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ABSTRACT 

The design of Compact High Temperature Reactor (CHTR) is in progress at BARC. The design of CHTR 

needs specific research in high temperature liquid metal technology. This includes thermal hydraulic 

studies and material related technologies. Two natural circulation loops i.e. Liquid Metal Loop (LML) 

and Kilo Temperature Loop (KTL) have been designed, installed and commissioned in BARC for thermal 

hydraulic analysis, instrumentation testing/development and material compatibility related studies up to 

the operating temperature of CHTR i.e. 1000
o
C. Lead Bismuth Eutectic (LBE) is used as the working 

fluid of the loops. Different components like loop heaters, heat exchangers are designed and developed 

inhouse for the loops. The instrumentations like oxygen sensor for online oxygen monitoring of LBE and 

level sensors are also developed. Natural circulation experiments were carried out LML in the 

temperature range of 200
o
C to 500

o
C. The KTL was designed to operate up to 1200

o
C and already has 

been tested up to 1100
o
C. A computer code named LeBENC has been developed at BARC to simulate the 

natural circulation characteristics in closed loops. The salient features of the code include ability to handle 

non-uniform diameter components, axial thermal conduction in fluid and heat losses from the piping to 

the environment. The code has been modified to take into account of two natural circulation loops in 

series so that the natural cooling by argon gas in the secondary side of the KTL can be simulated. The 

code has been validated with the experimental data of LML and KTL. This paper deals with the brief 

description of the loop and experimental studies carried out. The validation of the LeBENC code with 

steady state and natural transient circulation experimental data is also discussed in the paper. 

 

INTRODUCTION  

  The design of the Compact High Temperature Reactor (CHTR) is in progress in BARC [1]. CHTR is a 
233

U-Thorium fuelled, Lead Bismuth Eutectic (LBE) cooled and beryllium oxide moderated reactor. This 

reactor is being developed to generate about 100 kWth power with refueling interval of 15 years and 

several 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 facilitate 

demonstration of technologies for high temperature process heat applications such as hydrogen 

production by thermo-chemical processes. 

 

Heavy liquid metals (HLM) such as lead (Pb) or lead bismuth eutectic (LBE) were proposed and 

investigated as coolants for fast reactor at the very early stage of nuclear reactor development.  LBE was 

chosen as the coolant for a number of „„submarine‟‟ reactors in the former Soviet Union. There had been 

very extensive research and development of the coolant technology and materials conducted, with 

particular emphasis and success in the chemistry control of the liquid metal. More recently, there has been 

significant interest in several countries in lead and LBE coolants for civilian reactors [2]. The features of 

LBE and the associated technologies inspired several projects in the emerging field of Accelerator-Driven 

Systems (ADS), where LBE is selected as the coolant for subcritical core, and coolant and material for the 

spallation target driver. Liquid metal especially lead-lithium is also considered for the blanket for fusion 

reactor system, ITER, where it acts as the coolant as well as source of lithium for tritium breeding.  
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 The various desirable properties as a coolant make LBE the most suitable choice for CHTR.  However in 

order to design the reactor, it is necessary to study the behaviour of liquid LBE under various operating 

conditions especially during various natural circulation transients.   

 

BRIEF LITERATURE SURVEY 

There are great interests 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. [3] have carried out experimental 

and theoretical studies in LBE-water two-phase loop. Another experimental study was carried out by Ma 

et al. [4] in TALL facility with forced flow and natural circulation of LBE for ADS systems. The 

numerical results from TRAC/AAA and RELAP5 analysis were compared with the experimental results. 

It was found that single phase LBE could be unstable in a high Reynolds number region and any increase 

in loop friction makes the forward circulation more stable. Coccoluto et al. [5] carried out experimental 

studies in a LBE loop, NACIE (NAatural CIrculation Experiment) to characterize the natural and gas 

enhanced circulation flow regimes and to qualify components for heavy liquid metal applications. Cho et 

al. [6] 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.  

 

From the literature survey it is found that extensive natural circulation studies were carried out in very 

few loops. It is seen that the natural circulation experimental studies carried out so far, are in the 

temperature range of 250-550
o
C only. The natural circulation studies above 550

o
C could not be found in 

literature except the work reported by Haga [7] where two phase sodium coolant natural circulation 

studies were carried out. There is no LBE loop except the present loop KTL, which has operated up to 

1100
o
C.  

 

DESCRIPTION OF THE LOOPS 

Liquid Metal Loop (LML) 

LML mainly consists of a heated section, air heat 

exchanger, valves, various tanks and argon gas control 

system (Fig. 1). All the components and piping are made of 

SS316L. The LBE ingots are melted in a melt tank and then 

transferred to the sump tank. The LBE coolant in the sump 

tank is then pressurized by argon gas system. Due to 

pressurization molten LBE flows into the loop and 

subsequently fills up the loop. After filling, loop was 

isolated from the sump tank by a valve. 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. Air 

was used as the secondary side coolant in the heat exchanger 

during low power operations. At high power water was used 

as the secondary side coolant. 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. Before filling up with liquid metal, the 

loop was preheated and purged with high purity argon gas to 

drive out air from the loop. During the operation of the loop 

high purity argon gas was used as cover gas in the vessels 
Fig. 1. 3D View of the Main Loop 
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and purged intermittently. The purged gas is passed through the water scrubber before throwing to 

atmosphere. Argon+ H2 gas was used to maintain the chemistry of the LBE in the loop. There are three 

types of heaters used, in the loop. Band heaters are used to melt the LBE in the melt/sump tank and other 

vessels. Immersion heaters are provided inside heated section. Surface heaters are be used to maintain the 

piping temperature above the melting point of LBE during the starting of the loop. Thick ceramic wool 

insulation is provided to reduce heat loss to the atmosphere. In the main heater section, the heat generated 

by the „U‟ shaped immersion heater is transferred to the liquid metal as sensible heat. The heat exchanger 

is specially designed tube-in-tube type. The liquid metal flows in the central pipe and cooling water flows 

in the outer annular jacket. A radial air gap is provided between the central pipe and water jacket. 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 instrumentation and control of the LML 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. is done through 

DACS. All the valves are made of SS316L and are PLC controlled. High temperature pressure 

transmitters are used to measure the fluid pressure and gas pressure in the main loop. Fifty six 

ungrounded K-type, SS (Stainless Steel) sheathed thermocouples are installed in the loop. Two types of 

level sensors are used; discrete type and continuous type. The discrete type is based on electrical 

conduction principle, where the electrical circuit is closed when liquid LBE surface touches a metallic rod 

hanging from the top flange of expansion tank. The continuous type is based on gas bubbling technique. 

Accurate measurement of the dissolved oxygen concentration in liquid LBE was a critical issue for the 

active chemistry control in the system. An Ytria Stabilised Zirconia (YSZ) base oxygen sensor was 

developed to measure dissolved oxygen level in LBE. The detailed construction and testing of the sensor 

can be found in Borgohain et al. [8]. When the oxygen level increases Argon+Hydrogen gas mixture was 

bubbled so that the oxygen level remains well below the PbO formation level. During normal operation 

high purity argon gas was purged in the sump tank and expansion tank. 

 

 KILO TEMPERATURE LOOP (KTL) 

KTL comprises of five basic parts: heater, heat exchanger, 

dump tank, expansion tank and main loop piping. Figure 1 

shows the isometric view and Fig 2 shows the facility along 

with the enclosure in which the KTL is installed. Table 1 

gives the main design parameters of the loop. Dump tank and 

isolation valve has been fabricated with SS 316 for low 

temperature application and main loop piping as well as 

expansion tank have been fabricated with high temperature 

alloy i.e. Nb-1%Zr-0.1%C. Tewari et al. [9] developed the 

Nb-alloy materials for the loop. Further, pipes and plates, 

required for fabrication of the loop has been manufactured by 

NFC, Hyderabad using the above alloy. All the components of 

the loop are Electron Beam (EB) welded. High temperature 

components and low temperature components are joined with 

ANSI standard SS 316 flanges used in the piping system. 

Ceramic impregnated SS metallic gasket is used for sealing 

the flange joints. Nb-alloy, which is 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 quickly. This oxidation rate increases with 

temperature. So the main Nb-alloy loop is to be kept in an Fig 2. 3D view of the KTL  
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inert gas enclosure. The front side of the enclosure is provided with transparent glasses for the visibility of 

the loop from outside. The heat from the heat exchanger of KTL is rejected inside the enclosure by the 

natural convection of the inert gas. Fins are designed and provided on the both sides of the walls of the 

enclosure for better heat transfer from the enclosure through the wall so that the temperature of the 

enclosure remains below 200
o
C even at maximum power level of the KTL. Apart from fins, water cooling 

coils are provided at the top of the enclosure for additional cooling. There are six nozzles provided in the 

enclosure. The instrumentation tubes and wires are passed through these nozzles. The tubes are sealed by 

swage lock fitting. The level of the oxygen in the inert gas is reduced by recirculating the gas through 

indigenously developed oxygen scavenging system. The level of oxygen in the inert gas in the enclosure 

is maintained below 10ppm when the loop was operated near 1000
o
C.  Table 1 shows design parameters 

of LML and KTL. 

 

Table 1. Design parameters of the LBE loops 

Sl.  

No 
Parameters 

Values 

LML KTL 

1. Fluid used Lead Bismuth Eutectic 

2. Fluid circulation mode Natural circulation 

3. Line size  15mmNB(1/2”) Sch 80 

4. Centreline elevation difference between heat 

exchanger and heated section, (mm) 

750 500 

5. Total circulation length, (m) 5500 4500 

6. Loop material SS 316L Nb-1%Zr-0.1%C 

7. Design pressure of the loop (kgf/cm
2
) 5 4

 

8. LBE inventory (kg) 500  32  

9. Maximum main heater power (W) 6.0  2.0 

10. Design temperature (C) 550 1100 

11. LBE mass flow rate (kg/s) 0.09 to 0.15 0.095 to 0.135  

 

NUMERICAL CODE, LeBENC 

    These modifications led to a computer code, LeBENC (Lead Bismuth Eutectic Natural Circulation). 

LeBENC is a one dimensional finite difference code, developed to study the steady state and transient 

behaviour of liquid metal natural circulation loop. The code has the applicability to, (a) handle non-

uniform diameter loops, (b) different working fluid in primary and secondary side of the loop, (c) 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 two natural circulation loops in series.  The code is validated with 

single phase natural circulation data with water [10] as well as molten lead bismuth  [11].  

 

RESULTS AND DISCUSSIONS 

Both the loops were operated to study the steady state and transient behaviour of the LBE for a wide 

range of temperature. The LeBENC code  is validated with the experimental results.  
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Steady State Experiments  

In the steady state experiments, the test loop was 

allowed to reach steady state conditions at different 

input power levels. For LML the power of the loop 

heater is varied from 900W to 5000W. The 

temperatures at inlet and outlet of the heated 

section were recorded. For KTL the experiments 

were carried out for power range of 200W to 

1200W. Figure 3 shows comparison of the 

correlation and experimental data of various LBE 

loops including LML and KTL. It can be seen that 

at higher flow the correlation conforms good to the 

experimental results, but at lower flow it over 

predicts the experimental values. Vijayan [12] has 

not considered axial conduction in the loop, while 

deriving the correlation. Axial conduction and 

thermal inertia of the piping material play major roles on the mass flow rate in low flow natural 

circulation loops [13]. Moreover heat loss in the piping may be another reason for the deviation from the 

correlation. Figure 4 (a) shows the steady state axial temperature distribution in the loop at power 900W 

in LML. The steady rise in temperature could be seen in the heated section of the loop. In the piping there 

is small temperature drop due to heat loss through the insulation. The temperature drop in the expansion 

tank is 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. In the heat exchanger the temperature decreases steadily as 

expected. The temperature difference between hot leg and cold leg is found to be 67
o
C. Figure 4 (b) 

shows result for KTL with 360W heater power. The temperature varies linearly in the heater section. The 

wall temperature is found to be higher than the fluid temperature in this section because the heater is put 

on the outer surface of the pipe and so heat flows to the fluid through the pipe wall thickness. There is 

temperature drop of 8
o
C in the hot leg region due to heat loss in the piping through the insulation. The 

temperature drop in the heat exchanger is not linear which may be due to the natural convection cooling 

by argon gas flowing through the narrow annulus. The prediction of LeBENC code conforms well to the 

experimental results.   
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Fig. 4 Axial temperature distribution in the loops, (a) in LML with power 900W and (b) in KTL with 

power 360W 

 

In one of the transient studies, the start-up operation from zero flow condition for various power levels 

was carried out in both LML and KTL. Initially, the steady state of natural circulation of LBE was 
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achieved. Then the main heater was put off and secondary side air flow in the heat exchanger was 

stopped. Then cold leg temperature was slowly increased to achieve near „no flow condition‟. After 

achieving 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 5 (a) shows 

the variation of heated section outlet and heat exchanger outlet temperatures with time for 1200 W power. 

At initial stage the LBE starts to flow from stagnant. 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 is 318
o
C which is 10.1% higher than the steady state 

temperature (~290
o
C). The theoretical prediction by LeBENC code have been performed and found that 

except at the initial stages of transients the predictions are found to be in good agreement with the 

experimental results. In KTL also the start up experiment is carried out in similar manner. Figure 5 (b) 

shows the result of the experiment with 900 W heater power.  
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Fig. 58 Temperature distributions in loops during start up experiments, (a) in LML with power 

1200W and (b) in KTL with power 900W 

 In the experiment it can be seen that the loop temperature slowly increases and achieves steady state after 

around 17000s. The slowness may be due to the natural cooling in the secondary side of the heat 

exchanger. LeBENC is used to simulate the experiment with 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. It can be seen that with case (b) boundary condition the prediction of the 

time is more accurate. During initial period (up to 6000s) the code over predicts the experimental results. 

This may be due to the inability of the code to simulate the absorption of heat by the structural material of 

the loop and enclosure during initial period. After absorption of heat the structural material also gets 

heated and the enclosure temperature becomes uniform. 

    

CONCLUSIONS  

Experimental studies on natural circulation are carried out in two lead bismuth eutectic loops i.e. LML 

and KTL. The dissolved oxygen in LBE of the loop during operation was monitored online by an in-

house developed YSZ based oxygen sensor. An enclosure is especially designed to provide inert 

atmosphere to the structural material (i.e. Nb alloy) of KTL. LML is operated from 900 W to 5000 W 

power and to maximum temperature 500
o
C. A number of steady and transient experiments were carried 

out over a wide range of loop power. In KTL the experiments were carried out in the temperature range of 

200
o
C to 1000

o
C. A correlation, developed for steady state single phase water natural circulation, is 

compared with the experimental data of LML and KTL along with other LBE loops and found to be good. 

Node Number 

(b) 



Thorium Energy Conference 2015 (ThEC15) 

October 12- 15, 2015, Mumbai, India 

 

Transient studies like, loop start up from stagnant, loss of heat sink simulation, step change of loop power 

as well as secondary side coolant flow rate are also carried out. It is observed during the transient studies, 

the temperature variation is more rapid at the outlet of the heater than any other locations of the loop. 

However LBE shows quite stable behaviour during all the transients studied in the loop. LeBENC, an in-

house developed 1D computer code to simulate the natural circulation in both the loops is validated with 

the experimental data generated in the loop.  
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