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

* Theliquid layer isinjected 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 (>~ 3.2g) asa
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 afluid particle makes during its travel between the inlet and outlet is~1.



INTRODUCTION
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ADVANTAGESOF 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 valueis limited by the fluid surface temperature rise.)

* Aninherent stratification in the fluid forms due to the high centrifugal acceleration term that
results apossibility of easy separation of the hot fluid (from the surface) than the colder one at
the outlet to increase the thermal efficiency.

* No structureis 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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| Design Variables For Preliminary Design Study:

* Axial Inlet Velocity (z-direction)
Major Constraints For Preliminary Design Study:  * Azimuthallnlet Velocity (theta-direction)
* Liquid Blanket Thickness (not less than 45 cm.....) * Liquid Blanket Thickness.
* High Velocity at the Liquid Blanket Surface Facing * Variation in the Radius of Cylindrical Flow
to the Plasma (10 m/s). Section.

* Liquid Surface (facing to the plasma) Displacements|engths and Slopes of Inlet/Outlet
(+/- 2 cm). Converging/Diverging Sections.
* No Liquid Splash/Drip to the Plasma. * Intake Design.



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 afully

developed potential flow in the azimuthal direction.
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For adé in the neighborhood of 90°, the force balance requires
C=542 m/s

Rh=2 m Rg=1
Rh=2 m Ry=15 m C=478 m/s
Rh=1 m Rs=15 m C=428 m/s

the minimum condition for the rotating fluid not to fall down.



SWIRL DESIGN PROGRESS

DESIGN HIGHLIGTHS OF SWIRL CONCEPT FOR FRC CONFINEMENT CONFIGURATION

FRC Confinement Configuration Design and Preliminary Swirl Concept Operating Parameters.

FRC (1)

FRC (II) :

FRC (I11) :

Base Design

Larger Gap For Possible
Antenna Accommodation

0.4 m Liquid Layer Depth

*Required pumping power for swirl
concept in FRC confinement
configuration for liquid wall
thickness~.5mis< 10 MW.

FRC() | FRC(I) | FRC(IN)
HaaraRadus(im) 1 1 1
Gp(Mm 1 15 1
VaouumOrabe Radus (1) 16 30 15
Tad FArs WAl Area(n) 53 156 | 3
AverapAxid Veadty (S 100 100 100
AveapAdmitd Vdadty (m9 | 100 150 100
LictidWAl Thidaess(im) 5 5 4
AvaaeHonAraa(n) 424 864 327
\durreric HovRete (mi9 04 &H4 D7
MessHowRte (kg9 310" | 1W10 | 6L10°
RaanRFona (VW) 2400, 2400, 2400,
AvaaceWA! Losd (M) A7 BB | A7
Tad Runping Fona (MW 83 214 642
Avaar TapadueRE(K) 129 617 165




SWIRL DESIGN PROGRESS

INLET SECTION OUTLET SECTION

* An outlet section that eliminates the propagation
of the downstream perturbations to the upstream
has been designed

v * Locations for pellet injectors have been utilized.

* Several proposed inlet designs are
currently under investigation.

CENTER SECTION
* Hydrodynamic characteristics of the flow has been analytically analyzed.
* 2-D Linear Stahility analysis has been performed using potentia flow theory.
* FHow3-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 sol ution
have been outlined (Ongoing study)



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

* 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.

* Previous experimental results suggest that, flow ina
curved duct has three mechanism that effectsits stability.
1. Concave boundary layer, d(Ur)/dr < O, unstable, radial
mixing is enhanced.
2. Free stream, irrotational, d(Ur)/dr=0, neutrally stable.
3. Convex boundary layer, d((Ur)/dr > 0O, stable, radial mixing is
suppressed.

* 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 thicknessis 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 initia step. _
- Aninitial infinitely small perturbation isintroduced for surface displacement and vel ocity potential .5¢(Z@élas



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

High Re, * The fully-devel oped potential flow in cylindrical geometry isused. The
Liquid Flow velocity profilein the liquid lithium jet can be expressed as,

_.. R, whereR,istheradius nominal surface position and
Vacuum U =Us== U, istheazimuthal velocity at the flow surface.

\ Mo Nominal Surface
Position * The velocity potential can be expressed as a function of 6 such that,

¢ =VinRb
Boundary Conditions:

The boundary condition of zero velocity in the r- direction, op

at the wetted side of the back plate (r=R,). \ = fo= 0, r=R.

The fluid particles at the interface must move with the

interface. Therefore, the vertical velocity at the interface o¢ _D¢ _oc +(0¢) 24 + (DC%E%
can be given by the substantial derivative of the surface oa Dt & o r 0o
elevation (Lamb, 1960) as:




SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

High Re, System Equations:

Liquid Flow
R1 * Laplacian of the velocity potential should be zero.
T Vacuum

[] 2(0 =0
&*em Nominal Surface o | |
Position * The pressure equilibrium at the surface streamline can be expressed using
Bernoulli Equation,
d¢ 1

~(09)? +—+92 C(t)
0

7\ 2
M odeling of Surface Tension:
D d(00g | 0X) * The surface elevation is afunction of 0,
\ 92 the pressure term for the streamline on
p-p+to——=0 theliquid lithium jet surface can be
/ \OV expressed as,

g K (p-p)ok L 14%
- » X p=0 _—2—2 r= Rz.
Rnita 1< dé



SWIRL DESIGN PROGRESS
LINEAR STABILITY ANALYSIS

Modeling of Centrifugal Acceleration Term: Modeling of Gravitational Acceleration Term:
A . ; u,
P - oot > w0=22 R
rdo ar 2
0 , 2
r dr R
U2
v p = ,0 >

2

* The sets of partia differential equation with constant coefficients independent of timeand 6. This
permits the method of normal modes to be used where small arbitrary perturbations of the form,

Z,(”': (Z’\iq’b)eikg-'-q



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.

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 vel ocity potential terms.

Coefficient of time exponential expression of perturbations

U.. .
O=Sik +i
S1,2 R

S

Always Positive

High Velocity liquid layer is stable when gravitational acceleration, centripetal acceleration and
surface tension is taken into account for
: U 32 ok® Always stable since centrifugal acceleration should
gsing<—+— —> L : .
, R, 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.



SWIRL DESIGN PROGRESS

2-D computational analyses performed by Sergey:
confirms the of Flow 3D results as well asthe
analytical derivations presented in the last meeting.
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0.26 —
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0.00 5.00 10.00 15.00 20.00 25.00
X-coordinate

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

U, =10.0m/s
R=2.0m
h,=0.5m

Re=7.89 10°
Fr=29.35
hy/R=0.25
0,=0°

Y Aa=340°

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



SWIRL DESIGN PROGRESS - AN EXIT DESIGN FOR FRC

[ |5; |;E “" * The swirling flow is designed to be leave
. the FRC core by a diverging conical outlet

section (7.5 ©) through aradial opening.

* The outlet section is designed to
looseits kinetic energy ina~ 113 m3
annular tank and fall from the sides
of the inner tube by gravity to a
collection tank.

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 islosing its kinetic
energy in the tank.

* Noise, vibration and erosion should all be

minimized.



SWIRL DESIGN PROGRESS
PORTS: ISSUES TO BE ADDRESSED

Preliminary 3-D hydrodynamic analysis showed the
following issues as a design concern for port insertsin
liquid walls.

(Preliminary analysiswas performed for a vertical
flowing liquid layer of 5cm thick anda .9 mlong, 0.2 m
wide elliptic port shape.

STAGNATION
-Minimizesthe 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 gjected into the plasma as
the high velocity liquid layer hits the front section of the
port.



SWIRL DESIGN PROGRESS
PORTS: SUGGESTED REMEDIES FOR PORT ISSUES

PASSIVE REMEDIESFOR PORT ISSUES FOR:
STAGNATION & FLUID LEVEL RISE BY THE PORT z\//{/
- Using a sharp edge at the front section of the may minimize —————p i \X

the stagnation and may minimize the problems. =

;;3"’

- 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 Z\ 3/
gjection of the fluid at the front section of the port and the

sudden levd rise.

WAKE FORMATION E,-»"")

- Installing flow divertors (fins that have similar shapes of

ports) below the fluid level at upstream locations of the Groov
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 e
towards to the wake region and minimizes the wake - X

formation. ¥



SWIRL DESIGN PROGRESS
PORTS: SUGGESTED REMEDIES FOR PORT ISSUES

PASSIVE REMEDIES FOR PORT ISSUES (Cont’d) \ l@ }
- Using a concave surface will generate a pressure gradient across , R \ 0.
the fluid and centrifugal acceleration will push the fluid towards Ut e—p >
the back wall. R J

ACTIVE REMEDIESFOR PORT ISSUES

- 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.



SWIRL DESIGN PROGRESS
PORTS: PRELIMINARY ANALYSIS(I)

: b4 velogit contours
z veloelty contours ¥
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Dist. From Fluid Surface: .23 m Dist. From Fluid Surface: 0.028 n
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0.0 |

S
Initial Fluid Height =0.05 m
Port Height =0.05 m 0,48
Port Shape = Ellipse (a=.1 m, b=.45m)"’ I I I I I I I I I
Initial vVeloaity =V, =8m/s 41,1000 4.9798 5.7596 §.5504 7.3402
No gravitational acceleration in any direction. ¥y

Max Fluid Displacement : .23 m Dist. From Fluid Surface: - 0.018 m



SWIRL DESIGN PROGRESS
PORTS: PRELIMINARY ANALYSIS (I

= m/Ss z velooity Contours
y b4 veloeity contours
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0.53 0.57

415 .14 5429 5.54 6. 39 6. 54
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Dist. Erom Eluid Surface: 10m DPist. From Fluid Surface: -0.018 m
z velogity contours
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Dist. From Fluid 0.0 |

Surface: - 0.045m
Z
¥ Y
Initial Fluid Height =0.05 m
Port Height =0.05 m 0.57 . . . . . . . . . .
Port Shape = Ellipse (a=.1 m, b=.45m) ' ! ' ! ' ; ' ' ' ' '
Initial Velocity =V, =8mls 4,15 4,74 5.25 . .84 6,39 6,94

Gravitational acceleration isin the flow direction
Acceleration perpendicular to the flow direction (towar ds back plate) V4/R=18.2 m/s? for R=3.5m
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PORTS. PRELIMINARY ANALYSIS (111)

V — 8 m/S 4 velocity contours g VeLOe LTy GRnEONLS
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Dist. From Fluid Surface: .19 m Dist. From Fluid Surface: 0.028 m
z velooity contours

-D|iii -i:iiﬂ -0, 466 -i|35lj -0,7233 'D'lIT.iDDD
Dist. From Fluid

Surface: - 0.028m .5 |

Initial Fluid Height = 0.05 m
Port Height =0.05 m
Port Shape = Ellipse (a=.1 m, b=.45m) iiBlE
Initial Velocity =V, =8mls
No gravitational acceleration in any direction. 4190 4,804 L 427 6,038 5. 654 7270
Max Fluid Displacement : .205m ¥
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PORTS:. PRFI IMINARY ANAILYSIS(1V)

z velocity contours

z veloeity Contours
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z velocity contours
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%y Dist. From Fluid "
v Surface: - 0.036 m °-° %

Z 1
Initial Fluid Height =0.05 m _—
Port Height =0.05 m
Port Shape = Ellipse (a=.1 m, b=.45m) i
Initial Velocity =V, =8mls I : I : : : : : |
No gravitational acceleration in any direction. §.1800 49798 5 7605 6 cEng 73402

Max Fluid Displacement : .068 m ¥



OPTIMUM LOCATIONS OF PORTSIN CHAMBER
FOR VARIOUS CONFINEMENT CONFIGURATIONS

* Therearedight differences and inherent advantages of each liquid wall conceptsfor various plasma
confinement configurations over another asaresult of configuration geometry and flow type.

- Problemsarising at the front section of the port (stagnation and droplet g ection) are independent of
type of confinement configuration.

- Optimum Port Location for FRC:

-The bottom section perpendicular to the gravitational acceler ation minimizes the g ection of
the dropletstowar ds the plasma

- Maximizesthe pressurefield 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 dightly after the flow passesthe
port by forming a slight flow contraction in theradial direction may generate a back pressureto
eliminate the wake formation.

- Optimum Port Location for Tokamaksand ST Configurations:

- Use of vertical wall is not suggested.

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

- Lower half and closeto the bottom section of the tokamak geometry perpendicular to the
gravitational acceleration



SWIRL DESIGN PROGRESS
PRELIMINARY RESUL TS FOR PORT DESIGNS OF FRC

* An dlipse 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 a2.75 m radius of conical
inlet that is converging to a2 mradius.

* 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 |ocated some distance from the end section of the port to generate back pressure in order to
minimize unwetted wall area.
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PRELIMINARY RESULTSFOR ST
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SWIRL DESIGN PROGRESS

DESIGN HIGHLIGTHS OF SWIRL CONCEPT FOR ST CONFINEMENT CONFIGURATION

ST Confinement Configuration Design and Preliminary Swirl Concept Operating Parameters.

ST (l): BaseDesign

50 % Lower Inboard
Vertical Velocity

ST :

ST(I11) : Base Design with 10 MW/m?
Neutron Wall Loading.

*Required pumping power for swirl
concept in ST confinement
configuration for a outboard liquid
wall thickness of .3 mis< 30 MW.

* Operating fluid may be recycled
5 times for a average higher outlet
temperature (~50 C higher) if thereis
afactor of two increase in the surface
heat transfer coefficient.

ST() | ST) | ST
Magar Toradd Redius(m) 28%6 | 28%6 | 28%
Minor Redius(m) 181 181 181
PaamAspstt Rio 16 16 16
Hasa Vetica Hongation 360 | 360 | 369
Qutboard Auid Azimuthdl Inlet Velodity (m's) | 110 | 110 | 110
Outboard Auid Veticd [net Vel odity (m/s) 45 | 45 45
Outhoard Average Codlart Veladity (m/s) 100 | 100 | 100
Quthoerd Maximum Flow Area () 09 | 9% | 989
Av. Outboard Liguid WAl Thickness (m) 3 3 3
Quthoard Vaumetric How Rate (m/s) B9 | B9 | RBI
Outhoard Mass How Rate (kg/S) 1910 19410 | 1410
Inboerd Aid Verttica Inet Velodty (m/s) 150 | 100 | 100
Inboerd Maximum How Area(n) 44 | Am | a4
AV. Inboard Licuid Wall Thickness(m) 5 5 5
Inboerd Vaumdtric Flow Rete (n/9) 661 | 441 | 41
Inboerd Mass How Rete (kgs) 12910°| 86510" 86510°
Fusion Poner (MW) 3450 | 3450 | 4372
AverageWAll L oad (MWInt) 88 | 88 10.
Tatd Pumping Power (MW) 273 | 1714 | 1714
Avaae Tarpaaue R (K) 517 8.61 9.38




