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SWIRL CONCEPT
FOR FRC CONFIGURATION

* The vacuum boundary is protected by a  thick fast moving layer of liquid, typically more than 50 cm at 8 to

   12 m/s rotational and at 10-12 m/s axial velocity.

* The liquid layer is injected at one of the circular vacuum chamber from an swirl flow generating intake

    with an axial and azimuthal velocity components.

* Liquid layer adheres to the circular vacuum structure by means of centrifugal acceleration (>~ 3.2 g) as a

   result of its high velocity (> 8 m/s) and small radius of curvature(< 2 m).

* Liquid layer is collected at the other end of the circular vacuum chamber with an diverging conical vacuum

   boundary structure and a flow divertor section.

* Number of rotations a fluid particle makes during its travel between the inlet and outlet is ~1.



INTRODUCTION



ADVANTAGES OF SWIRL CONCEPT

* The hydrodynamic characteristics of the swirl concept is less sensitive to the axial inlet velocity.

   The axial inlet velocity can be varied independently to vary the mass flow rate into the reactor.

   (Minimum axial inlet velocity value is limited by the fluid surface temperature rise.)

* An inherent stratification in the fluid forms due to the high centrifugal acceleration term that

   results a possibility of easy separation of the hot fluid (from the surface) than the colder one at

   the outlet to increase the thermal efficiency.

* No structure is required in the chamber for liquid flow regulation.

* Easy maintenance (no ducts or components in the center section other than diagnostic and

   antenna ports.)



FRC GEOMETRY
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 Major Constraints For Preliminary Design Study:

* Liquid Blanket Thickness (not less than 45 cm…..)

* High Velocity at the Liquid Blanket Surface Facing

   to the Plasma (10 m/s).

* Liquid Surface (facing to the plasma) Displacements

   (+/- 2 cm).

* No Liquid Splash/Drip to the Plasma.

Design Variables For Preliminary Design Study:

* Axial Inlet Velocity (z-direction)

* Azimuthal Inlet Velocity (theta-direction)

* Liquid Blanket Thickness.

* Variation in the Radius of Cylindrical Flow

   Section.

* Lengths and Slopes of Inlet/Outlet

  Converging/Diverging Sections.

* Intake Design.
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HORIZONTALLY POSITIONED FRC

 * Minimum required azimuthal velocity for the liquid blanket to rotate without falling from the top section

    is function of radius of FRC cylindrical flow section  and the desired liquid blanket thickness.

 * The relationship for the minimum required liquid blanket thickness can be derived by assuming a fully

   developed potential flow in the azimuthal direction.
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Force per unit length due to centripetal acceleration

Force per unit length due to gravitational acceleration

For a       in the neighborhood of 900, the force balance requires

 the minimum condition for the rotating fluid not to fall down.
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SWIRL DESIGN PROGRESS
 DESIGN HIGHLIGTHS OF SWIRL CONCEPT FOR FRC CONFINEMENT CONFIGURATION

FRC Confinement Configuration Design and Preliminary Swirl Concept Operating Parameters.

FRC (I)    :    Base Design

FRC (II)  :     Larger Gap For Possible
                      Antenna Accommodation
                   
FRC (III) :     0.4 m Liquid Layer Depth

*Required pumping power for swirl

  concept in FRC confinement

  configuration for liquid wall

  thickness ~ .5 m is < 10 MW.

FRC (I) FRC (II) FRC (III)
Plasma Radius (m) 1. 1. 1.
Gap (m) .1 1.5 .1
Vacuum Chamber Radius (m) 1.6 3.0 1.5
Total First Wall Area (m2) 55.3 125.6 55.3
Average Axial Velocity (m/s) 10.0 10.0 10.0
Average Azimuthal Velocity (m/s) 10.0 15.0 10.0
Liquid Wall Thickness (m) .5 .5 .4
Average Flow Area (m2) 4.24 8.64 3.27
Volumetric Flow Rate  (m3/s) 42.4 86.4 32.7
Mass Flow Rate (kg/s) 8.32 104 1.69 105 6.42 104

Fusion Power (MW) 2400. 2400. 2400.
Average Wall Load (MW/m2) 34.7 15.28 34.7
Total Pumping Power (MW) 8.32 27.4 6.42
Average Temperature Rise (K) 12.54 6.17 16.25



SWIRL DESIGN PROGRESS

CENTER SECTION
* Hydrodynamic characteristics of the flow has been analytically analyzed.
* 2-D Linear Stability analysis has been performed using potential flow theory.
*  Flow3-D results (on planes perpendicular to axial flow direction) have been verified.
* A port design has been implemented, the concerns related to the port are addressed, a systematic solution
   have been outlined (Ongoing study)

OUTLET SECTION
* An outlet section that eliminates the propagation
   of the downstream  perturbations to the upstream
   has been designed
* Locations for pellet injectors have been utilized.

INLET SECTION
* Several proposed inlet designs are
   currently under investigation.



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

* Previous experimental results suggest that, flow in a

   curved duct has three mechanism that effects its stability.

1. Concave boundary layer, d(Ur)/dr < 0, unstable, radial

     mixing is enhanced.

 2. Free stream, irrotational, d(Ur)/dr=0, neutrally stable.

 3. Convex boundary layer, d((Ur)/dr > 0, stable, radial mixing is

     suppressed.

* The previous experimental results suggest that the  azimuthal velocity profile in the free stream region of a

   flow over a concave surface can be expressed as irrotational flow.

R

* A 2-D (r-theta) linear stability analysis has been using irrotational velocity profile and modeling surface

   tension, varying gravitational acceleration and the centrifugal acceleration term using method of normal

   modes for swirl flow. Assumptions:

- The boundary layer thickness is small compared to the free stream thickness for such a high Reynolds

   number flow (Re> 800,000)

 - Only azimuthal velocity component have been taken into account as an initial step.

- An initial infinitely small perturbation is introduced for surface displacement and velocity potential.
stike += θφζφζ )̂,̂(',



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS
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* The fully-developed potential flow in cylindrical geometry is used. The
    velocity profile in the liquid lithium jet can be expressed as,

* The velocity potential can be expressed as a function of θ such that,
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Boundary Conditions:

The boundary condition of zero velocity in the r- direction,
at the wetted side of the back plate (r=R1).

The fluid particles at the interface must move with the
interface. Therefore, the vertical velocity at the interface
can be given by the substantial derivative of the surface
elevation (Lamb, 1960) as:



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS
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*  Laplacian of the velocity potential should be zero.

* The pressure equilibrium at the surface streamline can be expressed using
   Bernoulli Equation,
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* The surface elevation is a function of ,
   the pressure term for the streamline on
   the liquid lithium jet surface can be
   expressed as,



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

Modeling of Centrifugal Acceleration Term:
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Modeling of Gravitational Acceleration Term:
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* The sets of partial differential equation with constant coefficients independent of time and .  This
   permits the method of normal modes to be used where small arbitrary perturbations of the form,

stike += θφζφζ )ˆ,ˆ(',



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS
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* Linearization is performed by combining the steady-state and the perturbed parts of the velocity
   potential and neglecting the higher order perturbed velocity potential terms.

Linearized set of system equations
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SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

* Linearization is performed by combining the steady-state and the perturbed parts of the velocity
potential and neglecting the higher order perturbed velocity potential terms.

Coefficient of time exponential expression of perturbations 
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Always Positive

High Velocity liquid layer is stable when gravitational acceleration, centripetal acceleration and 
surface tension is taken into account for 
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be more than gravitational acceleration for liquid
layer to adhere to the wall.

* Gravitational acceleration has stabilizing and destabilizing effect on the flow depending on the
   direction of the flow with resect to direction of the gravitational acceleration.
* Surface tension has stabilizing effect for high wave number (short wave wavelength) as expected.
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2-D computational analyses performed by Sergey:

confirms the of Flow 3D results as well as the

analytical derivations presented in the last meeting.

U  = 10.0 m/s
R=2.0 m
h0=0.5 m

Re=7.89 105

Fr=29.35
h0/R=0.25
α0=0°
∆α=340°

α∆

The Pressure at the wall along the arc-length of the
2 m radius circular wall starting from top for 340
degree azimuthal angle.

The Flow height at the wall along the arc-length
of the 2 m radius of circular wall starting from
top for 340 degree azimuthal angle.
.



SWIRL DESIGN PROGRESS - AN EXIT DESIGN FOR FRC

* The outlet section is designed to

    loose its kinetic energy in a ~ 113 m3

    annular tank and fall from the sides

    of the inner tube by gravity to a

    collection tank.

* The swirling flow is designed to be leave

    the FRC core by a diverging conical outlet

    section (7.5 o) through a radial opening.

IMPORTANTCONSIDERATIONS

* The fluid leaving the core should fill the

    passage between the FRC core and outlet

    section to eliminate the transfer of vapor,

    droplets when the fluid is losing its kinetic

    energy in the tank.

*  Noise, vibration and erosion should all be

    minimized.



SWIRL DESIGN PROGRESS
PORTS: ISSUES TO BE ADDRESSED

STAGNATION
-Minimizes the cooling of the front section of the port.
-Discharges fluid towards the plasma.

FLUID LEVEL RISE SURROUNDINDG THE FRONT SIDE OF
THE PORT
- There exits a stream of fluid rising on sides surrounding the
   port due to the obstruction of flow path

WAKE FORMATION
- The wake formation at the end section of the port as a result
   of deflection of streamlines by the port structure.

SPLASH OF THE FLUID AND DROPLET EJECTIONS
 - Droplets may be generated and ejected into the plasma as
   the high velocity liquid layer hits the front section of the
    port.

Preliminary 3-D hydrodynamic analysis showed the
following issues as a design concern for port inserts in
liquid walls.
(Preliminary analysis was performed for a vertical
flowing liquid layer of 5 cm thick  and a  .9 m long, 0.2 m
wide elliptic port shape.



SWIRL DESIGN PROGRESS
PORTS: SUGGESTED REMEDIES FOR PORT ISSUES

PASSIVE REMEDIES FOR PORT ISSUES FOR:
STAGNATION & FLUID LEVEL RISE BY THE PORT

- Using a sharp edge at the front section of the may minimize
  the stagnation and may minimize the problems.

- A gradually inserted front section of the port below the fluid
  layer may divert the liquid flow streamlines from the lower
  level and before flow reaches to port. This may minimize the
  ejection of the fluid at the front section of the port and the
  sudden level rise.

WAKE FORMATION

- Installing flow divertors (fins that have similar shapes of
   ports) below the fluid level at upstream locations of the
   port may help to divert the flow gradually before the
  fluid reaches to the front section of the ports.

- Placing grooves on the plane along the side walls of the port
  that may accommodate the fluid level rise and divert the flow
  towards to the wake region and minimizes the wake
  formation.

Groove



SWIRL DESIGN PROGRESS
PORTS: SUGGESTED REMEDIES FOR PORT ISSUES

- Using a concave surface will generate a pressure gradient across

  the fluid and centrifugal acceleration will push the fluid towards

  the back wall.

ACTIVE REMEDIES FOR PORT ISSUES

PASSIVE REMEDIES FOR PORT ISSUES (Cont’d)

  - Generating a nozzle system at the end section of the port to wet the

    section of the wall that may have been un-wetted due to wake

    formation.

  - Using a suction mechanism at the front and sides of the port

     structure to  minimize the deflection of the flow and fluid level rise.
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SWIRL DESIGN PROGRESS
PORTS: PRELIMINARY ANALYSIS (I)

V y  = 8 m/s

Dist.  From Fluid Surface: .23 m

Dist. From Fluid Surface: - 0.018 m

Dist. From Fluid Surface: 0.028 m

Initial Fluid Height  = 0.05  m
Port  Height              = 0.05  m
Port Shape                = Ellipse (a=.1 m, b=.45 m)
Initial Velocity         = V y  = 8 m/s
No gravitational acceleration in any direction. 
Max Fluid Displacement : .23 m



SWIRL DESIGN PROGRESS
PORTS: PRELIMINARY ANALYSIS (II)

Dist. From Fluid Surface: -0.018 m

Acceleration perpendicular to the flow direction (towards back plate) V2/R=18.2 m/s2 for R=3.5 m

V y  = 8 m/s

Dist. From Fluid
Surface: - 0.045 m

Dist.  From Fluid Surface: .10 m

Initial Fluid Height  = 0.05  m
Port  Height              = 0.05  m
Port Shape                = Ellipse (a=.1 m, b=.45 m)
Initial Velocity         = V y  = 8 m/s
Gravitational acceleration is in the flow direction



SWIRL DESIGN PROGRESS
PORTS: PRELIMINARY ANALYSIS (III)

Dist. From Fluid Surface: 0.028 mDist.  From Fluid Surface: .19 m

V y  = 8 m/s

Dist. From Fluid
Surface: - 0.028 m

Initial Fluid Height  = 0.05  m
Port  Height              = 0.05  m
Port Shape                = Ellipse (a=.1 m, b=.45 m)
Initial Velocity         = V y  = 8 m/s
No gravitational acceleration in any direction.
Max Fluid Displacement : .205 m



SWIRL DESIGN PROGRESS
PORTS: PRELIMINARY ANALYSIS (IV)

Dist. From Fluid Surface: -0.067
m

V y  = 8 m/s

Initial Fluid Height  = 0.05  m
Port  Height              = 0.05  m
Port Shape                = Ellipse (a=.1 m, b=.45 m)
Initial Velocity         = V y  = 8 m/s
No gravitational acceleration in any direction.
Max Fluid Displacement : .068 m

Dist. From Fluid
Surface: - 0.036 m

Dist.  From Fluid Surface: .068m

Groove



OPTIMUM LOCATIONS OF PORTS IN CHAMBER
FOR VARIOUS CONFINEMENT CONFIGURATIONS

*  There are slight differences and inherent advantages of each liquid wall concepts for various plasma

    confinement configurations over another as a result of configuration geometry and flow type.

-  Problems arising at the front section of the port (stagnation and droplet ejection) are independent of

   type of confinement configuration.

- Optimum Port Location for FRC:

    -The bottom section perpendicular to the gravitational acceleration minimizes the ejection of

      the droplets towards the plasma

   - Maximizes the pressure field to the flow to minimize the fluid level rise along the port side wall and

      to minimize the unweted area at the wake region.

   - Modification of the contour of the circular vacuum boundary wall slightly after the flow passes the

      port by forming a slight flow contraction in the radial direction may generate a back pressure to

      eliminate the wake formation.

- Optimum Port Location for Tokamaks and ST Configurations:

    - Use of vertical wall is not suggested.

    - Increasing the wall curvature at locations where the ports are placed are recommended.

    - Lower half and close to the bottom section of the tokamak geometry  perpendicular to the

      gravitational acceleration



SWIRL DESIGN PROGRESS
PRELIMINARY RESULTS FOR PORT DESIGNS OF FRC

*  Preliminary analyses suggests that

    - there exists a wake behind the port structure.

    - the flow surface becomes disturbed.

    - the disturbed flow surface become stabilized.

*  Circular chamber wall can be modified to form a contraction in the radial direction at an axial point

    that is located some distance from the end section of the port to generate back pressure in order to

    minimize unwetted wall area.

*  An ellipse shape port of dimensions (a: .2 m , b: .4 m) is used.

*  The port is placed in the FRC chamber at an angle such that port

    centerline becomes parallel to the streamlines of the swirling flow.

* Inlet Velocity in the axial direction is used as 10 m/s and in the

   azimuthal direction is used as 10 m/s from a 2.75 m radius of conical

   inlet that is converging to a 2 m radius.



Inlet for 
Center Section

Inlet for
Outboard Section

Outlet Duct

NBI Beam
 Duct

SWIRL DESIGN PROGRESS
PRELIMINARY RESULTS FOR ST

Z-Velocity  Contour on a r-z plane at an
arbitrary azimuthal location.



SWIRL DESIGN PROGRESS
 DESIGN HIGHLIGTHS OF SWIRL CONCEPT FOR ST CONFINEMENT CONFIGURATION

ST (I) ST (II) ST (III)
Major Toroidal Radius (m) 2.896 2.896 2.896
Minor Radius (m) 1.81 1.81 1.81
Plasma Aspect Ratio 1.6 1.6 1.6
Plasma Vertical Elongation 3.69 3.69 3.69
Outboard Fluid Azimuthal Inlet Velocity (m/s) 11.0 11.0 11.0
Outboard Fluid Vertical Inlet Velocity (m/s) 4.5 4.5 4.5
Outboard Average Coolant Velocity (m/s) 10.0 10.0 10.0
Outboard Maximum Flow Area (m

2
) 9.89 9.89 9.89

Av. Outboard Liquid Wall Thickness (m) .3 .3 .3
Outboard Volumetric Flow Rate  (m

3
/s) 98.9 98.9 98.9

Outboard Mass Flow Rate (kg/s) 1.94 105 1.94 105 1.94 105

Inboard Fluid Vertical Inlet Velocity (m/s) 15.0 10.0 10.0
Inboard Maximum Flow Area (m

2
) 4.4 4.41 4.41

Av. Inboard Liquid Wall Thickness (m) .5 .5 .5
Inboard Volumetric Flow Rate (m

2
/s) 66.1 44.1 44.1

Inboard Mass Flow Rate 
 
(kg/s) 1.29 10

5
8.65 10

4
8.65 10

4

Fusion Power (MW) 3845.0 3845.0 4372.
Average Wall Load (MW/m

2
) 8.8 8.8 10.

Total Pumping Power (MW) 27.3 17.14 17.14
Average Temperature Rise (K) 5.17 8.61 9.38

*Required pumping power for swirl

  concept in ST confinement

  configuration for a outboard liquid

  wall thickness of .3 m is < 30 MW.

* Operating fluid may be recycled

   5 times for a average higher outlet

   temperature (~50 C higher) if there is

   a factor of two increase in the surface

   heat transfer coefficient.

ST Confinement Configuration Design and Preliminary Swirl Concept Operating Parameters.

ST (I) :    Base Design

ST(II) :    50 % Lower Inboard 
                Vertical Velocity

ST(III) :   Base Design with 10 MW/m2

                Neutron  Wall Loading.


