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ABSTRACT 

 The novel feature of Accelerator-driven subcritical system (ADS) is the 

presence of a neutron spallation target in the core of the reactor, which always 

operates under sub-critical conditions. A high energy proton beam interacts with 

the circulating liquid Lead-Bismuth-Eutectic (LBE) target, produces spallation 

neutrons that diffuse into the reactor and drive the reactor. The analysis has done 

for circulation of liquid in target using gas lift mechanism. Commercial code 

Fluent has been used for this purpose. The time dependent studies have been 

carried out consisting of, riser, two-phase flow region of the riser (for gasdriven 

target), down-comer, rise of free surface etc has been done. Both carry-under of 

gas into the down-comer and carry-over of LBE into nitrogen have been 

analyzed. Analysis has been carried out for different geometries, gas flow rates, 

bubble diameter, gas exit area etc. 

INTRODUCTION    

 Accelerator-driven subcritical system (ADS) is a subcritical reactor[3] in 

which an energetic particle beam is used to stimulate a reaction, which in turn 

releases enough energy to power the particle accelerator and leave an energy 

profit for power generation [1]. The novel feature of ADS is the presence of a 

neutron spallation target in the core of the reactor. The reactor always operates 
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under sub-critical conditions. A proton beam (accelerated to ~650 MeV energy 

and current is about 0.9 mA) interacts with the target which is located in the core 

and produces neutrons via a spallation reaction (spallation is a nuclear reaction 

in which a relativistic light particle like a proton or a neutron hits a heavy 

nucleus and pulls out nucleons and light nuclei) typically in the range of 1018 per 

second (for the above currents). The neutron yield from spallation reaction 

depends on the mass number of the target nucleus. Lead bismuth eutectic (LBE) 

consisting of 45% lead and 55% bismuth with low melting temperature of 123ºC 

is found to be most suitable material for spallation target. ADS has the following 

features: (1) Utilization of abundantly available thorium (Th-232) (2) 

Transmutation of long-lived transuranic radionuclide’s formed by neutron 

capture in a conventional reactor and minimum production of long lived waste 

(3) More proliferation resistance than conventional reactor (4) Inherent safety. 

[2] For the target configurations two concepts viz. window and windowless are 

possible. Here only window configuration is considered where the spallation 

heavy metal target and proton beam pipe vacuum regions are separated by a 

solid barrier called window. It has been found that T91 (9% Cr and 1% Mo) is 

the most suitable material for the beam window. Various methods of circulating 

the liquid metal have been proposed like pump driven, buoyancy driven and gas 

driven systems. Here only gas driven system is considered. A typical gas-driven 

window module is shown in Figure 1. In the gas-driven system (Figure 1b), the 

effects of natural circulation are reinforced by way of mixing a gas in mixer 

region to create two-phase flow in the riser leg, which increases available 

pressure head to drive the liquid metal flow.LBE back to window region via 

down-comer after  separation of the gas in separator. It is also called as “Cold 

Leg” because LBE is transferring heat with coolant in Heat Exchanger. For 

given configuration of ADS, scope of the present work is to design Gas lift 

target loop for circulating the Heavy density liquid metal LBE in the loop at the 

rate of 45-50 kg/s so that LBE extract the heat from the window, spallation heat 
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deposited in the liquid itself and additional heat deposited by gamma radiation 

from the reactor. In ADS target LBE will be used as target fluid as well as 

cooling fluid. In this paper analysis has done for different geometry to achieve 

flow rate of liquid at given gas flow rate & for different bubble diameter, gas 

exit area, carry-under, carry-over etc. 

 
 
 

 
 
 

Figure1 : Gas-driven window target module 
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Computational Details 

 

Figure 2 : 3-D view of the target loop 

 The computational domain considered for fluid flow is shown in Figure 3. 

The actual flow is 3D and requires very large computational time. For analysis 

purpose an axis-symmetric model of the target is considered so that it can be 

solved effectively in 2D, which gives the advantage in computational time. The 

nitrogen is occupied above the LBE; the height of nitrogen above LBE up to 

outlet is 0.75 m for first geometry &0.937.5m for other geometries. This 

condition is achieved after some simulation of flow time this saves 

computational effort/time. The mixer here we considered four annular grooves at 

periphery of riser for first two geometries & six for other geometries. The flow 

regime corresponding to analysis is mostly bubbly flow (i.e. void fraction is less 

than 0.25). For this type of flow regime best suitable model is Eulerian 

multiphase model. In this model phases are taken explicitly and separate 

equations are written for each phase and the interaction between the phases is 

also considered. They take in to account that each phase can have different 

properties and different velocities. 

 

 

 



Two Phase Analysis of Liquid Metal Target for Experimental Sub Critical Reactor 93

 

 

 

Figure 3 : Computational domain for the target system 

 Separate equations of continuity, momentum, and energy are written for 

each phase and these six equations are solved simultaneously, together with the 

rate equations, which describe how the phases interact with each other and with 

the walls of the duct. In the simplest analysis only one parameter (usually 

velocity) is allowed to differ for the two phases while conservation equations are 

only written for the combined flow. 

Governing Equations 

 The flow is assumed to be turbulent and incompressible. The buoyancy 

effect is neglected. The governing equations are written in Cartesian x-y co-

ordinates  

Volume fraction equation 

 Volume fractions represent the space occupied by each phase, and the laws 

of conservation of mass and momentum are satisfied by each phase individually. 

The derivation of the conservation equations can be done by ensemble averaging 

g 



Mr. Santosh Kumar Mishra, Prof.  A.V.Deshpande and Mr. P. Satyamurthy  94

the local instantaneous balance for each of the phases.  The volume of 

phaseq , qV  is defined by  

       (1) 

       (2) 

 The effective density of phase q  is ρ̂ q qqρα=   Where, qρ is the 

physical density of phase
thq . In a two-phase system, the phases are represented 

by the subscripts 1 is liquid phase (continuous fluid) and 2 is gas phase 

(dispersed fluid). 

Mass Conservation 

 The continuity equations for the phases can be written as, 

           (3) 

The source term on the right-hand side of Equation 3 is zero. 

Conservation of Momentum                     

 The momentum balance for phase q yields  

 

 is an interaction force between phases, and p is the pressure shared by all 

phases.  is the interphase velocity, defined as follows. if   (i.e., phase 

p mass is being transferred to phase q ), ; 

If  (i.e., phase q mass is being transferred to phase p), ; 

Likewise, if  then it suggests  
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Boundary Conditions 

 Inlet section defined as mass flow rate inlet with inlet mass flow rate of 

nitrogen 0.25 to 2.0 gm/s and volume fraction of nitrogen is 1 at inlet & 

direction specified normal to boundary. Turbulence specification method used is 

intensity (I=10 %) and hydraulic diameter (0.005). At the outlet values of 

variables are extrapolated from within the domain and hence nothing is required 

to be specified. Outlet is defined as pressure outlet type. With backflow normal 

to boundary condition, backflow volume fraction of nitrogen is 1. Turbulence 

specification method used is intensity (I=10 %) and hydraulic diameter (0.005). 

Grid Generation 

 It is not possible to generate structured grid for the considered target 

geometry, so block-structured grid with 36000 quadrilateral cells has been 

generated. The mesh interval size used is 0.001 m.  The grid at the inlet, outlet is 

meshed with interval size of 0.0005 m so at least four cells are available for 

calculation in the respective regions. The computation is done by parallel 

processing (2 dual processor nodes) and it took around 90 hrs to complete one 

simulation. 

 

Figure 4 : Mesh at (a) Window & Bend: Down Comer to Riser, (b) Mixture 

Region and (c) Pressure Outlet 
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RESULTS AND DISCUSSION 

First geometry for ads loop  

 The 2d geometry shown in Figure 3 is used for simulation purpose. The 

LBE is used as primary phase (continuous fluid) and Nitrogen as secondary 

phase (dispersed fluid). The bubble diameter for defining nitrogen phase is taken 

as 5.0 mm. 

 

Figure 5: Variation in LBE flow rate with nitrogen flow rate  

 It seen that nitrogen is trapped in the recirculation zone. However, it is also 

seen that the amount of gas moving out of the trapped region is also increasing. 

There is a higher amount of gas entrapped near the wall due to adhesion to the 

wall. This is in accordance with the theoretically predicted phenomenon. 

Nitrogen separates at end of inner wall in riser and flows out of domain through 

outlet. So nitrogen occupies space above LBE. When flow rate is minimum 0.25 

gm/s than maximum flow rate of LBE is 31 kg/s with carry-under, as N2 flow 

rate increases LBE flow rates decreases with increasing the free surface height 
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shown in Fig.6, when at 2 gm/s of N2, LBE going out from the pressure outlet 

which is for N2 outlet. 

 

Figure 6 : Rising the height of free surface 

 Height of free surface with increasing the gas flow rate because void 

fraction increases with gas flow rate so extra gas displaces the liquid. 

 

Figure 7 :  Slip variation with different flow rate  of nitrogen 
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Figure 8 : Average void fraction for different flow rate of nitrogen 

 From the graph we can interpret that nearer to the mixer slip is less and 

increasing away from the mixer region because as bubble travel in riser column 

it expand due to this effective surface area reduces. As Nitrogen flow rate 

increases Slip is decreases this because of carry-under increasing. So with this 

geometry can’t get flow rate that we want than we go for new geometry. 

Second geometry for ads loop 

 

Figure 9 : Dimensions for 2nd geometry 
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 In this geometry increase the gap of    down comer zone increases from 22 

to 44 mm and keep all dimensions are same as first case and do the simulation 

with same setting used in 1st case. With N2 0.5 gm/s flow rate, bubbles diameter 

5.0 mm, for 5 mm opening &opening of gas outlet respectively. 

 

Figure 10:  Carry-under in small gas outlet for same flow rate of N2 

 From Fig.10 we can see that for same flow rate of nitrogen carry-under is 

present in first case in which gas outlet is 5 mm but when it increase to 20 mm, 

there is negligible carry-under because for small opening of gas outlet pressure 

drop is more due to this back pressure is developed at down comer zone that is 

not allowing the gas to go out, means some gas trapped at down comer zone but 

in second case when outlet opening is 20 mm pressure is approximately equal 

the atmospheric pressure result this gas easily going out. Carry-under increases 

with increasing the flow rate of nitrogen & mass flow rate of LBE decreasing 

shown in fig. 13, but by increasing the outlet opening we got 78-81 kg/s flow 

rate of LBE without carry-under. So this geometry can be used as an ADS loop. 
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Figure 11: Variation in slip with different outlet opening 

 

Figure 12:  Variation in slip with different flow r ate 

 

Figure 13:  Variation in LBE flow rate with nitroge n flow rate  
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Third geometry for ads loop 

 

Figure 14 : Dimensions for 3rd geometry 

 Now from the second case we are able to remove carry-under & got 

required flow rate of LBE. Above two geometries (1st & 2nd) used to form the 

flow in the loop. In this case increase the height from 750 mm to 937.5 mm for 

capturing the free surface, increase the gas mixer from 7 to 11 for proper mixing 

of nitrogen with LBE. In down comer added heat exchanger of length 4200 mm 

& width of 5 mm for blocking the flow of LBE in down comer zone. In this case 

reduce the gap between outer cylinder & inner cylinder which is 10 mm, again 

do the simulation with same setting which is used in first case. 

 



Mr. Santosh Kumar Mishra, Prof.  A.V.Deshpande and Mr. P. Satyamurthy  102

 

Figure 15: Variation in LBE flow rate with nitrogen  flow rate  

 With this geometry we can get flow rate of LBE up to 105 kg/s without 

carry-under, at flow rate of Nitrogen is 2.2 gm/s carry-under occurs and LBE 

flow rate decreasing shown in Fig.15 because due to carry-under additional 

pressure drop occur. Carry-under is remove if reduce the flow rate from 2.2 to  

2 gm/s. 

 

Figure 16 :  Plot for carry-over by varying flow rate 
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Figure 17 :  Plot for slip at different flow rate of nitrogen 

 

Figure 18 :  Average void fraction for different flow rate of nitrogen 

Optimized geometry for ads loop 

 From previous geometry we can achieve flow rate of LBE up to 105 Kg/s, 

this is more than sufficient to fulfill our requirement but in ADS system 

limitation of space and we have to install other thing like water jacket etc and 

also for our case we required 45-50 kg/s flow rate so we have to optimize our 

design. for that purpose we go for new geometry shown in fig.19 here reduce the 
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gap between inner and outer cylinder from 44 mm to 33 mm means total radius 

of target loop is 98 mm. all dimension are same as third case and do the 

simulation keeping all the setting of fluent same as previous case. 

 

 

Figure 19: Dimensions for 4th geometry 

For same bubble diameter (5 mm) 

 

Figure 20 : Variation in LBE flow rate with nitroge n flow rate  
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Figure 21 : Plot for carry over with varying flow r ate  

 

Figure 22 : Plot for slip at different flow rate of nitrogen 
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Figure 23 : Average void fraction for different flow rate of nitrogen 

For same flow rates of nitrogen (0.8 gm/s) 

 

Figure 24 : Plot for carry over by varying bubble diameter  
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Figure 25 : Variation in LBE flow rate by varying bubble diameter 
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Figure 26 : Plot for slip by varying bubble diameter 

For same flow rate of N2 (0.8 gm/s)
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Figure 27 : Average void fraction for different bubble diameter 
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 At 15.0 mm bubble diameter of nitrogen flow rate of LBE is 46 Kg/s. This 

flow rate increases by decreasing the bubble diameter and get maximum flow 

rate 51.5 kg/s at 5 mm bubble diameter, but at 2.5 mm bubble diameter get 

carry-under and maximum slip in all four cases. 

Effect on velocity profile while reducing the gap 

 In first and second geometry gap between the inner & outer cylinder is more 

shown in Fig.28 in this case stagnation is more at bottom part as compare to the 

second case when the gap is 10 mm. 

 

Figure 28 : Velocity profile when reduce the gap between inner & outer 

cylinder  

CONCLUSION 

 Gas lift (or Gas circulation) based liquid metal ADS target coming up in 

Visakhapatnam. In this project work detailed analysis of gas driven ADS target 

has been carryout for different geometry, for different flow rate of gas and for 

different bubble diameter etc to arrive at optimum target configuration.  The 

flow model includes free surface determination, carry-under and carry-over 

phenomena. 
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This analysis indicates beyond certain flow rate for a given geometry, carry-

under of gas takes place in the down-comer. The carry-under gas, blocks part of 

down-comer flow area, leading to additional pressure drop and consequently 

decrease in the liquid metal flow rate. Thus we found an optimum liquid metal 

flow rate for a given geometry.   

 The analysis also indicates sensitivity of carry-under on exit gas flow area in 

the separator. For a 5mm rim of gas out let, at higher flow rates, the separator 

pressure was more due to large pressure drop in the gas exit. Due to this, there 

was significant increase in the carry-under, leading to drop in the liquid metal 

flow rate.  

 Based on the work carried out here, optimum target geometry, gas flow rate 

have been estimated for the proposed Indian experimental ADS target system. 

system has been proposed for sub critical reactor of DAE  
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