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Background

Fusion Blanket Coolant ….

molten salt Flibemolten salt Flibe

< disadvantage >

   High melting point (459 oC - LiF:BeF2=66:34).

   Vapor containing Be.

   High viscosity and Low thermal conductance.

                  High Prandtl number (~30)

< advantage >

   Thermal characteristics : equivalent to water.

   Low electrical conductivity.

   Low reactivity with air and water.

   Low vapor pressure.
LiF-BeF2 mole fraction (K.A.Romberger et al., 1972)
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•For developed laminar flow…

      Nu=4.36 (uniform heat flux,  Nu= hD/k )

            At the same diameter,    • k (large) -> h (large)

                                   • k (small) -> h (small)

Even in the developing laminar flow, high-Pr fluid has a
lower heat-transfer characteristics than low-Pr fluid.

q”

Flow

BAD!

•Heated near wall only… Wall temp. is raised rapidly.
               Heated area has to be short.
•Bulk temp. is scarcely raised.
               Low thermal efficiency.

Heat transfer enhancement.

Disadvantage of High-Pr fluid
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••  Laminarization Laminarization by MHD effects.by MHD effects.

•• Thermal boundary layer is within laminar  Thermal boundary layer is within laminar sublayersublayer..

Small pipe diameter (~ 0.01 [m])

If the diameter is smaller, velocity has to be higher.

ex) in case of Re=1.0x104,

 (* diameter : 0.01[m], Nu≈ 96, Tw-Tb≈ 31 C)

velocity of Flibe(550 C) : about 5.6 [m/s]

Pressure drop caused by viscosity is about 0.09 [MPa/m].

+ MHD pressure drop!

FLOW

Temp. distribution

It is necessary to enchance heat-transfer characteristics
of Flibe flow at low flow rate.

Turbulent heat transfer in High-Pr fluid flow
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Tohoku-NIFS Thermofluid loop …. TTTTNNNNTTTT loop
~Heat-transfer characteristics of molten salt flow~

Simulant for Flibe is used.
(HTS: Heat Transfer Salt)

TNT loop
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Test section at TNT loop
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< pipe >

Inner diameter : 19.5 [mm]
Thickness : 3[mm]
*Swagelok was used at connection.

• Straightener was used in order to vanish effects of secondary flow.
• Packed-bed mixing area was used to measure accurate bulk temperature of salt.

< Joule heater >
Thermal insulated area: 12.8 [Ω/m]
Heated area: 27 [Ω]
Applied voltage: Max.195 [V]
Maximum heating: 2.8 [kW]
Heat flux at inner wall:

        Max. 0.1 [MW/m2]
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Packed-bed tube

Heat transfer enhancer … Packed-bed tube

< advantage >

   Flow field (velocity boundary layer) is stirred.

   High thermal conductivity of beds will have good influences.

   Heat transfer may be enhanced at lower Re number :

i.e., lower MHD effects.

SUS Cu

9.5     4.76    5.0   [mm]
1/4 of D (inner diameter of pipe)

1/2 of D is under way.
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Experimental result

~19

~64

x 3.3

• Difference of inlet temp.       Difference of Pr number       Influence on thermofluid characteristics

300 mm

HERE

Flow
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Fig.Pump frequency vs heat transfer coefficient (at 300 mm)

Pump Freq. vs heat transfer coefficient

About 2 times
higher than
turbulent heat transfer
from the viewpoint of
pumping power.
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ReD vs Wall temperature

Fig.ReD vs ∆T (=Twall - Tinlet) : Twall … at 300 [mm] from inlet.
                                                    Tinlet … bulk temp. at inlet.

Possibility of lowering
      wall temperature.
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2D numerical simulation

From the experiment, packed bed is effective
                                      to enhance heat transfer characteristics of high Pr-number fluid.

How does it has influence on the characteristics?

2D numerical simulation was performed with a cut cell method.
(3D is under way.)
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46 Cylinders between a parallel plate

0.29d5.76d

1.005d

0.24d

0.53d

d=8.3x10-3 [m] D=9.13d

5.79d

15.79d

q" =1.0x105 [W/m2]

Tin=500 [
o
C]

Physical properties of Flibe were used.
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Result of 46 Cylinders

Red=133.2, ReD=1216.0

vorticity <=> temperature
Large vorticity = rotating flow

vertical-direction velocity 
                          t o the heated wall

Fig.  Flow structure near wall
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24 Cylinders & 48 Cylinders
Thermofluid simulation with 24 and 48 Cylinders were performed about square arrangement:

0.29d5.76d

0.24d

0.53d d=8.3x10-3 [m]

D=9.13d

5.79d

15.79d

q" =1.0x105 [W/m2]

: There aren’t cylinders in case of 24 Cylinders.
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Local Nu & temperature at wall

x/d=15.5

       Bad influences of wake
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Pressure drop vs Local Nu number

At x/d = 13.9

q"
HERE

5 or 6 cylinders
in line
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Bulk temperature at outlet

The bulk temperature at outlet with cylinders is higher than that of turbulent flow.
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• Packed-bed tube is effective to enhance heat transfer characteristics of high-Pr fluid.

• The effectiveness of packed bed is different with Pr number.

• The enhancing rate at low Re number is higher than that at high Re number.

• From the viewpoint of the wall temperature,
   packed-bed enhancement is superior to turbulent heat transfer enhancement.

• The heat-transfer characteristics of Flibe can be improved with arrayed cylinders
  in laminar flow. 

• The heat-transfer coefficient has the correlation with the vorticity near a heated wall.

• A staggered arrangement of cylinders is superior to a square arrangement.

• From the viewpoint of the efficiency for fusion reactor, the effectivity of arrayed 
 cylinders or packed bed is high because the outlet bulk temperature of those is 
 higher than that of turbulent flow. 

Summary

EXPERIMENT

NUMERICAL SIMULATION
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Visualization and quantitative turbulence measurements for Flibe simulant
  ! FLI-HY-closed loop @ UCLAFLI-HY-closed loop @ UCLA : KOH circulating loop : KOH circulating loop
" The same parameter ranges and geometry as TNT loop (Re, Pr)

" Clarification of its thermofluid structure (flow and temperature fields)
   (with/without Magnetic field)

" Comparison with numerical simulation of Flibe Simulant (Magnetic field)
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<Plan of TNT loop>

• d=1/2D : Effect of particle diameter (SUS) 
• d=1/4D & 1/2D (SUS and Cu) : Repacking.

• d=1/2D or 1/4D : Effect of thermal conductivity
 (Zirconia is planned to be used).

+ Repacking

 twisted-tape inserted tube

< at UCLA > --- JUPITERJUPITER  project (Task 1-1-B) project (Task 1-1-B)

Future work
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KOH

HTS
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<Simulation>

Prandtl number

3D numerical simulation
 is under way

Duct flow with cylinders
&

Duct flow with packed bed
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