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Abstract  
Formation of droplet of liquid Li-17Pb released from a nozzle into vacuum was studied for the evaluation of the 
feasibility as a tritium extraction process.  Size of droplets formed from the nozzles was estimated by theoretical and 
experimental methods.  For the theoretical estimation, the non-dimensional comparison of the physical bulk property 
of liquid Pb-17Li with water(H2O) at ambient temperature was applied.  It was found to be reasonable to apply the 
Plateau-Rayleigh-Instability theory for the droplet size formula of the fluid Pb-17Li for the nozzle diameter 0.4mm to 
1.0mm, temperature 400°C to 500°C, at initial velocity of 3m per second.  The experimental results of the droplet size 
showed good agreement with the theory.  This device was used for the parametric study of extraction of deuterium 
during their free fall in vacuum.  The scaling of the device suggests the engineering feasibility of the process. 
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1 Introduction 
Authors have proposed a concept of high temperature liquid Pb-17Li blanket and a process for recovery of tritium to be 
extracted from liquid droplets by diffusion in a vacuum-sieve-tray as depicted in Fig.1 for example.  The ratio of 
tritium which is released from a sphere droplet under diffusion limited condition as a function of time is described as 
the equation below.  [1]  
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Here t  is diffusion time [sec];  a  is radius of a droplet [m];  D   is diffusion coefficient [m2/sec] 
It is easily seen that the radius of a droplet a  plays a pivotal role contributing to the tritium extraction.  In due course 

the formula which explicates the radius of a droplet by its nozzle is a key tool for the basic design of vacuum-sieve-tray.  
Yamamoto et al. [2] has reported an experimental result of liquid Pb-17Li droplet formation and observed its radius is 
0.9mm by a nozzle of 1.0mm diameter.  Succeeding this work, this study intends to deduce a formula which describes 
the relationship between a droplet size and the radius of nozzle of liquid Pb-17Li and compare with experiment.  Also 
the deuterium gas extraction was performed.  
 

2 Theory 
2.1  Modeling of a droplet formation and governing equation 
The theory for water droplet [3] is based on the assumption that the undulation of the surface of liquid column is 
symmetrical to the z-axis and is described as 

 cosr a kz   (1.2) 
Here as illustrated in Fig.2,  

k  is wave-number defined by using wavelength   [m]  as  2k 
  [1/m] 

a  is original liquid column radius  [m]. 
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  is amplitude of the surface undulation [m]  at time t  [sec] which is defined by using growth rate q  [1/sec] and 

initial amplitude 0a  [m] as  

 0
q ta e   (1.3) 

And the deformation of liquid column is assumed to follow the surface energy minimizing condition.  This condition is 
described by using a classic variational principle theory, namely Lagrange-Equation, as 

 0
L d L

q dt q

  
    

 (1.4) 

Here L T U   and T mean the kinetic energy and U is the potential energy respectively. 

The potential energy of unstable column U with a wave number k  is described by the difference of surface area and 
surface tension as 
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Here   is surface tension [N/m]   0s s  is difference of surface area [m2]  between original cylindrical 

column and unstable column.  Mathematical deduction detail is described in the Appendix-A. 

The kinetic energy T  is described as below by using the radial velocity potential   which is derived from a 

non-compressible continuity condition.  Mathematical deduction detail is described in the Appendix B. 
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Here   is density [Kg/m3], 0 1I I  are modified Bessel’s equation of zero and first order.  [6]   

By merging these results into equation and using a boundary condition, finally growth rate of the instability q  is 

expressed as a function of only ka  and has a real value under the condition 1 0ka  . 
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2.2  Evolution of the unique wavelength and a droplet formation 

The growth rate of the instability 

3

q

a



 written as a function of ka  is shown in Fig.3.  It is seen that the growth 

rate q  has a maximum at 0.697ka     be maximum 
3

0.343q
a




  then characteristic wavelength 1  is 

calculated as  

 1

2 2
9.0

0.697

a
a

k

      (1.8)  

This result shows that a wave of liquid column of one unique wavelength overwhelms the various surface undulations 
and finally grows up to form droplets.  By this mechanism, the droplet size is calculated from the equal volume of one 

droplet and one wave-length 1  liquid column, i.e.  3 2 3
1

1
9.0

6 dropletd a a     .  
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Then droplet size is expressed by using a nozzle diameter 0 2D a  as a formula below.  
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The characteristic time-constant of the growth of the instability grt  is calculated by inversing the growth rate q  as 

 3
1 1 0.343grt q a




 
   

 
   [sec] (1.10) 

and in case of Pb-17Li at 400°C it is 4.8msec. 
 
2.3  Verification of the theory applied for the liquid metal 
Non-dimensional normal direction stress equilibrium equation between droplet and vacuum ambience is express as  

 
1 2 1

' ' '
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dp z
Fr We

       n E' n n  (1.11) 

Here ch chRe U L   is “Reynolds number” , 

  2

ch chFr U gL  is “Froude number” represents Inertia vs. Gravity 

  2

ch chWe U L   is “Weber number” represents Inertia vs. Surface tension. 

Comparison of these three characteristic parameters is shown in Table 1.  It shows that liquid Pb-17Li at the 
temperature of 400°C to 500°C is in surface tension dominating phase and belongs to the same regime with that of 
water at 20°C.  Then it is reasonable to presume both materials show similar behavior at temperature above mentioned 
so the equation for water droplet is applicable also for the liquid Pb-17Li droplet analysis.  All bulk properties used for 
calculation is summarized in Table 1.  [8] 
 
2.4  Effective range of the formula 
The largest length considered by the above equations is defined as Froude number equals with Weber number and it is 
described as  

 chXL
g




     [m] (1.12) 

In case of Pb-17Li at 400°C the critical length is calculated as 2.2mm and in case of water at 20°C it is 2.7mm. 
 

3 Experimental 
3.1  Experimental setup 
A schematic of experimental setup is shown in Fig.4 and in Fig.5.  It is consisted of a reservoir, nozzles with various 
radii, sight windows, diffusion chamber, gas accumulation pump, vacuum pump and instruments. 
Sizes are: the upper reservoir of ϕ150mm x100mm h, four nozzles with diameter from ϕ 0.4mm to ϕ 1.0mm, the lower 
diffusion-chamber of ϕ150mm x500mm h with observation windows.  Deuterium and argon gas are supplied for the 
diffusion measurement.  The nozzle is formed by drilling and finished for the Pb-17Li droplet and for the water 
formed injection needles were used.  Chambers and nozzles were kept in temperature from 300°C to 500°C. 
Diameter of the droplet was estimated from volumetric average and compared with photo.  The volume of the dropped 
liquid was measured from a pressure difference in the upper chamber with the digital manometer-1 in Fig.4.  Total 
number of droplets are measured by the high speed movie system VW-9000 of Keyence (4000 frames per sec.).  
Average diameter is calculated as it is a sphere shape, and its size variation and deviation from the sphere were observed 
from the photo images. 
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4 Results and considerations 
4.1  Observation of Pb-17Li liquid droplet formation 
As shown in Fig.6, it was observed that the liquid Pb-17Li at 400°C drawn from the nozzle made a liquid column at 
first then only unique wavelength overwhelms the column surface and finally formed same size droplets.  This 
complies with the theoretical analysis result.  
 
4.2  Measurement of droplet shape 
Measured diameters of droplets along X and Y axis are shown in Fig.7 and Fig.8.  The droplet shape was roughly 
sphere and the sphericity defined as X/Y ranged from 0.7 to 1.3 considered to be caused by a vibrating motion. 
 
4.3  Comparison with the theory 
The measured droplet diameter of Pb-17Li at 400°C as a function of nozzle diameter, also droplet diameter of water at 
20°C are shown in Fig.9.  In case of water, theoretical formula well describes the experimental result. 
In case of Pb-17Li, droplet diameter also agreed with the formula in a limited size region.  At the nozzle diameter of 
1.0mm resultant droplet size deviates 5% from the theoretical value to the smaller side and it is presumed due to the 
influence of the effective range of this formula which is described by the equation(1.12).  This result suggests that it 
can be used for the control of the size of liquid metal droplet by using prescribed nozzle size from which metal is 
extruded. 
 
4.4  Extraction of the deuterium gas from the Pb-17Li droplet  
The release of absorbed deuterium gas from liquid droplets of Pb-17Li was measured with a Φ1.0mm nozzle.  
Deuterium gas was dissolved in the liquid Pb-17Li in the upper chamber before the run of each experiment and time for 
equilibration was set to satisfy the long enough time for diffusion .  Released deuterium from the droplets was 
collected with a vacuum pump.  Dissolved amount was also estimated from the previously reported data [9] as follows, 
and plotted in a chart. 
Solubility;  KS = 2.8x10-7 exp (-1.54x104 / RT)  [at. frac. / Pa1/2]  by P. Calderoni  
Diffusivity; D= 4.0x10-8 exp (-1.95x104 / RT)   [m2/sec]    by F. Reiter   
 Fig.10 shows the amount of recovered deuterium as the function of loading pressure and release temperature.  The 
amount of recovered gas showed the square root relationship with the dissolution pressure.  This result suggests that 
the dissolution of deuterium in the LiPb, if the majority was recovered as expected, is in the dissociated form. Amount 
of the recovered deuterium was one order different with the reference calculation under the assumption of diffusion 
controlled release.  This suggests the possibility of different mechanism of deuterium transportation in the liquid metal 
droplet. 
 
4. 5 Feasibility of vacuum-sieve-tray 
Based on the above results, the extraction ratio of deuterium by multi-stack vacuum-sieve-tray is evaluated by formula 
(1.1) under following design configuration.  
 Nozzle;  Φ0.5mm I.D. x 1.2x106 nozzles with 4mm pitch initial flow velocity 3m/sec 
 Sieve-tray;  Φ4.9m x h1m x number of stack 
 Temperature; 400°C, 425°C, 450°C , 500°C 
 Diffusivity coefficients; by F. Reiter D= 4.0x10-8 exp (-1.95x104 /RT)  [m2/sec]; 
Fig.11 shows the recovery ratio of deuterium from vacuum sieve tray and it depends on the liquid temperature and 
diffusivity coefficients and expected to be designed to satisfy the requirements for the tritium recovery in the blanket 
system. 
 

5 Conclusion 
  The formula to express the diameter of liquid Pb-17Li droplet is theoretically deduced by applying a surface 

minimizing theory.  Under surface tension dominating regime, it is described only by using the nozzle diameter as

 01.89dropletd D .  Here 0D  means a nozzle diameter [m]. 
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This formula was compared with the experimental results and it described the size of droplet Pb-17Li well.  This result 
can be used for the vacuum-sieve-tray design by controlling the size of droplets in it.   
 The extraction of deuterium gas in a vacuum from droplets of liquid Pb-17Li was tested.  The recovery of the 
deuterium suggested that it complied with the solution and release process but the amount of gas was one order different 
anticipated from the previously reported solubility and diffusivity.  However the results suggest the feasibility of the 
tritium extraction from liquid metal using vacuum-sieve-tray.  The diffusion mechanism that was not measured in this 
experiment will need further study. 
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Appendix A Difference of undulating surface area 
Surface area of undulating column per length is 
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Volume of undulating column per length is  

 
2

2 2

0 2unv r dz a
 


 

   
 

  then 
2

1
4

un

un

v
a

v




 
 

 
      (AA2) 

By AA1 and AA2 the difference of surface area per unit length  0s s  is described as  
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Appendix B  kinetic energy by velocity potential 

Velocity potential   is defined as v    then kinetic energy T  is described as  

   21 1

2 2V V

T v dV dV          (AB1)  and by using Green’s first identity (AB1) is modified  

   1 1 1
2 2

2 2 2V S
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Due to continuity condition 2 0      is described as  0J cosA ikr kz       (AB3)  

here  0J x  is Bessel function of order zero. By AB2 and AB3 finally kinetic energy T is described 

 
 

2
02

0

I1

2 I

ka
T a

ka ka







  here  0I x  is modified Bessel function or order zero. 
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Fig.1 Vacuum-sieve-tray image  
 
 

 
Fig.2 Coordinate system and notation diagram of droplet formation 
 
 

 
Fig.3 Growth rate q normalized vs. wave-number ka 
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Fig.4 Schematic diagram of the experimental setup 
 
 

 
 
Fig.5 Whole view of the experimental setup 
 
 
 

 
Fig.6 Liquid column and droplets by 1.0mm dia. nozzle in a vacuum sieve tray 
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Fig.7 Droplets by 0.6mm nozzle 
 
 
 

 

Fig.8 XY deviation of droplet diameter 
 
 

 

 
Fig.9 Experimental result of droplet diameter vs. liquid column 
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Fig.10 Experimental result of D2 release gas as a function of soluble pressure 
 

 

Fig.11 Total extraction ratio as a function of stacks 
 
 

Tables 
Table 1 Comparison table of the normalized numbers   

 

Density Viscosity 
Surface 
tension 

Temperature Velocity Length 
Reynolds 
number 

Froude 
number 

Weber 
number 

      T  U  L  Re  Fr  We  

3Kg m  
2secN m  N m  Celsius  secm  m  UL

  
2U

gL
 

2U L


H2O 1.0x103 1.0x10-3 0.7x10-1  20 3 1.0x10-3 3.0x103 9.2x102 1.3x102 

Pb-17Li 9.7x103 1.5x10-3 4.5x10-1 400 3 1.0x10-3 1.9x104 9.2x102 2.0x102 

Pb-17Li 9.6x103 1.2x10-3 4.4x10-1 500 3 1.0x10-3 2.5x104 9.2x102 2.0x102 

 


