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ABSTRACT 

Metal evaporation, condensation and recycle of liquid metal are crucial components of laser-based isotopic purification 

processes. The metal charge is contained in water-cooled copper crucible and a stream of pure atomic vapour is 

generated using surface heating by concentrated energy beam, such as electron beam or laser. The desired/un-desired 

isotope with lower abundance in the vapour is selectively ionized by laser photons, and the ions produced are separated 

using electrostatic field. In each cycle, only a fraction of the vapour is addressed by lasers. The major un-addressed 

fraction of vapour condenses on various parts of the process internal structure. This is to be recycled back to the 

crucible, so that it can continue to take part in the purification cycles. Extensive experiments were carried out by 

evaporating various metals and the behavior of liquid metal condensation and flow on different condensates were 

studied.  

In this paper, the pattern of liquid bismuth condensation on yttria coated substrates and its flow are discussed. 

Experiments were carried out in a water cooled vacuum chamber, in which the process structure was kept well above 

melting point of bismuth. The bismuth metal was kept in a water cooled copper crucible and was evaporated using 

electron beam. The observations indicate that over a time, one will get a near steady quantity of molten material on the 

substrates, i.e. (minimum quantity of molten metal retained by the substrate), here termed as hold-up (g/cm
2
). The hold-

up of the liquid metal depends on angle of inclination, temperature and material of substrate. The angle of inclination 

may be restricted by available space and other design considerations, which may not be optimum. Though higher 

substrate temperature is expected to bring down the hold-up due to lower viscosity of metal at higher temperature, this 

may lead to re-evaporation of metal from the substrate. Hence an optimum operating condition is to be determined 

through experiments. The material of substrate is selected based on its non-reactive nature with molten metal and higher 

contact angle. The objective of this study is to determine minimum inventory requirement and duration of experiment 

for a given set of process constraints, for demonstration of effective purification in a laser based separation process. 

 

INTRODUCTION 

The clean-up process for the removal of 
232

U from 
233

U has an important role in the thorium fuel cycle. This 

process is based on Laser based separation using atomic vapour. The initial raw material having 
233

U in 

metallic form with around 1000 ppm of 
232

U is evaporated in high vacuum environment using electron 

beam [1]. The electron beam melts and evaporates the metal contained in a water cooled copper crucible. The 

vapour is generated from the top surface of the charge and propagates in the forward direction. Due to 

rigorous collisions, the vapour attains thermal equilibrium and expands in vacuum like a jet. As it matches 

the downstream pressure, it results in reduction in collisions and the vapour becomes anisotropic. Once the 

atomic beam becomes directional; it is divided into number of zones for efficient laser atom interactions. The 

atoms of 
232

U in the directional vapour are selectively ionized using tunable lasers and removed using 

electrostatic field. Though the selectivity of laser based processes is high, the efficiency of ionization and 

removal of 
232

U is limited by various other process parameters. Therefore, to attain the required final 

concentration of 
232

U in clean 
233

U; the un-processed stream needs to be recycled back to fully molten charge 

contained in a water cooled copper crucible. The un-utilized part of the vapour and the tail stream with 

residual 
232

U condense on respective parts of the recycle structure and are recycled back to the crucible. The 

recycle structure is to be maintained at an elevated temperature above the melting point of the metal of 

interest, to facilitate the liquid metal flow. The evaporation, condensation and recycle of the liquid metal 

without contamination, and least hold-up on the substrates are required by the laser based purification 

process. For this suitable chemical barrier coating is provided on the reflux structure for handling liquid 

metal. 

Liquid metal condensation and recycle depends on number of factors, namely, substrate material, surface 

conditions, environment conditions, properties of liquid metal etc. A review has been presented by Girish 
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Kumar and Narayan Prabhu [2], where wetting mechanism and factors controlling this have been discussed. 

Spreading kinetics strongly depend upon experimental conditions, and the same system exhibits different 

kinetic behavior under different conditions. Barbier et al. [3] discussed the compatibility of various stainless 

steel materials in contact with liquid lead-bismuth. It was observed that at different temperatures, thin oxide 

layer formed on different stainless steel surface protects the dissolution of stainless steel from liquid lead-

bismuth. Fazio et al. [4] carried out studies using different steels at various temperature and duration of 

exposure to liquid lead and also liquid lead-bismuth. The oxide protective layers were observed for AISI 

316L and MANET, for temperature up to 737 K and exposure time up to 5000 hours. However, these 

observations were for stagnant conditions. For long hour and dynamic conditions, results need to be 

validated. Rivai et al. [5] presented results of compatibility of steel, refractory metals and ceramics, such as, 

Mo, W and SiC with liquid lead-bismuth, at 973 K. Nagaraj et al. [6] have conducted studies of liquid 

uranium with yttria coated tantalum at 1573 K, and observed high degree of corrosion resistance of the 

coated substrate against liquid uranium. In the paper by Battoo et al. [7], it was presented that with increase 

of contact angle, the area coverage decreases and the droplet distribution changes. These studies suggest that 

for carrying out the purification process using liquid metal, one need to determine the operating parameters 

along with suitable corrosion resistant substrates/coating for ensuring the success of the purification process. 

 

EXPERIMENTAL SET-UP 

The experiments were carried out in a double walled water cooled vacuum chamber. The vacuum of better 

than 1*10
-5

 mbar was generated and maintained during experiments using diffusion pumps backed by roots 

rotary pumping station. During the experiments a known weight of bismuth charge kept in stainless steel 

insert was placed in water cooled copper crucible. The charge was melted and evaporated in high vacuum 

environment using a 270
0
 bent 10 kW (10kV, 1A) electron beam. The yttria coated stainless steel internal 

structure was used for containment and recycle of liquid bismuth. To keep the condensed bismuth in liquid 

form for recycle, the internal structure was enclosed inside an existing all-metal high temperature hot zone, 

capable of maintaining temperature above 1200
0
C. The temperature of the hot zone was controlled and 

maintained at 500
O
C for experiments using bismuth as charge. The design considerations for the recycle 

structure are to minimize the vapour loss from the recycle structure as well as ensuring minimum or nil 

mixing of various liquid streams after condensation of vapour. The schematic of experimental set-up 

consisting of vapour generator; recycle structure, hot zone and vacuum chamber are shown in Fig. 1. The 

vacuum chamber and yttria coated stainless steel recycle structure used in the experiments are shown in Fig. 

2(a) & (b). After every experimental run each part of the recycle structure was weighed and the weight 

gained by the individual component was recorded as accumulated quantity of bismuth during particular run. 

The experimental runs were continued till a state of steady state hold-up on the component is achieved i.e. 

there is no significant increase or decrease in the weight gained by each component during the experimental 

run. 

Crucible

Electron Beam

Vacuum Chamber

Base Shields

Top Hat

Recycle Structure

Vapour Stream

Beam Entry Port

Heater Element

Top & Side Shields

  

Fig 1: Schematic of the experimental set-up Fig 2(a): Vacuum chamber used for experiments 

 
Fig. 2(b): Yttria coated 

stainless structure 
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RELEVANCE OF EXPERIMENT TO THE PROCESS STEP 

The metal contained in a water cooled crucible is heated by a 270
O
 bend electron beam to melt and evaporate 

in a vacuum chamber.  The vapour expands in vacuum and is illuminated by suitable energy of laser photons 

to ensure selective ionization of 
232

U in the photo-interaction zone. These ions are extracted by electrostatic 

field. The recycle structure is kept ~ 150
 O

C to 200
O
C above the melting point of metal (uranium) to facilitate 

the flow of condensed liquid metal back into the crucible. After a number of recycles and removal of 
232

U; 

the clean 
233

U is obtained in the form of ingot in the crucible cavity.  

Bismuth is used as surrogate to i) validate the design considerations of recycle structure, ii) evaluate the 

performance of yttria coating accounting for coefficient of linear expansion of yttria and stainless steel at 

experimental temperature vis-à-vis yttria on tantalum at process temperature and iii) study the behavior, flow 

pattern and quantity of liquid metal retained on various parts of recycle structure during steady operation. 

 

DESIGN OF THE RECYCLE STRUCTURE: 

The primary considerations for design of the high temperature liquid metal recycle structure were  (i) high 

temperature (~1250º C) of  operation (ii) long duration of operation at high temperature (~500 hours), (iii) 

corrosion resistance against liquid metal and (iv) the preferred low weight.  Among the high temperature 

refractory metals Tantalum and Tantalum-10% tungsten were potential choices due to their ease of 

fabrication and corrosion resistant against molten uranium. Plasma sprayed yttria coating was preferred 

choice as corrosion barrier to the refractory metal structure. Yttria having thermal expansion coefficient close 

to the substrate tantalum also reduces chances of peeling or breakage due to differential expansion at high 

temperature.  

At the operating temperature, creep deformation and failure is a problem for tantalum. Creep deformation, is 

the tendency of a solid material to deform permanently at elevated temperature under the influence of long-

term exposure to stress, i.e. self weight in this case, below yield point.  For the present process, the 

temperature and duration of operation are predefined. The emphasis of the mechanical design was to reduce 

the global stress and hence resultant high temperature creep. 

The three parts of recycle structure of bounding dimensions of approximately 400mmx400mmx400mm have 

been modeled using FEM analysis for various thicknesses of tantalum sheet as material of construction. A 

uniform thickness of 1.5 mm for this recycle structure has been found suitable to limit the stresses and hence 

limiting the high temperature creep to less than 2% over total duration of process cycle. The 

reinforcement/pads are used at support points of the recycle structure to reduce the local stresses.   The solid 

model and the computational results have been presented in Fig-3 and Fig-4 respectively. Assuming the 

stress distribution is invariant for low deformations, the creep life is predicted from the published data on 

tantalum [8]. 

Maximum global stress has been found to be 11 kg/cm
2
 and corresponding predicted safe operation time to 

limit the creep below 2%, using plots in Fig-5(a) & (b) is 4000hr. Since the actual process time is less than 

500hr, this design is found to be suitable. However, the present experiments were conducted with bismuth 

having much lower melting point and cumulative operation time was 30 hours, the recycle structure of yttria 

coated stainless steel was used instead of tantalum structure. 
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Fig. 3: Schematic recycle structure Fig. 4: Stress result of the Recycle Structure at 1250C 

  

  

Fig. 5(a): Time to 2% creep vs stress 

 [Ref: 8] 

Fig. 5(b): Creep properties of refractory metal alloys 

 [Ref: 9] 

 

EXPERIMENTAL RESULTS AND OBSERVATIONS  

The earlier studies by the authors using bismuth, aluminum and tin as surrogate metal [10, 11] established 

that the yttria coating not only provides chemical barrier to avoid dissolution of substrate in liquid metal; but 

also reduces the metal retained on the recycle structure. In the present work, the authors present experimental 

investigations of the flow of liquid metal and steady state hold up on various components of recycle structure 

using bismuth as surrogate metal. The integrity of yttria coating during cumulative 30 hr of the trial runs has 

been demonstrated. The additional process parameters, namely, evaporation rate, extent of neutral atom 

scattering and the atom number density in photo-interaction zone have also been estimated. The various parts 

of recycle structure with bismuth retained on them after a cumulative 30 hours of electron beam assisted 

evaporation, condensation, flow and recycle is shown in Fig. 6.  
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(a) Conical portion (b) Intermediate part (c) Top-hat 

Fig. 6: condensation, flow and recycle of liquid bismuth on various components os recycle structure 

 

The quantity of liquid bismuth retained on various components of recucle structure i.e. hold-up on various 

components is shown in Fig. 7. The trend of these curves clearly indicate that near steady state hold-up is 

attained, for liquid metal on various components, after certain duration. The duration to reach steady state 

will depend on the evaporation rate of the specific metal charge for a given condensate and its surface 

condition. 

 

 

Fig .7: Hold-up of liquid bismuth on various components of recycle structure after each trail 

run of electron beam assisted evaporation, condensation, flow and recycle 

 

CONCLUSION 

The studies on liquid metal condensation and flow have been carried out on yttria coated stainless steel 

substrate with bismuth metal. The observations suggest that yttria coated substrate i.e. recycle structure 

exhibit excellent integrity under high temperature and with liquid metal flow. The experimental quantities of 

liquid metal hold-up provide the information on the minimum additional inventory required for recycle of 

liquid metal. Additionally the feasibility of electron beam assisted evaporation of metal charge, condensation 

and recycle has been demonstrated by trouble free operation for cumulative 30 hours. However, it is 

imperative to carry out tests with specific systems to understand the pattern of condensation and liquid metal 

flow, to finalize the system and operating specification for laser based purification process of desired species. 

 

H
o

ld
 u

p
 x

 S
u

rf
a

ce
 a

re
a
 (

g
ra

m
s)

 

(g
ra

m
s)

 



Thorium Energy Conference 2015 (ThEC15) 

October 12-15, 2015, Mumbai, India 

 

References 

1. S. Sethi, Anupama P.; Manisha Gupta, Jaya Mukherjee, L. M. Gantayet, R.K. Singh and H.S. Kushwaha, 

“Modeling of Vapour Generator for Cleanup Separator Module”, Proc. INSAC 2000, (2000). 

2. Kumar Girish and Prabhu Narayan; “Review of non-reactive and reactive wetting of liquids on surfaces”, Advances 

in Colloid and Interface Science 133, 61, (2007). 

3. Barbier F. et al.;  J. Nucl. Material, 295, 149, (2001). 

4. Fazio C et al., J. Nucl. Material, 296, 243, (2001). 

5. A.K. Rivai, M. Takahashi, Prog. Nucl. Energy 50, (2008). 

6. Nagaraj et al., J. Nucl. Material, 410, Pp. 39-45, (2011). 

7. Battoo N. K. et al., “Mathematical modeling and simulation of drop-wise condensation and inclined surfaces 

exposed to vapour flux” 20
th

 National & 9
th

 International ISHMT-ASME Heat & Mass Transfer Conference, (2010) 

8. R. L. Stephenson, H.E. McCoy Jr., "The creep-rupture properties of some refractory metal alloys III. Comparative 

mechanical behavior of some tantalum-base alloys“, J. Less Common Metals, 15 (1968). 

9. Buckman, R.W. Jr.; Begley, R.R., “Development of high strength tantalum based alloys” Pp. 19-37 in Recent 

Advances in Refractory Alloys for Space Power Systems. NASA report SP-245, (1970). 

10. Jaya Mukherjee, S. Sethi, A. Nagaraj, L. M. Gantayet, “Condensation and recycle flow of liquid metal in laser 

isotope separation (LIS) chamber” Proceedings of SPLG, Paris, (2012). 

11. Jaya Mukherjee, S. Sethi, V. Dileep Kumar, and L.M. Gantayet, “Study on condensation and recycle of liquid metal 

in vacuum” Journal of Physics: Conference Series 390 (2012). 


