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The simplest approach that can be conceived for a thick liquid blanket is a
falling thick liquid film

Lithium velocity = 30 m/s
Neutron wall load = 70 MW/m2

Temperature rise per pass = 21 oC
The plasma length = 180 cm (lithium
residentce time 60 msec)
Surface temperature rise of about 38 oC

Astron Reactor by Christofilos

 The thick liquid layer:

♦ is injected at the top of the reactor
chamber with an angle tangential
to the structural wall

♦ adheres to structural wall by
means of centrifugal and inertial
forces

♦ is collected and drained at the
bottom of the reactor



Concept 1: Momentum Driven Hydrodynamics Configuration of the
Thick Flowing Liquid in ARIES-RS  (FLOW-3D Calculations)

Outboard thick
flowing liquid wall

Inboard thick
flowing liquid wall

Initial velocity = 15 m/s; initial outboard and
inboard thickness = 50 cm
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Need initial jet forming device



z-velocity components along the structural inner walls

Inlet velocity =8 m/s

t/pass = 0.9 second

Inlet velocity =15 m/s

t/pass = 0.5 second

Velocity
increases 2 times Velocity increases

by 33%

Initial thickness = 50 cm

Can be corrected
by changing the
injection angle



Concept 2- Toroidally Rotating Thick Liquid Wall
 Fluid remains attached to outer wall due to centrifugal acceleration from the

toroidal liquid velocity

• Calculated outboard inlet
velocity,
Vpoloidal = 4.5 m/s, Vtoroidal,ave

= 16.5 m/s
• Flow travelling path = 11.2

m

Radius = 5.55 m at the top
of the reactor (vs. 3 m in ST)

7.9 m

ARIES-RS

vs. 14 m in ST



Outboard thick liquid FW/blanket

At mid-plane

1 m thick

Velocity and Thickness Variations along the Poloidal and Mid-
toroidal Planes a liquid rotational flow covering the inside outboard structural surface

Z velocity



2-D velocity plot showing centrifugal forces push the fluid
attached to the wall (Flow3D concept exploration)

Thick liquid blanket interposed between plasma and wall structure

Structural wall



The above FLOW-3D (concept exploratory) calculations indicate
that (for Flibe):

q A Thick liquid wall can be formed in the ARES-RS type configuration as long as
the injected fluid carries adequate inertial momentum.

q The pumping power requirement becomes less a concern for higher and higher
power density confinement concepts.

q The major challenge is the temperature control:

• The temperature of the free liquid surface facing the plasma is the critical
parameter governing the amount of liquid that evaporates into the plasma
chamber.

• The surface temperature can be kept within the maximum allowable if the
free liquid velocity is higher than 15 m/s (heat transfer coefficient evaluated
from the heat-mass transfer analogy). The pumping power becomes high for
this velocity magnitude under APEX neutron wall load of 10 MW/m2.



Concept: Thick Liquid Metal Flowing Layer

♦ The thinning effect due to gravitational acceleration can be minimized by the drag
from the M-shape velocity profile.

♦ Initial calculation shows that a uniform thick liquid metal layer for insulated
backplate and side walls can be maintained around the plasma core at a velocity of
about 10 m/s.
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Velocity increases from 5 m/s to
10 m/s ( U > 8.1 m/s to adhere to
the wall)

5% reduction in film thickness as velocity
decreases to 9 m/s
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Parameters: 2b=1.14 m; h0=0.4 m; U0=10 m/s; R=6.7 m;
B0=11 T Liquid: lithium α0=30°; ∆α=60°

Film thickness increases by about 30% as the magnetic field increases from 8 to 11 T



Analytically critical width of the insulated channel can be estimated as:

 50   Ha for        
g

BU
W 2 avg

c >= β
ρ

σν2

To adhere to the wall:

g
R

Uavg >
2

                       Comparison of flow and channel characteristics between Lithium and
Tin-Lithium at B = 8 T

Lithium @ 400 C Tin-lithium @ 500 C

ρ (kg/m3) 495 6300
σ 3e6 1.73e6
µ (kg/m-s) 0.0004059 0.0016758
Wc at Uavg =10 m/s 1.15 m 0.1395 m
Uavg at Wc = 0.5 m NA (4.34 m/s< 8.1m/s) 35.84 m/s



GMD with Pocket- A concept as a modification to the free fall, gravity and momentum
driven liquid blanket that attempts to ensure that the first wall surface temperature
can be maintained within the maximum allowable values while achieving a high
exit temperature for a high power conversion efficiency.

♦ A fast flowing liquid in the first wall
allows for a) a very high power density
capability, and b) a renewable first
wall surface.

♦ A thick slow recirculating liquid
blanket held up by the reflector
structures behind the fast moving jet.
(liquid enters top front of pocket, spirals to center
of pocket and then toroidally)

♦ The concept appears attractive if the
turbulent heat transfer coefficient
approaches that of Dittus-Boelter’s
prediction. The optimum design has a
1 cm thick fast moving of 20 m/s jet as
the first wall (without accounting hard
x-ray penetration).

Fast flowing jet

Structural reflector

How to remove the hot liquid?

Minimum amount of
structure

Each pocket is individually fed from manifold
system



Flibe GMD with Pocket Design Case Studies
(10 MW/m2 neutron wall load, 2 MW/m2 surface heat load) ARIES –RS reactor parameters/Total fusion power = 5479.75 MW

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
FW thickness (δ, m) 0.01 0.02 0.01 0.02 0.01 0.02

Inlet velocity (m/s) 10 10 15 15 20 20
Outlet velocity (m/s) 15.448 15.448 19.116 19.116 23.18 23.18
Mass flow rate (kg/s) 13104.2 26233.2 19656.3 39349.8 26208.4 52466.4

Desired blanket Tout 650 oC 650 oC 650 oC 650 oC 650 oC 650 oC
Total FW T increase 28.11 C 14.04 C 18.74 C 9.36 C 14.05 C 7.02 C

Total Bk T increase, C 140.56 70.21 93.7 46.806 70.28 35.105
FW T inlet, oC 481.33 565.75 537.56 593.834 565.67 607.815
Reynolds No. 13148 36453 25042.7 68815 36453 91753.6

Heat transfer coeff. (1) 18926.5 18776 28798.87 24468.84 37550.6 35832.9
Heat transfer coeff. (2) 32012.5 26435 45960 43060.8 74776 62910

Heat transfer coeff. (3) 15589.17 15589.17 23386.68 23386.68 31164 31164
Τsurface− Τbulk

 (2), oC 62.475 75.65 43.52 46.45 26.75 31.79
Τsurface− Τbulk

(3), oC 128 128 85.52 85.52 64.17 64.17
Tsurface

(2), oC 571 655.44 599.8 649.64 606.46 646.68
Tsurface

(3), oC 637.44 707.79 641.82 688.74 643.89 679
Hartmann No. (12 T,δ) 12.22 28.788 13.776 32.29 14.4 32.3

Re/Ha 1075 1266 1817 2130 2532 2840
FW fluid  pumping power 1.31 MW 2.62 MW 4.422 MW 8.85 MW 10.48 MW 20.99 MW
(1) Dittus-Boelter heat transfer coefficient for channel turbulent fluid flow
(2) and (3) Reynolds analogy h calculated based on the mass transfer coefficients (2) J. Davies for turbulent restrained jets and (3) M.

Rashidi surface renewal theory



Vortex formation due to a pressure gradient along the pocket
core creates a passive mechanism for liquid removal

High Pressure
Low Pressure

Plasma Side

Liquid Removal

Blanket pocket



The pressure gradient is the driving force for removing the liquid
from the pocket

∆P~ 2000 Pa



Schematic View of “Liquid” inside the Pocket

Vortex core
Hot liquid removed from the pocket

Cold liquid injected into the pocket

Liquid escaped
from the pocket
(not yet optimized)

Plasma side



Velocity vector plots showing flow re-circulation inside the pocket as well as a
void formation at the core of the vortex

High pressure plane Low pressure plane



Primary coolant pressure comes from static head and kinetic energy



Role of Turbulent Convection in Flibe Free Surface Heat Transfer

Turbulent structure and transport mechanism at the free surface
in an open channel flow (Komori and Ueda)

q Flibe free surface temperature is dominated by the rapid
surface renewal by the turbulent eddy structures
generated either near the free surface due to temperature
gradient driven viscosity variations, or near the back wall
or nozzle surfaces by fractional shear stresses.
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MHD Impact on Flibe Turbulent Free Surface Heat Transfer
Will the large energy containing eddies be suppressed by magnetic field?

Assuming that the effect of the magnetic field on the kinetic energy (k) of turbulent motion can be
written as (A. Inoue, M. Takahashi et al.):
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10% of main stream velocity 
                  (1 m/s)

5% (= 0.5 m/s)

1 % (=0.1 m/s less energetic eddy)

Magnetic field  = 8 T

Turbulence structures generated at the liquid-
solid interface govern heat transfer and impurity
flux at liquid-plasma interface



Initial Concepts for Providing Heating and Diagnostic Penetrations

1.75 m

0.5 m (half port
width)

Elliptical shape to preserve
the streamline

Additional fluid supply will be
added on in the next iteration.

Stagnant point

Splashing


