. The working fluids of these studies include sodium, lead-
bismuth and mercury. The correlation suggested by Lubarsky and Kaufman (1955) [141]

under predicts the experimental results at higher flow. The correlation recommended by
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Ibragimov et al. (1960) [142] also under predicts the experimental results. As mentioned in
the literature the possible reason was that the correlation developed was without control of

impurity and oxygen in the liquid metal during the experiments.
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@ Johnson et al. (1954) [161] --"
201 A Seban (1950) [160] --" VAN
. _o- "
o 2N Z}
8 15 P -7 .- ‘...-;-;':'-"‘""'
e - Lo ;,’ :
e - 0 L. T ¥ !-i - —.:_-'—-:85
< _ - --_. ........... .-*;':ﬂ” ——: __________
E I:I . A ...... i- -z -
@ 10 e %j—;'&f?-- .j _________ Cg?relations:
2 ] :_—!'&':‘:O __________ —[F Lyon (1951) with Pr;=1.0 [140]
3 ______ - A - Kirrilov and Ushakov (2001) [145]
5 - % Cheng and Tak (2006) [146]
7 =& Lyon (1951) with Pr,=3.0 [140]
| NV~ Notter & Sleicher (1972) [144]
«e«—=++ Lubraski & Kaufman (1955) [141]
0 -<>' Ibragimov et al. (1960) [142]
| T

|
1000 2000

Pecelt Number

3000

Fig 5.9 Comparison of liquid metal heat transfer correlations with experimental results.

His objective was to study the heat transfer performance of liquid metal in industrial
environment. Since in the present studies, the flow range of LBE is less than Pe= 2000, the
correlation given by Lubarsky and Kaufman (1955) [141] is found to be best to the
experimental results and hence selected for further assessment of CFD analysis. Following

sections give the details of the results of the analysis.

5.5.4.1 Effect of mesh size
For higher Reynolds number flow analysis also the mesh size was to be properly

selected for correct results. The geometry was discretised with structured mesh as shown in
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Figure 5.3. For discretising the domain, the guide lines suggested by NEA report (2007)
[163] were followed.
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Fig 5.10 Variation of fully developed Nusselt Number with y,;” with k-¢ turbulence
model.

As per PHOENICS user manual (2005) [156] for k-€ based turbulence model application the

value of y+ should be maintained between 30 and 500. However since log law wall function
was used for turbulence modelling, + was maintained between 30 and 120. Figure 5.10
shows the variation of Nusselt number with , + for inlet velocity of 2 m/s. Standard k- model
was used for the analysis. It was seen that prediction of Nu in the range of 40<},+ <80 was
unaffected by variation of y, + . For further analysis the range of ,+ was kept in between 40

and 80 for all the flow velocities by changing the mesh size near the wall.
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5.5.4.2 Turbulent Prandtl number effect

The turbulent Prandtl number varies with flow rate of the liquid metal. The various
correlations for Pri were given by Eq. (5.2) to Eq. (5.5). Figure 5.11 shows the variation of
turbulent Prandtl number with Peclet number by the above mentioned correlations. The
correlation proposed by Cheng & Tak (2006) [146] covers entire range of Peclet number
shown in the graph, while Reynolds (1975) [149] and Aoki (1968) [152] correlations were
valid up to the Peclet number 2000. Beyond Pe=2000 the correlation from Jischa and Rieke
(1979) [153] was valid. The Cheng and Tak (2006) [146] correlation for Pr; was derived from

empirical heat transfer correlations and results of CFD analysis.

5.0
——Eq. (5.5), Cheng & Tak (2006) [146]
4.5 1 — =Eg. (5.3), Reynolds (1975) [149]
1 — - Eq. (5.2), Aoki (1968) [152]
g 4.0 - === Eq. (5.4), Jischa and Rieke (1979) [153]
8 35+
g i
=
E 3.0-
é | N
E 2.5 ~
2 |
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£ ] -
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0.5
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Peclet Number

Fig 5.11 Variation of turbulent Prandtl Number with Peclet Number for liquid metal.

The value of A in Eq. (5.5) which was defined in Table 5.2, was used to fit the various
regime of Peclet number. The non-linear equation of A makes the Pr; variation not so smooth,

as in the case of other two correlations. It can be seen from Figure 5.11 that the Pr; calculated
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by Eq. (5.2) is lower than Eq. (5.3), but trend of variation of Pr; with Pe, by both equations
were similar. Gori et al. (1979) [151] suggested the correlation from Jischa and Rieke (1979)
[154] for higher Pe values (Pe > 2000). The prediction of the correlation is shown in shown
in Fig 5.11.This correlation was suggested for high Pe range because at high Pe, turbulence
plays dominant role in heat transfer as compared to molecular conduction. So the variation of

Pr with Pe was not significant.
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. --A-- PHOENICS result with Pr=1
40 - —X— PHOENICS result with Pr, from Eq. (5.2)
- --%-- PHOENICS result with Pr, from Eq. (5.3)
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Fig. 5.12 Comparison of CFD prediction using standard k- model for different Pr; with
empirical correlation for Nusselt number.

To study the effect of turbulent Prandtl number on the heat transfer prediction using
CFD, the Nusselt number for fully developed flow has been calculated for different flow
rates. The turbulent Prandtl numbers estimated by Eqgs. (5.2) to (5.5) were used in the
standard k-¢ turbulence model in PHOENICS code. Figure 5.12 shows the predicted variation
of Nusselt number with Peclet number. For comparison, the Nusselt number estimated by the

correlation of Lubarski and Kauffman (1955) [141] is also given in Fig 5.12. It can be seen

144



Chapter 5: Evaluation of Heat Transfer Coefficient at Different Flow Regimes

that with Pr=1.0, the CFD analysis over predicts Nusselt number. In case of liquid metal,
thermal conductivity is much higher than that for air or water. The molecular conduction is
higher than convective heat transfer near the wall. The turbulent thermal diffusivity plays a
lesser role here. So as seen from Eq. (5.1) when Pry = 1.0, eg=ey, which means gy is
overestimated in case of liquid metals. This results in higher prediction of heat transfer as
seen in Figure 5.12. But, as per Egs. (5.2) to (5.5), which were developed especially for liquid
metals, Pr; is always greater than one and can be seen in Figure 5.11. This makes gy<ey and
different values of Pr; at various values of Pe regulate €. From Figure 5.12, it can be seen
that Pr; calculated from Egs. (5.2) to (5.4) give best conformation with correlations. The
analysis with Pr; from Eq. (5.5) under predicts the Lubarski and Kauffman correlation by
15% beyond Pe=800, which may be due to the value of Pr; calculated by the equation is high
which suppresses gy as per Eq. (5.1). From the above analysis it can be seen that up to
Pe=2000, the Nusselt number, predicted by CFD analysis with the Pr; values calculated from
Eq (5.2) and Eq (5.3), match well with the correlation from Lubarsky and Kaufman (1955)

[141].

5.5.4.3 Effect of turbulence models

The selection of turbulence model is also important for prediction of heat transfer. As
discussed in Section 5.3.2, four turbulence models were selected for the analysis. Figure 5.13
shows the prediction of the Nusselt number using various turbulence models. The Pr; values
for this analysis were calculated from Eqs. (5.2) and (5.4). The values of Pr, were
incorporated in all the turbulence models except RNG k-¢ model. In RNG k-¢ model, the
turbulent heat transfer was accounted by calculating effective Prandtl number, which in turn

varies with turbulent viscosity and molecular Prandtl number (LBE Handbook, 2007).
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Fig. 5.13. Comparison of CFD prediction using different turbulence models with
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Figure 5.14. Variation of local Nusselt number along the axial distance.
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The analysis using RNG k-¢ turbulence model over predicts the Lubarsky and Kaufman
(1955) [141] correlation by 10% at Peclet number 3000. Both standard k-¢ model and Chen
k-e model with modified Pr; shows good matches with the correlation by Lubarsky and

Kaufman (1955) [141] up to Pe = 2000. So the correlation from Lubarsky and Kaufman

(1955) [141] was selected for calculating Nusselt number for 500 < Pe <2000.

5.5.4.4 Developing length

It is well known that the local Nusselt number varies in the entry length due to the developing
boundary layer. As shown in Figure 5.14, up to 0.5 m from the entrance the Nusselt number
variation was very clear. Beyond this length the Nusselt number becomes steady, which
means the flow was fully developed. It can be seen that at 0.1m length the local Nusselt
number was 1.7 times higher than the developed flow. It can further be seen that the CFD
results over predicts the correlation given by Eq. (5.9) through the tube length but this
deviation is less than 10 %. The calculation was carried out with the inlet velocity v=2 m/s
and with k- model. The Pr; used in the CFD analysis was calculated from Egs. (5.3) and

(5.4).

5.6 SUMMARY OF MAJOR FINDINGS

1. Heat transfer correlations in LBE is found for different flow regimes (a) Free
convection (b) mixed convection and (c) forced convection. The existing heat transfer
correlations in liquid metals are reviewed and assessed for present applications. For
free convection and mixed convection with 50< Re < 4000, heat transfer correlations
for LBE were not available. So correlations were generated from CFD analysis for
this ranges of flow. For other flow ranges (i.e. Re> 4000) the existing correlations

were assessed and best fitted correlations with experimental results (available from
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literature) and CFD results are selected for use in the theoretical analysis of the LBE

natural circulation.

2. The application of general purpose CFD codes like PHOENICS in liquid metal heat
transfer analysis requires that the turbulent Prandtl number is to be modified. Few
correlations were found in literature on turbulent Prandtl number (Pri). After
assessment, the correlation from Aoki (1963) [152] for 500< Pe < 2000 and Jischa
and Reiki (1979) [153] for 2000 < Pe < 6000 were selected for the present studies. For

Pe <500, Pry=4.12 is taken as given by Cheng and Tak (2006) [146].

3. Based on the assessment and CFD analysis different correlations were recommended

which are given in Table 5.4.

Table 5.4 Heat Transfer correlations used for fully developed flow

Correlations Range Remarks
Nu 5 Free convection Developed from
_Nu =1.024+1.46 Bo—1.02424 Bo for Re<50 present CFD analysis

[

where, Nu,=5.0+0.025P¢"®

Nu , | Mixed convection Developed from
W =1.8656+0.5587X —0.08869.X for S0<Re<4000 present CFD analysis

0

where X= log;(Bo and
Nu,= 4.36+0.0053P¢*

Nu=5.0+0.025Pe"* for 4000<Re<10000 Correlation from
Kirrilov and Ushakov
(2001) [145]

Nu=6.3+0.0167Re"*Pr™” for Re>10000 Correlation from

Notter and Sleicher
(1972) [144]

Except for the free convection regime, the correlation for developing flow as given in Eq.
(5.9) was used in the heater and cooler sections to find the axially varying heat transfer

coefficient.
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DEVELOPMENT OF COMPUTER CODE LeBENC

6.1 INTRODUCTION

The literature survey carried out on liquid metal natural circulation revealed that the system
codes were generally used for water based system analysis. Since no system codes were
available in hand for the LBE system analysis, a code was needed to be developed. The code
should be able to analyse the steady state and transient natural circulation flow of LBE in a
closed loop, considering all the parameters which may affect the natural circulation flow of
LBE at high temperature. A 1 D computer code was developed based on the formulation
given by Vijayan et al. (2001) [11]. The code was developed to simulate the LML and
consequently upgraded to simulate the KTL also. Following sections give the details of the

code, analysis and validation with experimental data of LML and KTL.

6.2. NUMERICAL CODE, LeBENC

A code named LeBENC (Lead Bismuth Eutectic Natural Circulation) has been developed
to predict the behaviour of liquid metal loop under natural circulation. The code has the
ability to, (a) handle non-uniform diameter loops, (b) different working fluid in primary and
secondary side of the loop, (¢) handle trace heating and surface heat loss from the walls to
ambient (d) axial conduction through liquid metal and the pipe wall and (e) simulate both
steady state as well as transient natural circulation flow. LeBENC is a one dimensional finite
difference code, developed to study the steady state and transient behaviour of liquid metal

natural circulation loop.
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6.2.1 Mathematical Formulation of LeBENC Code for LML

This section provides an overview of the theoretical formulation and solution procedure used
in the code LeBENC. The 1-D governing equations were discussed below. Since this was a
closed loop with incompressible fluid, the mass flow rate is independent of the locations in
the loop and is only a function of time. So the continuity equation was not considered for the
analysis. The momentum equation solves the natural circulation flow rate by equating the
mainly the buoyancy head and the total pressure drop in the loop. Energy equation takes
account of the heat energy transfer in the loop. Fluid axial conduction is considered in the
energy equation as it might play an important role in LBE loop. Axial conduction of the solid
wall was also solved by considering the axial conduction equation. The code was validated

with experimental results of single phase water natural circulation loop [164].

6.2.1.1 Momentum equation for fluid
Assuming Boussinesq approximation to be valid, the momentum equation, for 1-D
incompressible flow neglecting pressure work and viscous dissipation, for i pipe section

can be written as,

2
Ax,»dW:pgAzi_f,Ax,-[ W J—k,[W—J—APz—APm (6.1)

14—1777 Din.i 2100Ain,i2 2’pOIélin,iz

In the buoyancy term, the density p was given by the following equation which is valid over

small temperature ranges,
p:po[l_ﬂ(T_TO)] (6.2)
The summation of acceleration pressure drop and static pressure drop in a closed loop

becomes zero. Therefore, Eq. (6.1) can be written as,

Ax, dW fAx . ( w? w?
— 27 - TAz, —¢p-—L -k | —
4; dt pogﬁcﬁ, I Cﬁ D, (2/00‘4in €‘Sl(2poA:2J

(6.3)
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6.2.1.2 Energy equation for fluid

—h, ( T-T ) qs, Heated section
2
o —a oT +— W_or _ DpiCp pCpA pipe and heat exchanger (6.4)
o o Ap, N ~h, (T )

Dp,Cp

It can be noted that the second term of the right hand side of the equation was for the heat

source (immersion heater) in the heated section of the loop.

6.2.1.3 Conduction equation for the wall

Heat loss from the pipe wall was considered in writing conduction equation for the pipe wall.

4}11.”(];—];)( D, _4ha(7:v—7;")( D, J For heater and

T 2 pipe
- - p.Cp, \D,-D, p,.Cp, \D,-D, (6.5)
g wo_
o " ox
4h,(1,-T)( D, | 4h(T,-T")( D, For heat

The thermal conduction resistance across the pipe wall thickness is not considered in the

equation.

6.2.2 Discretization of the Governing Equations
Out of several possible ways to discretize the governing equations, the implicit method for

discretizing the momentum equation and the explicit method for discretizing energy equation

for fluid as well as conduction equation for wall were used.

6.2.2.1 Discretization of momentum equation

The implicit scheme for discretizing momentum equation was used as shown below,
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N A.x Wn+l _Wn N fo W}'l+l2
Y= 2 7 - T Az =3 | L2k ;
Y PuBYT" Az ,=1[ D N\ 2p4 2

(6.6)

Temperature integral (j-)T’"HAz’_ in the above equation, was evaluated by using the

Trapezoidal rule. Eq (6.6) can be written after simplification as,

C3 < n+l
+| =AY T A,
C ' (6.7)

1 i=1

Wn+l

WV!+1 — WV! _ &At WV!+1
Cl

Where C;, C; and C5 were given by,

N
Ax .
C = —
: ; Ain,i
SR 3| /=T | (R 6.8)
i=1 Din 2100Ain
C; =pygp

For solving the momentum equation 7' was taken from the energy equation.

6.2.2.2 Discretization of energy equation
For energy equation, first order explicit upwind scheme and central difference scheme was
used to discretize the convective term and the diffusion term respectively. The discretized

energy balance equation for ‘i node of the fluid in the heater section can be written as

follows,

-1 T" —2T" +2T" T"-T" 4h
; i _ g it i 2+ i1 | W i i1 | in,i (7—;71 _Tnfl ) + qgh
At Ax PoAip, Ax, D, .p.Cp

1 1

pOCpAin,i (6.93)

for heater section

'n+1_ 'n 'n _ 'n n ‘n_ n 4h
-7 :a(zﬂ 27, +2T,-1J_ W (T, T,-l)_D w_(pr )

3 i w,i
At Ax; PoA,, Ax, iniPoCP (6.9b)

for heat exchanger and pipe
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After some algebraic manipulations, the above equation can be written as,

T,-nH — an Tn

i+17 i+

+a'T" +a' T" +b" (6.10)
The values of coefficients in Eq. (6.10) were given in Table 6.1,
Again, the coefficients of 7", T” and T, were all positive but that of 7" can become

negative. Therefore the limiting time step to keep the coefficient positive was expressed as,

for W>0
1
Al = (6.11)
20[ W" 4hin i
=+ + -
Ax,  PodiAx; pCpD,,
for W<0
1
Ar = (6.12)

2a _ w i 4hin,i
Ax,z pOAin,l Axi pOCpDin,l

It is to be noted that time step was function of mass flow rate. Therefore, time step is to be

recalculated for each new time level.

6.2.2.3 Discretization of conduction equation for the wall

Discretized energy balance equation for ‘i node of wall can be written as

Tw",H _]:Zz —a ("Z:Ziﬂ _2]:21' + ]::l,i—l) 4hin,i (Tw", _];n) Din,i 4hn (7:7: - 7:)") Din,i ( 6.1 3)
At ! AX'.Z Iowcpw D(iz _DZ prpw DZ _Dz

(4 n,i 0,1 in,i
After some algebraic simplifications above equation can be written as

T =a, T, +a, T, +a, T  +b)

w,i w,i+l " w i+l Wit w,i w,i—=1"w.i-1 w,i

(6.14)

The values of coefficients in Eq. (6.14) were given in Table 6.1,
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Table 6.1 Values of the coefficients in Eq. (6.10) and Eq. (6.14)

Coefficient Energy Equation [Eq. (6.10)] Wall conductions
W>0 W<0 Equation [Eq. (6.14)]
n " n n n
am an ) sk FO,‘ FOi —COI FOW,,.
s Tw,i+l
Heater 1-2Fo,,—Cd' - 1-2F0,,+Co = | | _,p __4h, D, At
4h At 4h At " p.Cp, (D,-D;,)
section p,.CpD,,, p.CpD,, 4h, D, At

p.Cp, (D, -D;,)

a’ Piping 1-2Fo,,~Co/ - 1-2F0,,+Co' = | |, __4h, _ DA
: 4 Ar 4h At " p,Cp, (D2,-D2,)
PCPD,,, PCPD,,, 4h, D, At
a,* p.Co. (05,17
Heat 1-2Fo,,—Co/ - 1-2F0,,+Co' = | |, __4h, _ DA
4h At 4h At " e, (D), -D;,)
exchanger | »cpp,, PCPD,,; 4h, D, At

p,Cp, (D2, -D.,)

ai"_l noow Fo! +Co/ Fo! Fo!,
a’ .
s w.i—1
n+l 4h D
Heater 4h, AT, B g, Af s Dini
) Cod p.Cp, (D2, -D,)
. pO p in,i pO p in
section 4h D,

" 0.Cp, (D2, -D7) fo

b Piping 4h, AT, 42 : DA ] T
> p,.Cp, \D,, =D,
pOCpo,i ’ ’
+1 4h Du IAt n
n sk + < - 0.i
bwvi prpw (Dj: _Dxi.x) )
Heat 4hmAtva,-l:l—l 4hm l)mJAt
AN pVVCpW DOZI - Dli 7 ]
h pO Cpo,i ( ’ ’ )
exchanger . 4 hs D, At .

“pcp, (B-D7,)

*coefficients for Eq (6.14)
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The coefficients of 7, 1"

wi 2 Twi-1

and 7" . were all positive but that of 77 may become

w,i+1 w,i
negative depending on the chosen time step. Therefore the limiting time step to keep the

coefficient 7", of positive was expressed as,

4h

in,i

-1

D, 4h D, .

At _ 2 (ZWZ + - in,i - + 0 _ in,i - (6. 1 5)
ASi prpw (D;I - Dl;l,l ) prpw (D(:,l - DI;I,I )

The minimum of the time steps, as calculated by Eq. (6.11), Eq. (6.12) and Eq. (6.15), was

taken for calculation in each time level.

Fo!'and Co!' were Fourier number and Courant number respectively calculated at n™ time

level and were given by,

At "
For = EAL g J AL o AL (6.16)

i 20 wi 2 0 i

Ax, Ax, " pod, Ax,
6.2.3 Solution Procedure Adopted in the Code
For convenience in calculation, the length of the node in wall and fluid were taken equal.
These nonlinear and coupled equations were then solved iteratively using the procedure
mentioned below.
1) The minimum of the time steps as calculated from Eq. (6.11) or Eq. (6.12) and Eq.
(6.15) was taken for calculation.
2) Discretized wall conduction equation i.e., Eq. (6.14) was solved explicitly using

above time step to obtain7}"".
3) Using 7" in discretized energy balance equation for fluid i.e., Eq. (6.10), nodal fluid

temperature at new time level (i.e., 7"") was obtained.
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4) Temperature integraqu 7"*'Az, in momentum balance equation i.e., in Eq. (6.7), was

evaluated by using the Trapezoidal rule.
5) Flow rate at new time level i.e., W"*' was obtained by solving discretized momentum
equation i.e., Eq. (6.7).

6) Step (1) to (5) was repeated until steady state was achieved.

6.2.4 Discretization of LML
The whole loop was discritised into 14 segments and 280 nodes. The discritisation of the
simplified geometry of the loop was shown in Fig. 6.1. Table 6.2 shows the details of the

main loop components and sizes.

Expansion tank

L6
L7 Heat Exchanger 10
L8
L9
L3
L2
I L11
L1

eater dection

Fig. 6.1 Discretisation of the Loop geometry for analysis using LeBENC code
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Thermo physical properties of LBE were taken from LBE handbook (2007) [67].
Temperature dependent properties were calculated at each time step by incorporating
recommended correlations of the properties in the code. The properties of piping material,

was taken from Incropera and Dewitt (1996) [157] which were also temperature dependent.

Table 6.2 Loop parameters used in the code (Fig 6.1)

Segment Part details Length (mm)
L1 Heated section,75NB sch 80 pipe 800
L2 75NB sch 80 pipe 100
L3 15NB sch 80 pipe 200
L4 15NB sch 80 pipe 450
L5 Expansion tank, 200NB sch 80 pipe 350
L6 15NB sch 80 pipe 200
L7 15NB sch 80 pipe 300
L8 15NB sch 80 pipe 325
L9 Heat Exchanger, Primary side :NB, sch 80 500

L10 15NB sch 80 pipe 200
L11 15NB sch 80 pipe 1050
L12 15NB sch 80 pipe 350
L13 15NB sch 80 pipe 1150
L14 15NB sch 80 pipe 350

6.2.5 Constitutive Equations
Since molten lead bismuth is Newtonian fluid so the hydraulic loss coefficients

validated with water is applicable for molten LBE also [59]. The hydraulic resistance
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correlations given in the Handbook by Idelchik (1988) [165] were used. The hydraulic loss

coefficients in the loop were calculated using the correlations given in Table 6.3.

Table 6.3 Correlations for pressure loss coefficients used in the LeBENC analysis

Pressure Correlations Range of application
losses
64 ~
=% Re <2000 and A < Ain
20316 4000<Re<10’ and
ReO.ZS
Z S Zlim
f=44Re™™” exp(—%i%) For Re, < Re< Re;
r=(f,- f*)exp{—[0.0017(Re2— Re)]z} v 7
Frictional
Where
losses
"=0.032 f,=7244Re™” <
f , f for A<0.007 For Re; < Re< Re,
. 0.0109 0.145
f =0.0758 - —0.286 fz =
A , A
for A>0.007
_ 1 For Re> Re,
[2log(2.51/Re[f +A/3.7) |
. _( A Jz Sudden expansion
Local 4
Losses A Sudden Contraction
k=0.5|1- A”
1
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The local pressure loss coefficients at the elbows were also calculated from correlations and
the graphical data given by Idelchik et al. (1988) [164]. The effect of roughness on pressure
drop depends on the flow rate also. The limiting value of roughness below which the surface

can be treated as smooth, was given as (Idelchik, 1988) [164],

A = 18 xlogRe—-16.4

Re (6.17)
The surface roughness may cause the departure of the frictional pressure drop coefficient
from Hagen-Poiseulle law beyond a certain flow rate. This limiting value was given by Re,.
Similarly the change of flow from laminar to transition was given by Re; and the transition to
turbulent was given by Re,. The correlations to find the limiting Reynolds numbers were

given below,

_ 0‘0065 1 0.11 1 0.0635
Reo—754exp( 3 )Re1:1160( ) and Re2:2090(zj

<
The heat transfer coefficients in LBE in the heat exchanger and the piping was calculated

from the following correlation suggested by Holman (1964) [129],

Nu=4.36+0.0053 Pe (6.18)

6.3 FORMULATION OF LEBENC CODE FOR KTL
6.3.1 Mathematical Formulation of LeBENC Code for KTL

The primary side of KTL is a closed loop whereas, the secondary side of the KTL is
an open loop where the argon gas is driven by natural convection. So the LeBENC code had
to be modified to handle two loops in series. The details of the governing equations were

given below,
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6.3.1.1 Momentum equation for fluid

As explained above 1D momentum equation can written as given in Eq (6.1),
assuming Boussinesq approximation to be valid, incompressible flow and neglecting viscous
dissipation. In buoyancy term, the density p was given by the Eq (6.2), which is valid over
small temperature ranges. The summation of acceleration pressure drop and static pressure
drop in a closed loop becomes zero.

So, for primary side,

Ax i dW Ny f; Ax . W 2 N, W 2
Z —=—1= Porsr&Prsr @ T,Az;, — z — | 2 ki I
~ A, dt o D, ZPO,LBE A, in1 po,LBE 4, (6.19)

In the secondary side though the loop was not closed, the acceleration pressure drop was
neglected because the heat exchanger height was small and argon gas flow rate was also low.

Therefore, the momentum equation can be written as,

Ax 2 Ax. :
» i i2 pAr (6'20)

2
v, .
The term 722515 non zero for an open loop, the effect of the term on natural convection

flow of argon gas was studied with steady state conditions and found that this term has
negligible effect on the argon flow. The details of the analysis is given in the Appendix 6.1.

So the term is neglected in further analysis . So Eq (6.20) becomes,

Ax . 5 sz N, N, f ZAX R w. 2 N, W. 2
a2 = T,Az , — LS 2 - k,| —2—|(6.21
z 1 d pO,ArgﬂAr; i128Z; ) IZ::, D po,ArAi,22 z 2|5 ik (6.21)

i 72 i2 i=1 0,4r<%,2
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6.3.1.2 Energy equation for fluid

Similarly,

or, &orn W, (o) —An,(L-T,
L L, (_1)= i =T.) primary side (6.22)

ot o’ AIIDO,LBE Ox, pO,LBEDl Cp,

secondary side  (6.23)

2

o, O, W, (aJ;J:—éthm.z(Tz—Tw) D,,
Po.CP 4 Ds2,2 -D;,

0
ot Xy APy 4\ Ox,
The second term in the Eq (6.23) is negligible for argon gas. However, this term is still

computed because same set of equations are solved for both LBE and argon gas.

6.3.1.3 Conduction equation for the wall

The wall conduction equation for the pipe is as given below,

[ _ 4h1 (]—:v _T) DI _ 4hAr (]—:v _]—;ncl) Do
p.Cp, \(D:-D}) p.Cp,  \(D:-D7)
g D For heater (6.24)
p.Cp,\ (D -D})
2
aai_awaaz;w = < _4h;(R_T) Dz _4hAr(T;v_T:zncl) Du FOI‘ i in
! ~ pwcpw (Dj _Dzz) Ioprw (Dj _[)12) piping
4h(T, -T D 4h, (T, -T, D
i ,(gj )[ 2 J_ z(é 2)[ — ODZ J For Heat
PLD, ( o 1) PP, ( o ’) eXChanger
\
The time step for the secondary side was calculated as
1
At =
2a i Wf;]r n 4hAr,iDs,1
2 2 2
Ax® Py A% Po 1 CP 4 (Dsy = D5y) (6.25)

So the time step was calculated as the minimum value found from Eq (6.11), (6.12), (6.15)

and (6.25).
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6.3.2 Modelling of Heat Exchanger

The KTL has been designed to operate up to 1100 °C. The present set up does not
allow forced circulation of the argon gas coolant on the secondary side because of the
possibility of sudden cooling of the loop heat exchanger section during abrupt flow of argon
gas, which may lead to the generation of large thermal stress in the piping and cause loop
failure. So the heat exchanger in the present loop was designed as vertical tube in tube type

and cooled by natural convection of argon gas of the enclosure.
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(a) Schematic of Heat Exchanger
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NiBE, x+1 \g Nodal coupling
: Nir16> Ny x> N pex

NLBE, < é Arl XN LBE,x+N
é Narne> Ny x01€> Nigpxti
(b) Nodal discretization of KTL heat
Exchanger for LeBENC code

NW, x+N =
Nigexn'  — H B

Fig 6.2 Schematic of the heat exchanger and nodal discretization for LeBENC code.

Figure 6.2 (a) shows the schematic of the heat exchanger. The inner tube was part of the
primary loop and LBE was flowing through it vertically downward. The outer tube was
concentric to the inner tube with both ends open. So the secondary side was a vertical annular
passage where argon gas in the enclosure enters from the bottom of the passage, flows
through it due to natural circulation and goes out through the upper opening. This way the

heat from the heat exchanger was rejected inside the enclosure.

6.3.2.1 Nodal discritisation and coupling of the primary and secondary side parameters
The flow of argon gas in the secondary side depends on the primary loop temperature.
So for transient cases the argon flow rate and inlet temperature of the argon gas also varies
with time. The governing equations for natural circulation in the primary and secondary side
of the heat exchangers as well as the wall conduction equation are to be solved as coupled
equations. As the flow directions of the fluids in the heat exchanger were in opposite
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direction, the nodes in both sides of the heat exchangers were to be connected accordingly,
i.e. as shown in 6.2 (b) Ny g, x+1 node at the entry in the primary side of heat exchanger was to

be connected to the exit node, N4, jof the secondary side and so on.

6.3.2.2 Finding inlet temperature of argon gas in the secondary side of the heat
exchanger of KTL

The argon gas from the exit of the heat exchanger rejects heat inside the enclosure.
The heat loss from the piping also heats up the argon gas in the enclosure. The enclosure wall
contains fins on the both sides to reject the heat to the ambient by passive way. When the
loop was set at a certain power level, the heat accumulates in the enclosure and the enclosure
temperature increases till it reaches steady state condition. Figure 6.3 shows the heat balance
of the KTL with enclosure system. The inlet temperature of the argon gas in the heat
exchanger also changes with time. The inlet temperature of the argon gas can be estimated as
given in the following procedure.

The rate of accumulation of heat in the enclosure at any instant is given as,

AQ = Qloop,/oss - Qambient,/oss (6 26)

Where,

Qloop Joss = Q piping ,loss + th,lo.vs
Qambient,lass = l]encl Aencl (Ylnc _YZImbient)
Qpiping,lm:s' = haApIping (]:v _T;ncl )

th‘loss = hthhx (TAr‘in - TAr,out)
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To find the heat loss through the enclosure finned wall the overall heat transfer coefficient
Uenet Was calculated using the natural convection heat transfer correlation from Churchil and

Chu (1975) [132].
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Fig. 6.3 Discretisation of the KTL main loop geometry for analysis using LeBENC code

The Acng was the effective finned surface area of the wall of the enclosure. ha, was calculated
based on the heat loss thorough the insulation from the piping per unit length. The
calculation procedure of hs, was given in Chapter 3. The variation in temperature of the

enclosure was calculated from the rate of accumulation of heat AQ in the enclosure. The
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calculated enclosure temperature was used in the Eq (6.21) for the prediction of loop

temperature and argon flow rate.

6.3.3 Discretization of the Governing Equations and the Loop

The discritisation process of the equations for KTL was same as mentioned in above section
4.0. The implicit method was used for discretizing the momentum equation. Implicit central
difference scheme was used for the conductance equation. The whole loop was discritised
into 9 segments and 165 nodes. The discritisation of the simplified geometry of the loop was
shown in Fig. 6.3. In the heat exchanger the secondary side was assumed as the single
segment and discritised with equal number of nodes as the primary side segment.
Temperature dependent properties were calculated in each time step by incorporating
recommended correlations of the properties in the code. The properties of piping material,
Nb-alloy was taken from Distefano and Chitwood (2001) [166]. The local hydraulic loss
coefficients in various components and piping were calculated from Idelchik et al. (1988)
[164] and used in the code for analysis of the loop. The properties of argon gas were taken
from Incropera and Dewitt (1996) [157] which were temperature dependent. The heat transfer
coefficients in LBE in the heater section and the heat exchanger was calculated from the
correlations given in Table 5.2, as found in Chapter 5.

The heat transfer correlation used for argon for natural convection in annular space with both

ends open was given as [167] ,

Nu'= 029 (Ra)"” for 10°<Ra < 10° (6.27)
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6.4 VALIDATION OF LEBENC CODE WITH LML

6.4.1 Steady State Analysis

In steady state analysis the LeBENC code was used to predict the natural circulation
mass flow rate at a certain power level. With a set loop power and given heat transfer
conditions in the secondary side of the heat exchanger, the code was run for sufficient time
till the steady state condition was reached. The steady state natural circulation flow predicted
by the code was expressed in terms of the non-dimensionalised numbers as given in Eq (4.2)
of Chapter 4. Figure 6.4 shows the results of the comparison with the experimental results.

The prediction conforms well to the experimental results.

2500
| = Experiment (LML)
——=Correlation (Vijayan et al., 2002) [3]
20004 * LEBENC prediction
1500
oF
@
1000 —
500 -
0 . , .
0.00E+000 5.00E+007 1.00E+008

Grm/NG

Fig 6.4 Steady state natural circulation prediction by LeBENC code and comparison
with experimental data of LML.

Figure 6.5 shows the comparison with the experimental results with (a) air and (b) water as

the secondary side coolants at same power of 2400 W. Here the code predicts well for both
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the coolants. Figure 6.6 (a) shows the prediction of the code with low loop power (900 W)
with air as the secondary side coolant. The code was also used to predict the steady state axial
temperature distribution at high loop power. Figure 6.6 (b) shows the result for 4500 W

power case with water as the secondary side coolant
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Fig. 6.5 (a) Steady state temperature distribution along the length of the loop at main
heater power= 2400 W with air as the secondary side fluid.

6.4.2 Transient Analysis
6.4.2.1 Start-up experiment

In this transient experiment simulation the initial conditions i. e. the axial temperature
distributions, loop power, secondary side calculated heat transfer coefficient and secondary
coolant temperatures were given as input and the code was run for sufficient time till the
natural circulation reaches the steady state. Figure 6.7 shows the start-up simulation results
for 1200 W power with air as the secondary side coolant. It could be seen that the LeBENC

predictions are matching well with the experimental results. Figure 6.8 shows the simulation
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of start up experiment at power 2400 W and with air as the secondary side coolant. The
prediction of the results were found to be matching well with the experimental results except
during the initial period. The 3D nature of the expansion tank and thermal inertia of various
structures like, supports and flanges make it difficult to simulate the heat transfer at the initial

period by the 1D code.

6.4.2.2 Loss of heat sink

In this simulation steady state natural circulation was obtained by running the code for
sufficient time. Then the heat transfer coefficient was reduced to zero in the secondary side of
the heat exchanger. Figure 6.9 shows the variation of temperature along the heater inlet and
outlet for the loop power 1200 W. It can be seen that the prediction matches well with the
experimental results. There was sudden rise in the temperature mainly due to the decrease in
the heat transfer coefficient to zero. But the experimental results show slow rise in the
temperature which may be due to the rejection of heat in the heat exchanger secondary side
and inlet and outlet piping. This could not be simulated accurately in the LeBENC code. Here
the heat sink loss experiment is simulated by assuming two conditions (a) with secondary
side heat transfer coefficient to zero and with (b) a calculated heat transfer coefficient which
is found to be 25 W/m*°C. This was calculated by assuming natural convection in stagnant
air in the secondary side with the average experimental values of LBE temperature and air
temperatures. In the first case the LBE temperature difference across the heat exchanger
(ATigenx) is decreased drastically as expected. But the value of ATpgx still remained at
~10 °C. This is due to the cooling by axial conduction of the heat exchanger structure

material. With the second case, LeBENC predicts well the experimental data.
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Fig. 6.5 (b) Steady state temperature distribution along the length of the loop at main
heater power 2400 W with water as the secondary side fluid.
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Fig 6.6 (a) Steady state axial temperature distribution of the loop at 900 W power.
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Fig. 6.10 Comparison of the LeBENC prediction with the experimental data of the
variation of temperature difference across the heater section and the heat
exchanger during the step change in power experiment.

6.4.2.3 Effect of the step change in power

In this simulation, the code was run with rated power and boundary conditions of the
loop matching with the experimental conditions. The code was programmed to raise the loop
power as per the experimental study keeping the secondary conditions same and after certain
time, the loop power was decreased to the original power. Figure 6.10 shows the comparison

of the LeBENC prediction with the experimental data of the power step experiments 2100-

1200-2100 W. It can be seen that the LeBENC code under predicts the experimental results in

the heater section especially during the power step up conditions. However the maximum

deviation was less than 10%. In the heat exchanger the secondary side heat transfer
coefficient varies with temperature and this could not be simulated in the LeBENC code. This
led to deviation of the secondary side predictions from the experimental results, as shown in

Fig 6.10. However this deviation is also less than 10 %.
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6.4.2.4 Effect of change in the secondary coolant flow rate

This experiment was also simulated by running the code at rated power for sufficient
time to reach steady state and the coolant flow rate variation was simulated by changing the
heat transfer coefficient and the secondary side average temperature. Figure 6.11 shows the
simulation with the loop rated power of 1500 W with step change in air flow rate 200-320-
200 LPM. The deviation of the LeBENC prediction of the experimental results are less than

10%.

6.5 VALIDATION OF LeBENC WITH KTL EXPERIMENTAL DATA

6.5.1 Steady State Analysis

The LeBENC code was modified as discussed above, to simulate the natural
circulation in main loop part of KTL. The code was run with simulated boundary conditions
for sufficient time at a power level to reach steady state. The predicted steady state
temperature distribution in the loop and mass flow rate were compared to experimental data.
This steady state natural circulation simulation were carried out at different power levels and
the results are shown in Fig 6.12. Figure 6.12 (a) shows the variation of temperature
difference AT with power. It can be seen that the LeBENC prediction was fairly good with
experimental results with maximum deviation of 12.5%. Figure 6.12 (b) shows the variation
of the mass flow rate with power. LeBENC code predictions conforms well with the
calculated experimental results.

Figure 6.13 shows predicted and measured steady state inlet temperature at different
power levels. As the power increases the inlet temperature of the heater section, which was
the lowest temperature of LBE in the main part of circulating loop, increases slowly first then

increases at higher rate with increasing power levels in the loop.
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Fig 6.12 (b) Calculated steady state natural circulation LBE mass flow rate in LML at
different power levels.
The code predicts well the experimental results of the inlet temperature. Figure 6.14 shows
the comparison of the code prediction for the steady state axial temperature distribution in the
loop at power 360 W with experimental data. The temperature varies linearly in the heater
section. As expected, the wall temperature was found to be higher than the fluid temperature
in this section because the heat transfer was taking place from the outer surface of the pipe
through the wall thickness to the inside LBE. In the heat exchanger the temperature drop was
not linear which was due to the natural convection cooling by argon gas flowing through the
narrow annulus in the secondary side. The overall prediction of LeBENC code conforms well

to the experimental results with less than 5% deviation.
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6.5.2 Transient Studies
Simulation of the transient experiments in KTL was also carried out with the

LeBENC code. Following sections give the details of the theoretical studies carried out.

6.5.2.1 Start-up simulation test
In the start up experiment simulation, the initial temperature distribution of LBE in
the loop, argon inlet temperature and the main heater power was taken from the experimental

data as input for the code. The code was run for sufficient time till it reaches steady state.
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Fig. 6.15 (a) Temperature variation during start-up experiment of the loop from zero
power condition to 360 W power level.

Figures 6.15 (a) and Fig 6.15 (b) show the simulation of two more start up experiments at two

different power levels. The prediction of the code matches well with the experimental data.
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Fig. 6.15 (b) Temperature variation during start-up experiment of the loop from zero
power condition to 700 W power level.

6.5.2.2 Loss of heat source

In this experiment, the code was run sufficient time with rated power to reach steady
state, then the loss of heat source was simulated by instantly reducing the main heater power
to zero. Figure 6.16 shows the loss of heat sink experiment with 1000 W as the initial main
heater power. The comparison of the prediction of LeBENC code with experimental data was
also shown in the graph. It can be seen from that the temperature variation with time as
predicted by the code was linear compared to the experimental results. This may be due to the

simplification of the loop geometry to simulate by the 1 D code.

6.5.2.3 Step change of heater power
In this simulation the code was programmed to change the main heater power after

reaching steady state with initial set power level.
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Figure 6.17 shows the variation of temperature when the main heater power was decreased
from 680 W to 480 W in step of 40 W at certain time interval. The entire experiment was
simulated using LeBENC code and the prediction was found to be good in comparison with
the experimental data. Figure 6.18 shows the step power change simulation at very high
temperature (~780°C). The deviation of the simulation results from the experimental results

was found to be less than 12%.
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Fig. 6.18 Variation of loop temperature during step change in power from 1100 W to
1200 W.

6.6 SUMMARY OF MAJOR FINDINGS

1. A 1D computer code was developed for natural circulation studies of LBE at high
temperature considering different parameters which may affect the natural circulation

flow.
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2. The code was used to simulate the steady state and transient experiments of LML and KTL
and validated the predictions with the experimental data extensively. The simulation was
carried for the temperature range of 200 °C to 780 °C.

3. For steady state natural circulation the code predicted well the experimental results of the
both loop LML and KTL with the deviation less than 15 %. The wall temperature and

fluid temperature were predicted well at different loop power levels.

4. During transient analysis, in case of high power experiments or higher step change in
power or higher flow rate change in secondary coolant the code prediction deviated from
the experimental results more than the experiments involving lower value of the

corresponding parameters.

5. However the maximum deviation of the transient simulation results from the experimental

results were less than 15% for whole temperature range of 200 °C to 780 °C.
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Chapter-7
EFFECT OF VARIOUS PARAMETERS ON LBE

NATURAL CIRCULATION

7.1 INTRODUCTION

The natural circulation in LBE may be affected by several factors. The various factors
were axial conduction, heat loss in the piping, heat transfer coefficients, frictional pressure
drop due to roughness of the piping surface, etc. This chapter gives the discussion on the
various factors and evaluation of the effects of the parameters on the performance on the
natural circulation of LBE. The code LeBENC, which was developed and validated

extensively with the experimental loops LML and KTL was used for the evaluation.

7.2 DIFFERENT PARAMETERS WHICH MAY AFFECT NATURAL

CIRCULATION OF LBE

The different parameters considered in the present analysis are,

(a) Axial conduction of LBE in the loop

(b) Effect of loop piping heat loss

(¢) Heat transfer coefficients in LBE and in the secondary side, and

(d) Effect of piping surface roughness.

The effect of axial conduction on natural circulation is an important aspect as liquid metal has
high thermal conductivity compared to water. Sabharwall et al. (2012) [39] carried out
analysis considering axial conduction on natural circulation and found the limiting Reynlods

number beyond which the effect of the axial conduction becomes negligible. Gargin and
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Turker (2011) [123] carried out numerical studies on axial conduction effect on laminar duct
flows and found that beyond Pe=10, the axial conduction effect was negligible. However a
comprehensive analysis was required on the effect of axial conduction on the natural

circulation of LBE.

Studies on the effect of heat loss in the piping on the natural circulation were not found in
literature. This may be due to the fact that most of the studies reported in literature were on
the water based loops and the operating temperature was significantly lower than the liquid
metal loops. So the heat loss through piping of the water based loop was not significant as
compared with the heat removed in the heat exchanger. Since the natural circulation driving
head mainly depends on the vertical height difference between the centres of the heater and
the heat exchanger, the heat loss in the piping may lead to change in the effective height
difference and may affect natural circulation flow rate. Moreover the average loop
temperature will also decrease with the increase in the heat losses. Since LeBENC code can
handle the heat loss in the piping, the code can be used to study the effect of the heat loss on

the natural circulation.

The effect of heat transfer coefficients in heater and heat exchanger are also important
especially during transient flow conditions. For example, during start up experiments as
discussed in Chapter 5, LBE experiences different flow regimes with time in the heater and
heat exchanger sections, i. e. free convection, mixed convection and forced convection to
reach steady state flowing condition. The heat transfer correlations were different for each
flow regimes. The effect of LBE heat transfer coefficient on the natural circulation flow was
to be studied with the code to predict the uncertainty on the theoretical results because of

assuming constant heat transfer coefficient in the LBE medium. The studies on the effect of
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the secondary side boundary conditions on the natural circulation are also important. In KTL
the secondary side was cooled by the natural circulation of the argon gas. If the secondary
side boundary conditions are taken as forced convection with constant heat transfer
coefficient, the prediction will not be accurate. This can be further analysed with the code
LeBENC. Since LBE is corrosive at high temperature, it may make the surface rough by
corrosion. This may eventually increase the frictional pressure drop in the loop and in turn it
may affect the natural circulation flow rate. This study is not found in literature so far. The
details of the formulation on frictional pressure drop due to roughness are given in section
6.2.5 in Chapter 6. The formulations were included in LeBENC code and so parametric
studies can be carried out to study the effect of surface roughness on the natural circulation of
LBE. Theoretical studies were carried out using the code LeBENC on each of the above

parameter. Following section gives the details of the analysis,

7.3 RESULTS OF THE PARAMETRIC ANALYSIS AND DISCUSSION

7.3.1 Effect of Thermal Conduction of LBE

LeBENC code was run simulating the steady state condition with different loop power
levels in the LML and KTL. Figure 6.5 and Fig 6.6 in Chapter 6, show the steady state axial
temperature distribution in the loop and the comparison with the experimental results. It can
be seen that the variation of the temperature distribution was linear except at the inlet and
outlets of the heater and the heat exchangers of the loop where the gradient in temperature are
not so sharp. This may be due to the axial conduction effect in LBE. The axial conduction
may be more prominent at very low flow, i.e. at low power levels. So natural circulation
studies were carried out at low power range (10 to 500W loop power) in LML, using
LeBENC code. The heat loss in the piping was not considered in the study to get more clear

picture of the axial conduction effect. The results are discussed in the following sections.
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7.3.1.1 Axial temperature variation

Figure 7.1 shows the results of the analysis at different power of the loop. It can be
seen that lower the loop power, more prominent was the reduction in the sharpness of the

axial temperature distribution at the inlets and outlets of the heater and the heat exchanger.
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Fig 7.1. Prediction of axial temperature distribution of LBE at different power levels.

Another analysis was carried out to ensure that this effect was due to the axial conduction. In
this analysis two cases were run with water and LBE as the working fluids in LML using the
code LeBENC. Figure 7.2 shows that with water, the temperature gradients are sharper than
that of LBE. So it can be concluded that the reduction in the temperature gradients are due to
the axial conduction and its effect is prominent at very low power. The difference in loop
temperature between the two cases was because of the lower thermal conductivity of water

which reduces the heat transfer in the heat exchanger thereby increasing the loop temperature.
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Another case was run with thermal conductivity k=10 x kypg. In this case the temperature
profile was found to be similar to that obtained with LBE.

As per Gargin and Turker (2011) [123] the axial conduction effect was prominent up
to Pe=10. The Peclet number of the loops calculated on the basis of steady state Reynolds
number (Regs) and found that the experiments carried out was in the range of 2.5 <Pe <15
for LML and 8.0 < Pe <37 in KTL. It was found that for both the loops the axial conduction
effect on axial temperature distribution were prominent up to Pe= 10 approximately. So it can
be concluded that the limit of Peclet number found by Girgin and Turker (2011) [123] for

axial conduction effect was also applicable for the LBE natural circulation loops.

350
————— Water
—LBE
-------- Fork=10xk ..
o
L=
o / \
E II \‘
o \
[ R
o
£
o |\ W\ M _____-4
=
..................... _/ ‘
300 | T I T I T I T I T I T I
0 50 100 150 200 250 300

Node Number

Fig 7.2 Prediction of axial temperature distribution of water and LBE at S0 W power
level.
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7.3.1.2 Effect on natural circulation flow rate

Steady state natural circulation analysis was carried out by varying axial thermal
conductivity of LBE at different power levels. The contribution of conduction and convection
terms for thermal energy transport in the loop were calculated for LML at different power.
Three power levels were considered, 20 W, 100 W and 900 W. It was found that the thermal
energy transport by conduction term is less than 0.2% of the convection term in all the cases.
So the effect of thermal conductivity on natural circulation is negligible. Transient studies
were also carried out to find the effect of thermal conductivity on the temperature variation
with time. The LeBENC code was run to simulate the start-up experiment with 700 W power
in KTL and three different values of thermal conductivities, k = k;gg/10, k = ki g, and k =10
x ki gg were considered. Figure 7.3 shows the result of the analysis. The corresponding Peclet

numbers are, Pe=250, 25 and 2.5.
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Fig 7.3 Prediction of variation of temperature difference across the heater in KTL
during start up experiment at 700 W power with different thermal
conductivities of the working fluid.
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It can be seen that the effect of the axial conduction was negligible on the theoretical result of
the start up experiments. So it can be concluded that the effect of thermal conductivity on the

LBE natural circulation is not significant.

7.3.1.3 Effect of radial thermal conduction of LBE on natural convection

In the above sections the heat loss in the piping was assumed to be zero to study the
effect of axial conduction. If the heat loss in the piping is considered, thermal conductivity of
LBE may play important role on the temperature variation along the length. Since the specific
heat of LBE is much less than normal fluid like water, the increase in heat loss due to higher
radial conduction may lead to high heat loss in the piping. The higher heat loss may affect the
natural circulation to a great extent. This is studied with the loop geometry of LML using
LeBENC code. A case was analysed where the heat loss in the cold leg was put to zero. The
heat loss in the heater section, hot leg and heat removal in the heat exchanger were
considered. With this condition the effective vertical distance between the heater and cooler
will be more and the results will be distinguishable at different conditions. With loop power
900 W, steady state natural circulation was simulated by setting thermal conductivity of LBE
to three values, k= kigg, kige/10 and 10 x kygg. Figure 7.4 shows the buoyancy head
developed in the three cases. It could be seen that with k= k;gg/10, the buoyancy head
developed is lowest and hence the natural circulation flow rate. In this case the heat loss in
the piping is reduced due to lower radial thermal conduction through the LBE to the piping.
With k=10 x kigg , the increase in thermal buoyancy head is marginal. With increasing
k=k; g, the thermal resistance at outer surface of the piping becomes controlling parameter

for heat transfer. So further increase in Ky gg will not affect the heat loss any more.
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7.3.2 Effect of Surface Roughness of the Piping

The effect of the surface roughness on the natural circulation was studied. Three cases
have been studied for start-up experiment at 700 W in KTL. Case (a) considering the smooth
surface, (b) surface roughness factor A=0.027, for oxidized surface and (c) A=0.1 for scaled
surface. The corresponding pressure drop coefficients were calculated using the correlations
given in Table 6.2 in chapter 6. Figure 7.5 shows the prediction of the LeBENC code for the
three cases and comparison with the experimental results.
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Fig 7.4 Buoyancy head developed at different thermal conductivities of LBE with heat
loss in the piping.

It can be seen that the effect of roughness was negligible on the natural circulation of LBE. It

should be noted that the maximum Reynolds number of LBE during the studies in the loop

was calculated as 6000. In this flow range the roughness effect may not play a great role on

the natural circulation. The effect of pipe surface roughness on the steady state natural

circulation results was also studied and found to be negligible.
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7.3.3 Effect of Heat Transfer Coefficients

The heat transfer coefficients (both in primary and the secondary sides) in the loop
decide the heat transfer rate in the heater section and the heat exchanger in a loop. This may
mainly affect the prediction of the transient experimental results. To study this two cases

have been analysed using the code LeBENC,
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Fig 7.5 LeBENC predictions on the effect of pipe surface roughness on the natural
circulation of LBE during start-up experiment at 700 W power in KTL.

(a) Effect of primary side heat transfer coefficient

(b) Effect of secondary side heat transfer coefficient

(a) Effect of primary heat transfer coefficient
As discussed in Chapter 5, the heat transfer coefficient changes depending on the flow

regimes prevailing in the heater and the heat exchanger. In case of transient simulation, like
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start up experiment the flow passes through different regimes. A start-up case has been
studied in KTL geometry, with power level 700 W in the main heater and constant heat
transfer coefficients and temperature in the secondary side. The secondary side boundary
conditions are maintained at constant value during the simulation so that the effect of the
primary side heat transfer coefficient can be clearly visible. Here also two cases have been
studied, (i) Varying heat transfer coefficient in heater and heat exchanger with the variation
of flow regime as discussed in chapter 5, and (ii) With constant heat transfer coefficient by
assuming laminar flow and without gravitational effect, i.e. finding the heat transfer
coefficient by using the formula Nu=4.36. LeBENC code was run for both the cases. Figure
7. 6 shows the prediction of temperature variation in the loop for both the cases. It can be
seen that the effect of heat transfer coefficient was not significant on the temperature
variation in the loop. Figure 7.7 shows the variation of the average temperature difference
between the wall surface and the fluid (AT, 15E), in the heater section of KTL during start up
experiments at 700 W power. The value of AT, 1gr decreases marginally with increasing
heat transfer coefticient. The loop temperature variation is a function of different factors like,
thermal inertia of the loop, secondary side heat transfer coefficients, etc. The contribution of
the LBE heat transfer coefficient may be not significant on the transient behaviour of the
loop. Though there was variation of heat transfer coefficient in the loop, its effect could not

be seen on the loop temperature variation.

(b) Effect of secondary side heat transfer coefficient
The secondary side heat transfer coefficient may play major role on the natural circulation
behaviour of the loop. In the heat exchanger the primary side heat transfer is much more than

the secondary side if the secondary side coolant is gas or air. So the secondary side heat
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transfer coefficient will be the controlling parameter for the heat transfer in the heat

exchanger.
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Fig 7.6 Effect of LBE heat transfer coefficients on the temperature variation with time
during start up experiments at 700 W power in KTL.
Here also two cases has been studied for the start up experiment with 900 W power in KTL.
LeBENC code was used to simulate two boundary conditions (a) constant heat transfer
coefficient and temperature in the secondary side of the heat exchanger and (b) natural
cooling by argon gas in the secondary side. Figure 7.8 shows the results of the analysis. It can
be seen that with case (a) boundary condition, the LeBENC predicts the time required to
achieve steady state 7000 s, which was less than the time given by experiments. case (b)
boundary condition, the prediction of the time was more accurate. In the case (b) the heat
transfer coefficient as well as the inlet temperature of the secondary side argon changes

slowly as the temperature of the LBE increases in the primary side.
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Fig 7.7 Effect of LBE heat transfer coefficients on the temperature difference between
average wall and fluid temperatures in the heater section of KTL
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Fig. 7.8 Start-up at 900 W power and comparison with LeBENC data considering
different boundary conditions at the secondary side.
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With This may slow down the process to reach steady state in the primary loop as it happened
during the experiment. So it can be seen that the secondary side heat transfer boundary

conditions have significant effect on the natural circulation behaviour of the loop.

7.3.4 Effect of Heat Loss in Piping

Heat loss through the piping is inevitable in high temperature loops. The LBE
temperature may be very sensitive on the rate of heat loss in the loop due to the low specific
heat of LBE. LeBENC code was used to study the heat loss effect on natural circulation of
LBE in closed loops. The details of the modelling of the heat loss in the piping were
discussed in chapter 3. To study this, start-up cases have been simulated using LeBENC for
900 W power level with four cases, (a) the heat loss in the whole piping, (b) heat loss in the
hot leg only, (¢) heat loss in the cold leg (d) no heat loss in the piping. Figure 7.9 show the
results of the analysis. It can be seen that the minimum temperature difference across the
heater section is found for case (b). The condition of heat loss in the hot leg only results in
higher effective vertical distance between the heater section and heat exchanger in LML. This
results in the lower requirement of AT across the heater section for a particular heater power
level. The maximum temperature difference across the heater section is found with the case
(d), where the heat loss only through cold leg results lowering of effective vertical distance
between the heater and the heat exchanger. Figure 7.10 shows the buoyancy head developed
in all the four cases. The buoyancy head developed in the two cases, case (a) and case (d) are
similar. This is due to the similar amount of heat loss in the cold leg and hot leg makes the
effective height difference between the heater and the heat exchanger, same as that of without

heat loss case.
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Fig 7.9 Variation of temperature difference across the heater section during start up
experiment simulation at 900 W in LML with different heat loss conditions in

the piping.
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Fig 7.10 Prediction of buoyancy head developed in the LML at 900 W power at various
conditions of heat loss in the piping.
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In case (a), the heat loss in the hot leg piping increased the effective height for buoyancy head
whereas in case (c) effective height was reduced due to the heat loss in the cold leg of LML.
So the buoyancy heads also changed accordingly. Figure 7.11 shows the LBE mass flow rate
predicted for all the cases. The variation of mass flow rate is similar to that of the buoyancy

head developed.
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Fig 7.11 Prediction of LBE mass flow rate in the LML at 900 W power at various
conditions of heat loss in the piping.

7.4 SUMMARY OF MAJOR FINDINGS

1. LeBENC code which was validated extensively with the experimental results of LML
and KTL has been used to study the effect of different parameters on natural circulation

of LBE in closed loops.
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2. The axial conduction effect of LBE was mainly found on the axial temperature
distribution in the loop. It was found that the effect remains prominent up to Pe= 10. The
effect on the natural circulation flow rate was found to be negligible. For transient

temperature distribution also the effect of axial conduction was found to be negligible.

3. The effect of surface roughness was found to be negligible for both steady state and
transient natural circulation flow rate. This was due to very low flow rate of LBE which

causes thick viscous sub layer covering the rough wall surfaces.

4. The effect of the variation of primary side heat transfer coefficient due to the changing
flow regimes was found to be negligible on the natural circulation of LBE. This could be
due to the high heat transfer coefficient in the LBE and the change in LBE heat transfer
has no significant effect on the overall natural circulation behaviour in the loop. However
the secondary side heat transfer conditions were found to have significant effect on the
natural circulation behaviour. This was due to the cooling by gas in the secondary side,
which has lower heat transfer coefficient (~50 times lower than the LBE side heat

transfer coefficient).

5. The extent on the influence of the heat loss in the piping on the natural circulation flow
rate in a closed loop depends on the proportion of heat loss in the hot leg and cold leg.
This decides the effective vertical height between heater and the heat exchanger and the

buoyancy head developed is varied accordingly.
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Chapter-8

SUMMARY AND SCOPE FOR FUTURE WORK

8.1 INTRODUCTION
Natural circulation on Lead Bismuth Eutectic (LBE) was carried out in the present
work. The summary of the work and the conclusions drawn from the results of the studies can
be divided into three sections
1. Experimental work on natural circulation of LBE in two loops, Liquid Metal Loop
(LML) and Kilo Temperature Loop (KTL).
2. Development of computer code LeBENC and its validation.

3. Studies on the effect of different parameters on LBE natural circulation.

8.2 EXPERIMENTAL WORK ON NATURAL CIRCULATION OF LBE

IN TWO LOOPS, LML AND KTL

Experimental studies were carried out to generate the LBE natural circulation data
relevant to Compact High Temperature Reactor (CHTR) design. For this work, two LBE
loops were constructed based on the knowledge gained from literature review. LML was
developed to operate up to 500 °C. The instrumentation essential for operation of the loops
were also developed. The LBE chemistry was maintained by active oxygen control technique.
KTL was designed, fabricated commissioned with Nb-alloy as structural material to conduct
the experiments at higher temperature (> 500 °C). The loop was kept in an inert gas enclosure

to avoid oxidation of the Nb-alloy at higher temperature. The oxygen concentration in the
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argon gas enclosure was maintained below 10 ppm with the help of a specially developed
oxygen scavenging system. Natural circulation data were generated in both the loops for
Grprange 10" to 10" and Reg range 600 to 3200. The experiments were conducted in the

temperature range 200 °C to 780 °C.

The steady state natural circulation experimental results of liquid metal loops reported in
literature were analysed and the data were converted to non-dimensionalised form so that
inter-comparison of the data from different loops can be compared. The natural circulation
correlations developed from the experimental data of water based loops were compared with
the liquid metal experimental data and maximum deviation were found to be within 20.0%.
Transient experiments were carried in the two loops to simulate different postulated events in
CHTR. The transient experiment conducted are, start up experiment at different power, heater
trip, loss of heat sink, step change of power and the effect of secondary coolant flow variation
in the heat exchanger. Among the experiments, it was found that the start up experiments
causes largest temperature gradient in the loop. It was also observed that the time to initiate

natural circulation decreases with increasing power levels.

In the loss of heat sink experiments the natural circulation was found to be sustained during
entire duration of the experiment but at reduced rate of flow. During the step change in power
experiment the step change in temperature is more in the heater section than other part of the
loop. In the step change of secondary coolant flow rate experiment, the step change in LBE
temperature distribution is more prominent in the heat exchanger than in the heater section.
But in the loss of heat sink experiment the change in temperature could be seen at all part of

the loop. During entire experimental studies no instability of the LBE was observed.
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8.3 DEVELOPMENT OF COMPUTER CODE LeBENC AND ITS

VALIDATION

The literature survey revealed that the system codes were generally used for natural
circulation in closed loops. Since there was no system code available in house, which can
handle LBE systems, a computer code had to be developed for theoretical analysis. The
required features of the code was assessed to analyse LBE systems at high temperature. Since
the LBE flow varies in the loop especially during the transient experiments, the heat transfer
coefficient will also change with the flow rate. The heat transfer coefficients at different flow
regimes, free convection, mixed convection and forced convection were evaluated by CFD
analysis. These correlations were used during theoretical analysis of the LBE natural
circulation. A computer code named LeBENC (Lead Bismuth Eutectic Natural Circulation)
was developed. The momentum equation was solved to find the natural circulation flow rate
by equating mainly the buoyancy head and the total pressure drop in the loop. Energy
equation takes into account of the heat transfer in the loop. Fluid axial conduction was
considered in the energy equation as it might play an important role in LBE loop. Conduction
equation for the solid wall was also solved by considering 1-D axial conduction equation.

The code was extensively validated with the experimental results of LML and KTL.

8.4 STUDIES ON THE EFFECT OF DIFFERENT PARAMETERS ON

LBE NATURAL CIRCULATION

The effect of different parameters on the LBE natural circulation in a closed loop at
high temperature were studied using the code LeBENC. The parameters studied are, heat loss
in the piping, thermal conduction in LBE, roughness of the pipe surface and the heat transfer
coefficients of LBE. The heat loss in the piping decreases the loop temperature. The effect of
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heat loss on buoyancy head developed in the loop is found to be significant if the heat loss
causes the change in the effective height between the heater section and the heat exchanger.
The axial conduction effect on the axial temperature distribution in the loop was found to be
significant up to Pe =10, which was in accordance with Gargin and Turker (2011) [123]. But
the mass flow rate was found to be unaffected by the axial conduction of LBE. It was found
that the pipe surface roughness and heat transfer coefficient of LBE have no significant effect

on the LBE natural circulation in the range of Reynolds number studied.

8.5 SUGGESTIONS FOR FUTURE WORK

8.5.1 Experimental Studies

The natural circulation experimental studies were carried out up to 780°C only.
Further generation of natural circulation data in KTL could be done at ~1000°C and beyond.
This will help to design CHTR for normal operating and accidental conditions. The mass
flow rate in KTL and LML could not be measured because of the unavailability of the
instruments for low flow rate measurement at high temperature. Experimental studies are
required for different orientation of the cooler and heater arrangements (i.e. HHHC, HHVC,
VHHC and VHVC) in the loop. The experiments on the natural circulation stability in the

various orientation are essential for the validation of stability codes for liquid metal systems.

8.5.2 Computational Studies

3D analysis of the loop considering the structural material are to be carried out to
simulate the multidimensional heat transfer in the structural material of the loop. CFD codes
could be used for the analysis. The analysis could be done for the prediction of both steady

state and transient natural circulation. The coupling of LeBENC code with CFD codes could
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result in an efficient tool to study the transients in natural circulation loops. The piping of the
loop can be modelled with LeBENC code and the bigger components of the loops like heater

section, cooler section and expansion tank could be simulated with 3D CFD codes.

8.5.3 Stability Analysis

Stability analysis is important to characterise a natural circulation loop. The stability
analysis of a non uniform diameter loop considering the axial conduction of LBE, the thermal
inertia of structural material and heat loss in the piping is important for getting better insight
of liquid metal natural circulation system. The results of the analysis could be validated

extensively with the experimental results.
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Calculation of wall thickness of KTL components

Expansion tank:

As it was informed by NFC, Hyderabad the maximum wall thickness of the expansion
tank can be maintained by 3 mm only due to the limitation in fabrication of the plates and
tubes required for the different components of the loop. The mechanical design was checked
for the designed pressure.

Expansion Tank:

Wall thickness= 3.0 mm, Tank OD/ID =114.0 mm/108.0 mm
Since d/t =36.0>20.0, the thin shell formula can be applied

The Hoop stress developed is,

o = pd/2t (A4.1.1)
Assuming p=4.5 bar, the stress developed is, 6 = 4.5 x 108.0/(2x3.0)=8.1 MPa <20 MPa,
This creep value at 1200 °C is 20 MPa, as per Wojick (2001) [168].

Nb-alloy Piping:
The size of the piping of the main loop was OD/ID=21/15 mm, thickness 3.0 mm. Using the
thickness formula for pressure vessel from ASME VIII div 1,

,___PR
SE+0.6P (A4.1.2)

Where P=0.45 MPa

S= Allowable stress=20 MPa , E= Joint Efficiency= 1.0 for seamless pipe

R= Internal Radius =0.0075 m

So the minimum thickness required, from the above equation was found to be ~0.2mm,

which was less than the existing pipe thickness (3.00 mm). So the design was safe.
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SS Piping:
Since the SS section was designed for lower temperature (~300 °C), the creep was not
considered in the design. The size of the piping of the main loop was OD/ID=21/15 mm,
thickness 3.0mm. Using Eq. (A4.1.2), we could find out the minimum thickness required for
the dump tank. Inserting the following values in the equation,
Where P=0.45 MPa
S= Allowable stress=14.5 MPa (From ASME Section II) at 510 °C
E= Joint Efficiency= 1.0 for seamless pipe
R= Internal Radius =0.00788 m
So the minimum thickness required, from the above equation was found to be ~0.25mm,
which was less than the existing pipe thickness (2.77 mm). So the design was safe.
Dump tank:
As per the ASME code, the dimension of the dump tank of the loop was
OD/ID=120.0/142.0 mm, thickness 11.0mm. Using Eq. (A4.1.2), we could find out the
minimum thickness required for the dump tank. Inserting the following values in the
equation,

P=0.45 MPa
S= Allowable stress=14.5 MPa (From ASME Section II) at 510 °C
E= Joint Efficiency= 1.0 for seamless pipe
R= Internal Radius =0.060 m
the minimum thickness required was found to be ~3.5 mm, which was less than the existing

pipe thickness (11.0 mm). So the design was safe.
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Heat transfer analysis of the enclosure of KTL

The enclosure of KTL was mainly designed to provide inert gas condition to the loop
so that the loop can be operated at higher temperature without oxidation of the loop material.
During the operation the heat of the loop was rejected inside the enclosure. This heat is to be
ultimately rejected outside effectively to avoid temperature rise in the enclosure. To remove
heat, two sides of the enclosure were provided with fins and additionally with a water cooling

coil at the top. Figure A4.2.1 shows the schematic of the enclosure.
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Fig A4.2.1 Schematic of the KTL enclosure showing fins and cooling coil
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The heat of the loop was rejected inside the enclosure. The heat was to be rejected
outside effectively to avoid temperature rise in the enclosure. To remove heat, two sides of
the enclosure were provided with fins. The fins were provided on the both inner and outer
surfaces. Here the calculation of the fin effectiveness and the temperature distribution in the
enclosure are discussed. Since the heat was rejected by natural convection from the outer
surfaces of the enclosure. The heat transfer can be estimated by using Churchil and Chu

correlation, as given below,

— 0.387 Ra)®

Nu=10.825+
9,
0.492/ Vs
[H( ) }

Vs
(A4.2.1)
Assuming Pr=0.7 and calculating Ra as 5.69x10°for a typical case of Ty=150°C and T.,

=30°C. Here the T\, and T., were the enclosure wall temperature and the ambient temperature

respectively. We get the average convective heat transfer coefficient as,
heony= 4.5 W/m’K

The equivalent heat transfer due to radiation, assuming 150°C as wall temperature,

h,, =eo(T, +Tw)(Tf +Tj)

(A4.2.2)
So the total heat transfer coefficient was, A=h,, +h =11 W/m’K
Effectiveness of the fins
For rectangular plate the effectiveness is given by,
b= tanh mL
mL (A4.2.3)

/ h
Where m= j_K , ((=2xL+t, A=w x H, H=2.5 m) (Fig A4.2.2)

The values of effectiveness with respect to fin height is given in Fig 4.2.3,
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It was seen that in the range of height considered (0.01 to 0.05 m) the effectiveness remain
almost same. The fin height could be increased further but due to the problem of welding at
the fin base the fin height was kept 50 mm. The pitch was again decided for the convenience
of welding.
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Fig A4.2.2 Fin schematic for the calculation of effectiveness
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Fig A4.2.3 Calculated fin effectiveness variation with fin height
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The heat transfer across the finned surface:
The heat was transferred through wall with fins on the both side as shown in the Fig A4.2.4.

As shown in the Figure,

T AN AV T

Fig A4.2.4 Schematic of the fins for the calculation of overall heat transfer

A= Finned surface area= (2xL-+t) x H=(2x0.05+0.02) x 2.5=0.3 m” per pitch
A,= Un-finned surface area= (p-t) x H=(0.06-0.002)x2.5=0.145 m’ per pitch
A= Base Area =H x W=2.5x0.06

=0.15 m” per pitch,

The heat transfer in the inner finned surface is given by,

Q= (¢1Ar+ Ay) hiy (Tin -Tw), (A4.2.4)
o
w1, =
(64, 4.)h (A42.5)
Where

¢, = Effectiveness of inner finned surface area.
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Twi = Inner fin base temperature.

Considering

a) Geometry of the inner fins and outer fins are same,

and b) Outer and inner heat transfer coefficients are same

The overall heat transfer coefficient of the finned wall can be given as,

124 . w (A4.2.6)
U (¢d,+4,)h K,

Inserting the values, we get, U=15.1W/m2K, for 4000 W case. This value is calculated
iteratively for different power levels.

This overall heat transfer coefficient was used for CFD analysis,
CFD of analysis of the KTL enclosure

PHOENICS was used for the analysis. A quarter symmetry of the square enclosure
was used for the analysis. The heat source in the analysis was simulated as a cuboids with the
height equal to the heat exchanger of the loop and centrally located in the enclosure. The
CFD model of the enclosure was shown in figure A4.2.5 (a). Only left and right surfaces
(finned surface) were considered as heat conducting surfaces. The front, bottom and back
surfaces were considered to be adiabatic. This assumption gives conservative results. Four
cases have been studied as given in Table A4.3.1. Fig A4.2.5 (b) gives the results of the CFD

analysis for a case. Table A4.2.2 gives the maximum temperatures of the analysed cases.
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Table A4.2.1 Cases Considered for CFD analysis

Case | Cases

No

1 Heat transfer only through the two sidesof finned surfaces

2 Heat transfer through the two sidesof finned surfaces, top and bottom bare surfaces (no
fin)

3 Heat transfer through the two sidesof finned surfaces, top finned and bottom bare
surfaces

4 Heat transfer through the two sidesof finned surfaces, top and bottom bare surfaces with
water cooling coil on the top.

Table A4.2.2 Summary of the results of CFD analysis,

Case | Maximum Temperature (°C)

No | Top Surface Side surfaces
1 155 140

2 142 120

3 130 95

4 85 72

Table A4.2.3 Summary of the results of CFD analysis for case 3

Maximum Temperature (°C)
Power
Top Surface Side surfaces
1000 78 54
2000 103 70.
3000 130 95
4000 150 99
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Appendix 4.3

OXIDATION OF THE NIOBIUM AT HIGH

TEMPERATURE

This appendix consists of the findings from literature survey on the oxidation of
Niobium in air and low oxygen concentration (from 10 ppm to 1000 ppm) and the calculation
of the oxidation rate of the Nb-alloy at different oxygen concentration in air and at different
temperatures. Kofstad and Espevik (1965) [169] studied on the oxidation rate of Nb-1Zr alloy
in presence of air at different temperature. It was found that from 400°C the oxidation process
picks up and around 550°C it becomes significant. Delgrosso et al. (2000) [170] carried out
oxidation test in air, at 1 % and 5 % oxygen. At 1 % (10000 ppm) and at 650 °C the oxidation
rate was calculated as 0.475 mg/cm’hr. Distefano and Chitwood (2001) [165] tried to plot the
variation of oxidation rate with entire range of oxygen pressure. In the range of oxygen
pressure 10 to 10? Pa, the plot was based on the indirect interpretation from various sources.
Unfortunately our oxygen level in the enclosure region fell in this range. This region shows
reversal of the oxidation rate and the data for this region is limited.

After comparing the results with some discrete values, found from the literatures, it
was found that the plot over predicts the oxidation rate. Distefano et al. (2000) [170]
observed that the oxidation rate was lower in case of argon gas medium, than the vacuum
conditions. So when we use this data for the analysis for our KTL the results will be
conservative. Based on the above mentioned literature studies a graph has been plotted for
temperature 1000 °C and 650 °C. The oxygen range was 10 ppm to 10000 ppm. As per the
mechanical design analysis the expansion tank will be the most sensitive to thickness
reduction. As mentioned in Appendix 4.1 the Hoop stress at design pressure was 8.1 MPa.

The corresponding required thickness was found to be 1.3mm. The thickness of the tank was



Appendix 4.3: Oxidation of the Niobium at High Temperature

3.0 mm. So maximum 1.7 mm can be allowed for the oxidation. With the data of oxidation
plotted in Fig A4.3.1, the number of hours required to oxidise the available thickness (1.7

mm) of Niobium was calculated for 650 °C and 1000 °C.
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Fig. A4.3.1. The calculated oxidation rate at 650 °C and 1000 °C with different oxygen
concentration

For intermediate temperatures the values were found by linear interpolation. Figure A4.3.2
(a) shows the result for 650 to 900 °C and Fig A4.3.2 (b) shows the results for 1000°C. It
should be noted that the values for 1000 °C was calculated based on the data generated in
vacuum condition, where oxidation rate was higher than the argon medium. The values are

also tabulated in Table A4.3.1.
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Fig. A4.3.2 Maximum number of hours considering thickness of 1.7mm Nb oxidation
with varying oxygen concentration for (a) temperature range 650-900°C (b)
at 1000°C.
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If it is considered that the minimum loop life is 4000 hours, the loop can be run at or below
40 ppm for operating temperature up to 1000 °C. For 900 °C the maximum oxygen limit is
500 ppm. For temperature 800°C and below, with maximum oxygen limit is 1000 ppm for
safe operation of the loop. Table A4.3.1 shows the results of the calculations which were
based on the experimental data from DiStefano et al. (2000) [171]. It can be seen that with 10
ppm oxygen in argon gas the loop can be operated more than 8 months at 1000 °C, which was
sufficient time to conduct all the envisaged experiments. So it was decided to keep the

oxygen level at 10 ppm or below.

Table A4.3.1.The number of hours required for oxidation of 1.7 mm thick Nb with
varying oxygen concentration for different temperatures.

Oxygen
(ppm) Temperature (°C)
s 650 700 800 900 1000 1100

10 54361.94 | 47458.84 | 33652.63 | 19846.42 | 6040.22 | 3562.18
20 43489.55 | 38016.38 | 27070.03 | 16123.68 | 5177.33 | 3083.76
40 36241.29 | 31711.13 | 22650.81 | 13590.49 | 4530.16 | 2718.10
50 30201.08 | 26404.37 | 18810.96 | 11217.54 | 3624.13 | 2161.18
100 24160.86 | 20968.18 | 14582.81 | 8197.44 | 1812.06 | 1018.62
200 18585.28 | 16102.82 | 11137.89 | 6172.97 | 1208.04 | 669.54
500 13422.70 | 11608.72 | 7980.75 | 4352.79 | 724.83 395.33
1000 10305.58 | 8902.39 | 6096.00 | 3289.61 |483.22 260.76
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Appendix 4.4
CALCULATION OF NON-DIMENSIONLISED NUMBERS OF

DIFFERENT LIQUID METAL LOOPS

To compare the steady state natural circulation of different liquid metal loops, the
individual loops thermal hydraulic characteristics were to be expressed in non-dimensional
numbers. Vijayan (2002) [3] showed that for steady state natural circulation, the flow in

single phase uniform or non-uniform diameter natural circulation loops can be expressed as,

P
Re = c( G, )
No (A4.4.1)
1Y 1 &
Re, =2 D=—D1 4=—Yar,
Where, Au L3 i L5 . =57

b

D’p? AZ
Gr — rpaﬁth c

m 3
and A4C,

Ng is a geometric parameter of the loop and defined as,

L & Loy
N, = FXZ [—Hbzz—b l

(A4.4.2)

c= (gj%”) and p=1/(3-b)

a
The schematic of different liquid metal loops which were considered for the present analysis
are shown in Figure A4.4.1 to Fig A4.4.5 along with their major dimensions. The pressure

drop coefficient of the heater rod bundles in the loops were calculated by using the
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appropriate correlations available in the literature. The values of the constants 'a' and 'b'

depend on the nature of the flow. For laminar flow, a=1 and b=64. For turbulent flow,

a=0.316 and b=0.25, if Blassius friction factor correlation was used. L. was the equivalent

length to absorb the local loss coefficient k;.
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Fig A4.4.2 Schematic of Gallium Loop [34]
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Fig A4.4.5 (a) Schematic of NACIE loop [30]

222



Appendix 4.4: Calculation of Non-dimensionlised Numbers of Different Liquid Metal Loops

Fig A4.4.5 (b) Cross-section and view of the NACIE heater rod bundle [30]

The schematic of the LML and KTL are not shown here, as they are already discussed
extensively in chapter 3 and chapter 4. The pressure drop coefficients and the hydraulic
diameter of different parts of each loop were calculated using appropriate correlations to find
the geometry parameter Ng for each loop. The LBE loops TALL, NACIE and the LBE loop
reported by Takahashi et al.(2005b) have heater sections consisting of heater rod bundles
with spacers. These sections of the loop are characterised by the correlations suggested by the

respective literatures.
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Table A4.4.1 shows the major parameters of the loop and the range of calculated

dimensionless parameters for individual loops. The range of parameters corresponds to the

range of operating heater power levels of each loop.

Table A4.4.1 Details of the natural circulation liquid metal loops and operating range

Design TALL | LBE Galliu | SADHAN | NACIE LML KTL

parameters (Ma et | loop m Loop | A (Cocculut | (Presen | (Prese
al., (Takaha | (Kang | (Padmaku | o et al., | twork) | nt
2007) shi et al., | et al., | mar et al., | 2011) work)
[29] 2005) 2011) 2013) [35] | [30]

[28] [34]

Max. operating | 500 550 450 500 550 500 1100

Temperature(°C)

Height between the | 5.5 2.0 1.3 19.5 6.125 0.475 0.45

thermal centres, m

Piping size (ID), | 27.8 299 8.5 52.5 62.7 14.0 15.0

mm

Total Length (Lt), | 13.4 11.64 4.12 39.63 16.8 6.7 2.379

m

N
D, =iZD,L, 28.17 34.85 8.5 65.58 64.98 29.63 20.86
4 i=1

(mm)

Range of Ng 3300- 12600- 560-565 | 4077-4275 | 800-875 63000- | 1617-

(Eq4.4.2 ) 34700 13470 125000 | 2525

Range of Gr, 7x 107 | 10"- 5.0x10" | 10™-10"" | 1.3x10"- | 10"- 10"-

(Eq 4.4.1) -5x10™ | 5x10" - 1.0 2x10" 10" 10"

x10"

Range of Reg 4000- 2000- 2500- >10000 >10000 600- 1200-

10000 | 4000 4000 1500 4000

The values of Reg are plotted with respect to the Gr,,/Ng in Fig 4.18 in Chapter 4.
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Table A4.4.2 Steady State Natural circulation experimental data used for the analysis

SI | Loop Ref Power (W) Mass flow
No rate*
(ke/s)
1 TALL Ma et al., 2007 [29] 3000 0.25
4500 0.28
6000 0.30
8000 0.34
10000 0.38
11500 0.4
14250 0.44
2 LBE loop Takahashi et al., 2005 | 1000 0.46
[28] 2000 0.60
3000 0.70
4500 0.80
3 Gallium Loop | Kangetal., 2011 [34] 1000 0.023
2000 0.034
3000 0.0375
4 SADHANA Padmakumar et al., 2013 | 2.25 x10° 1.09
[35] 2.80 x10° 1.24
3.20 x10° 131
3.60 x10° 1.39
4.10 x10° 1.45
4.25x10° 1.475
5 NACIE Cocculuto et al., | 2.25 x10* 5.4
2011[30]
6 LML Present work 900 0.095
1500 0.108
1800 0.115
2400 0.121
3300 0.125
4200 0.129
4920 0.133
7 KTL Present work 100 0.057
300 0.078
400 0.087
500 0.089
600 0.093
700 0.102
800 0.109
1200 0.115

* The mass flow rates in SADHANA, LML and KTL are calculated by balancing heat across

the heater section.
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ERROR ANALYSIS

The error analysis is carried out to find the uncertainty in experimental values and
derived parameters. The measured variables are temperature, power and secondary side
coolant flow rate for the single phase LBE loops considered in the present work.

The uncertainty in thermo-physical parameters are taken from LBE handbook (2007) [67].
Table A4.3.1 gives the uncertainties of different primary parameters considered in the
analysis.

Table A4.3.1 Error of different primary parameters considered in the analysis

SI No. Parameters Error (%)

1 Temperature (T) +0.5
2 Heater Power (Qp) +1.0

Secondary side flow rate (Q) +2.0

Thermo-physical properties of LBE

4 Density (p) +0.7
5 Specific heat (Cp) +7.0
6 Viscosity (1) +5.0
7 Thermal conductivity (K) +5.0

The error in measured parameters can be estimated as follows,

1. LBE temperature differences across the heater or heat exchanger,

ATgipp =\ (AToue)? + (ATi)?
Considering, ATy, = ATy, = AT =+0.5%

ATqipp = V24T =%0.705%

2. LBE mass flow rate, m

LBE mass flow rate is derived from the energy balance in the heater section,
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Y
CpT P

m=

Error in mass flow rate calculation can be found as,

2 2 2
Arit _ (AQ},) +£Aij [ ATy
m 0, Cp Tdiff

Am 2 2 2
—=4/(1.0 7.0 0.705) =£7.1%
O (0] (0705 =710

3. The modified Grashof number Gry, in Eq (2.1) can be calculated as,

AGr, ANE  JACNE (A0 /A2
- b (o2
GTn p Cp Qn U
AGry,
G,

=/2(0.7)2 + (7.0)2 + (1.0)2 + 3(5.0)2 = +11.2%

4. The experimental value of Reg as given in Eq (2.1) can be calculated as,

ARe.. 2 2
s =4(5.0 7.1) =+8.7%
Res_ 50 +(1.1) - 28.7%

58

5. The error in heat transfer rate at the secondary side of heat exchanger can be calculated as,

2 2
AQ, _ [AWSJ oo Al
o, \Lw Ty

29 _ 2.0 +2(0.705) =42.12%

s

6. The error in Log Mean Temperature Difference (LMTD) in the heat exchanger of LML

can be approximated as,

A_Tm:4AT_T:4xo.5=z.0%

In

7. The error in calculation of overall heat transfer coefficient can be done as follows,
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AU, _ (80 (a7,
UO QS 7—1'1'1
AU,
U

o

J(2.12) +(2.0) =+2.91%

So the error range of different parameters can be summarised as follows,

Table A4.5.2 Error range of different parameters

SINo | Parameter Symbol | Error

1 Temperature difference ATy +0.705%
Loy

2 Mass flow rate A +7.1%
L

3 Grpy AGr, | £11.2%
Gr,

4 Rey, ARe, | 187%
ReSS

6 Overall HTC in the | AU, +2.91%

secondary side of HX U,
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Appendix 6.1

Effect of acceleration pressure drop in the secondary side of KTL

6.1.0 INTRODUCTION

In Chapter 4 the description of KTL and the experimental studies carried out were
given. The secondary side of the heat exchanger in KTL is an open loop with argon flowing
through the annular space by natural convection to cool the LBE. The assumptions
considered to solve the governing equations in a closed loop may not be applicable here. So
separate analysis is required to check the validity of the assumptions in the open loop.
Especially the acceleration pressure drop in an open loop may not be negligible as in the
closed loop. In this section an open loop section in the form of vertical circular pipe is
considered for the analysis. Let us consider an open loop as shown in Fig. A6.1.1 with a
heated length of Ly, and unheated lengths of L; and L, at the inlet and outlet of the heated

section respectively.

T - S=Lt
)
I (Lo
|
I
i $ _ S=LitLy
s
—> e
q |
o B e
|
— | |«
| S=L;
I
i | Li
|
]
T 4S=O

Fig. A6.1.1: Simple open loop Natural circulation section considered for analysis
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The unheated lengths are insulated and the heat flux is specified. In addition, the inlet
temperature T; and fluid density at the inlet p; are specified. The conservation equation of
mass is given by.

2—2/ =0 (A6.1.1)

Note that the above equation assumes incompressible flow, which is adequate for air flow
where velocities are expected to be very low. Incompressible assumption is adequate for
Mach number less than 0.2. The momentum conservation equation for a pipe segment of

length As, can be written as,

2

/4
+——| —+ pgsind =0 A6.1.2
DA’ AzAxl 2p re ( )

o(wv
vtow 19 )+a_p+( /
A ot A Oox ox

As per Eq. (1), the mass flow rate is independent of the location in the loop, but is a function

of time. In view of this, Eq. (2) can be rewritten as

aw W i pgsind=0 A6.13
Ad AL de \DE LA 2p PF (a6.13)

1 ? K \w?
It may be noted that for gases, the 2™ term may not be negligible. Equation (6.1.3) can now

be integrated over the inlet and outlet of the open loop assuming fluid properties to be

constant except density in the buoyancy force term. Integrating, one obtains,

l dW 0 WZ 0 0 f_[ dx K WZ o0
—— | &+ = | v+ | p+| —+— |—+ dxsin @ =0 A6.1.4
A dt s'[i A2 sj;i .S"[I p DA2 A2 2p g-!‘ p ( )

Assuming Boussinesq approximation to be valid, the density in the buoyancy force term can

be expressed as

p=pll-BT-T,)] (A6.1.5)
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Where the reference value can be the mean temperature or the inlet temperature. Noting that

dxsin @ = dz,Eq. (4) can be integrated to obtain,

L dw w? K\w? "
j7+?(\/0 -v)+(p, _pi)+(£4[2 +?j2—+gpu“1—,3(T—71)]dZ =0
P , (A6.1.6)

Where H is the height of the loop. In the present case, H=L,. Replacing the loss coefficient K

by an equivalent length, L., and noting that p, = p, + 0,8, we obtain,

Ldaw (wY £(L, )\ ¢
j7+(?j (Vo_Vi)+[TZI m_gpoﬂ_!‘TdZ-‘rgpoﬁToH:O

(A6.1.7)
Where (Lgff )t =L, + L,;. The friction coefficient can be expressed as
p
f =
Re’ (A6.1.8)
Using Eq. (A6.1.8) in Eq. (A6.1.7), we obtain,
Law (wY () ) putw> y
j?"' (g) (Vo _Vi)+ (Dnzilzt-b J £ ) _gpoﬂITdZ+ gpPTLH =0
p P f (A6.1.9)

The energy equation for the open loop can be written as

"

al' heater for L <x<L +1L,
Dp,Cp (A6.1.10)

0 pipes for 0<x<L and L,<x<IL,

o, w ar _
ot Ap, Ox

Generally, to enhance the flow rate often a tall riser (i.e. the height above the heated section,

L, in this case) is employed.

6.2. STEADY STATE PERFORMANCE

The steady state governing equations can be obtained by dropping the time derivatives from

the momentum and energy equations. The resultant equations are given by
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wY (L) pw® ‘
(gj (Vo _Vi)+ ( D1+1Qif42—b Ji ll;po _gpoﬁ_!. Tdz+gp,BT,H =0

(A6.1.11)
dT 49" heater for L <x<L +1L
= DWCp P T (A6.1.12)
T o pipes for 0<x<L and L ,<x<1L,
Steady state temperature distribution in the heater can be obtained as
Using the boundary condition, at x=L;, T=T; in Eq (A6.1.12) we get
49" A
T=T+—1L(x-L) (A6.1.13)
DWCp
The temperature at the exit of the heater is obtained as
7:) :T;+ 4q A (Lh _LI)
DWCp (A6.1.14)

Now the temperature integral in Eq. (6.1.11) can be obtained as

0 Zp 4 uA
—gp,Bo[Tdz = -gp Tz, —gpoﬁf[T,- + D(;ch (z—Z,)}dz—gpoﬂTo (z,-2,) (A6.115)

After integrating and simplification we get,

T 4g"4 | (2, +z
—gpoﬁOIsz=—gp0/3{T,»(H—L0)+Lh 2 o )}u} (A6.1.16)

Using this in Eq. (A6.1.11) and after further simplification, we obtain,

W 2 (quf )t pﬂbWz-b B L,
(g) (Vo _V1)+(D1+bA2b J 20, = gpﬁﬁ(Tu _T;)(H_Lu _[7)J (A6.1.17)

Since H=L;+L;+L,, we obtain

wY (L), ) puw™ L,
(j) (V"_V‘)J{D””A“J o, =gp,B(T,~T) Lﬂf(?) (A6.1.18)

Since 7, =T = O, /WCp the above equation can be rewritten as
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—v. Le by173-b
(VOAZVl) w3 +[l)(1+blj4)2tb\] pﬂzZV — gpuﬁg—]h?[Ll +(%):| (A6.1.19)
0

If the acceleration term is negligible, then

1
201 20,02 D" 4 |
W = .
pCpu (Le.ff‘ )I

(A6.1.20)
The Eq. (A6.1.19) is solved numerically by Newton-Raphson method with the initial guess of
W found from Eq (A6.1.20). The temperature dependent properties are taken from Jaques

(1988) [172]. The results of the analysis is shown in Fig. A6.1.2.
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Fig A6.1.2 Natural circulation mass flow rate considering acceleration pressure drop
and without acceleration pressure drop

The steady state mass flow rate, W is found for different power levels. It can be seen that the

mass flow rate of argon gas increases with the power. It can be seen that the acceleration

pressure drop has negligible effect on the argon gas flow rate. This is may be due to the low
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flow rate of argon gas with low vertical height of the heated section. So the assumption that
acceleration pressure drop is negligible on the natural circulation taken in case of the closed

loop is also valid for the open loop in the secondary side of the KTL.
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