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LINUS concept
Implosion chamber

~ 
Imploding liquid liners

20 A I R A C T  (Co,,(lno. 00 ,0...,.. .ld. II n.. ,..... ~ .d ld..,fSlp by b lork  ,,on,P~.,)

Efficient compression of low mass-density payloads by the implosion of higher ma’s-density
liquid cylinders or jJ!~ rs , as in the NRL LINUS concept for controlled thermonuclear fusion,
requires rotation of the liner material to avoid Rayleigh-Taylor instabilities at the liner-payload
Interface . Experimentally , such implosions have been demonstrated with liners formed within
rotating implosion chambers. The present work uses a scale-model experimental apparatus to
Investigate the possibility of creating liner rotation by tangential injection of the liquid liner
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~20. Abstract (Continued)

material. I)ifferent modes of behavior are obtained depending on the fluid exhaust procedures.
Right-circular , cylindrical free surfaces are achieved with axial exhaust of fluid at radii interior
to the Injection nozzles, for which the liner exhibits a combination of solid-body and free vortex
flows in different regions. Measurements allow estimates of power losses to vIscous shear, turbu-

— lence , etc. A simple model based on open-channel flow is then derived, which Is In good agreement
with experiment . and is used to extrapolate results to the scale of a possible LINUS fusIon reactor.
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GENE RATION OF A ROTATING LIQUII ) LINER BY TANGENTIAL INJE~ I1ON

I. INTRODUCTION

Plasma hea t ing  by imp loding 1 iquid liners is being investigated ,

at the Naval Research Laboratory , as an a t t r a c t i v e  concept for a

t hermonuclear fusion reactor . in the LINUS concept (1), a stable

D—T plasma is created in the cavity formed by rotating a liquid

metal cy linder or liner inside a partially filled pressure vessel.

A cy lindrical f ree  sur face  is thus formed at a radi us r 10, surround—

1mg a plasma and magnetic field. The l iner rotation must be

sufficient to prevent Ray leigh—Taylor instability of the inner

f r ee  surface of the liner during f inal compression of the plasma

and magnetic f Ield  (2 ,3). The liner is constrained on its outer

surf a c e  by a t ret ’ p iston, which can be rap idly accelerated by a high

pressure gas driver. The resulting free piston disp lacement produces

an inward radial motion r
1
(t) of the free surface, which at high

magnetic Reynolds number produces an adiabatic compression of the

magnetic field and plasma , raising the plasma temperature above

thermonuclear ignition. The resulting energetic neutrons are

captured in the l iner to raise its temperature , react with Li to

breed tritium , and protect the reactor structure from radiation

damage . This process in a reactor is typ ically repeated at a rate

of a few Hz.

A number of experiments and theoretical studies of the LINUS

concept have been performed (1, 3—7) . In all laboratory experi-

ments to date , the initial liner configuration has been created

by rotating the entire pressure vessel (implosion chamber)
Not.~ Manuscript submitted April 19 , 19 79.
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so t hat the liquid is in so il ti—b ody rotat ion when the implosion

beg ins . I t  th is  .ll lt roach is ~-arr led to the reactor  stage , rotat ion

ot t he imp los ion chamber imp i tes that a number of dii I icul t eng ineer ing

pro t) lens must be address~’d , such as design o f support hearings and

hearing lubri cant • and desi gn of a rotat  ing vacuum seal and a high

pressure se.il  f o r  the p iston gas driv e.

S imp It ’ heat hal .ince c.i icul at Ions on reactor—sized systems

pro ducing power at a level  of seve ra l  hundred ?‘1\~~t) show that a

line r vo lutweir I~’ i tow ra te  ot severa l  m3/ sec  is requ ired , and that

this must be supplied by ext  ernal pumps , direct lv coup led to  a set

of exi t  t urhines t o recover the considerable discharge kinetic energy

the liquid met .11. I t  these same pumps could he used to provide

l i n e r  rot at Ion , Lheu t h e .ibove ment I oned engineering compi i cat Ions

.tssoc tat ed with a rot at ing I nip I os Ion chamber could he avoided. A

sma ll scale expel m ont is des c r I bed here in wh icli a rot at ing liner is

reat ed by t angt ’nt I a I inject ion of I iqu i d and measurements are

made to  det ermine t he power consumed. A simple channel—f ow model

Is invoked to exp lain the power loss by turbulent shear at the

chamber vat Is , and to  est im.it o the power consumed In a react or

J~~ 1T Ii c .it i ~Tfl

I L  . ~)l-: s~~ It ’ ll  ON OF THE APPA RMIJS

In F i g .  I , a schema t Ic is shown of the  cy l i n d r i c a l  vessel or

swir l chamber ’ w i t h tangent i ,il~ iniect  Ion noz.~ los at the outer radi us

and t x  it port s mounted in the side wail . The swi r l  chamber has a

rad I us ~‘! 
r, cm and a 1 engt Ii of 6. 8 cm. Four linear tangential—
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inie ct ton nozzles are prov idcd • eac h w i th  a rectangular 0.68 cm 2

throat of dimensions 6.8 cm x 1.0 ium. The nozz i t s  art’ fed ironi a

man i fold encircling the chamber through four 1 . 76 cm hoses ,

which enter radiall y at the outer wall. The flow turns 9Q0 into

a 6.8 cm x 3 nun sett ling chamber upstream of the nozzle , and then

discharges along the outer wall.

A variety of exhaust p~rt~ are provided in the chamber. A

4 cm diameter port at the center exposes the fret’ surface to

atmospheric pressure at all times. Four sets of twin discharge

ports of 1.33 cm , are located midway between the injection nozzles

in the outer wall , (Fig. 1) perniitt Ing radial d Ist-harge flow. These

ports connect through eigh t 1.5 cm diameter hoses to a valved

manifold , permitting the flow rate t o  he controlled. Finally , a

ring of 8 ports , 1,3 cm in diameter and placed at 10 cm radius , are

located in one end wall of the chamber. These por ts  are connected

through 1.5 cm diameter hoses to  a c ommon va lved  manifold , allowing

the flow rate to be controlled.

The end wall opposite these exhaust ports is made of Plexig las

so that photographs of the swirling flow can he taken. A static

pressure gauge in the outer wall reads the rotational head of the

spinning fluid , and a pressure gauge on inlet manifo ld gives the

source pressure. The rotational speed of the free surface was

measured by seeding the flow with 3 mm diameter styrofoam balls

which floated on the surface and were then illuminated with a

variable—frequency stroboscopic li ght source.

-— - —— -~~._ -- ~~- -—-  - ~~~~~
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Ill. FLOW DESCRIPTION

The initial concept was to inject fluid tangentially and extract

it at the outer wall , so that the liquid flow interior to a thin

layer at the outer wall would approximate solid body rotation .

However , it was not possible by this method to produce a circular

free surface. Instead , the inner surface of the fluid formed a

cwisted cylinder of quasi—elli ptical cross—section whose major axis

varied in orientation by 900 from one endwall to the other. This

non—circular condition is remedied by allowing liquid to discharge

axially through the chamber end wall, until approximately 50% is

discharging radially and 50% axially. This produces a turbulent

but steady free surface of circular cross section. As the

percentage of axial discharge is increased and the radial discharge

is correspondingly decreased, the free surface remains circular

and steady. The chamber can be operated with 50 to 100% of the flow

discharging axially. The case of 100% axial discharge provides

the simplest flow pattern , so that the radial discharge at the

outer surface was reduced to zero f or the experiments.

At the maximum flow rate of 3.3 1/sec the diameter of the free

surface is 14.8 cm, which is smaller than the location of the axial

exhaust ports. This means that the fluid between the free surface

and these axial ports should nearly be in solid body rotation,

The flow pattern between the axial exhaust ports and the outer wall

is more complicated , and can be divided into two regions. In the

inner region, flow is rotational and possesses an inward radial

velocity, similar to a free vortex. In the outer region the flow

14
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is azimuthally periodic , having a high tangential velocity at the

nozzle exit , (and zero velocity at the radial exhaust ports ,

if these are in use).

IV. EXPERIMENT

With a circular free surface established in the chamber , the

following quantities were measured (Table I):

Tab le I

Total injected flow rate , QINJ
: 3.3 1/sec

Supply pressure: 2 . 4 3  atm (gauge)

Outer wall static pressure, p 0.32 atm (gauge)

Free surface pressure , p1: 0.00 atm (gauge)

Free surface radius, r1: 7.4 cm

Free surface rotational speed , W
1
: 63 radians/sec

From this data the tollowing quantities are calculated (Table II).

Table II

Nozzle throat injection velocity , VINJ . 11.3 rn/sec

Exhaus t flow velocity, y
E
: 3.5 rn/sec

Free surface rotational velocity, V~ : 4.7 rn/sec

F luid power injected, ½iiiV 
INJ~ 

212 watts

Fluid power exhausted , ½~
V2
E
: 20 watts

V. SWIRL CHAMBER FLOW_MODEL

In order to calculate the relative importance of various power

- dissipation mechanisms in the swirl chamber , a velocity distribution

consistent with the experiment must be estimated. The flow is assumed

- ~~~~ -~~~~~~~~~-



t o  be ndc ~‘en deut o t a x i a l  pos it i ott , and is d iv i Jed rad I a l i v  i i i i

t Ce ’ I t ’ ~ t e ’US .is disc to se -J at’ ov , . lii t he’ I l I ft ’ t eg ion , i us ide’ the

radius , t F’ ot t he ax i a l  exhaust duct ~- , the t adi al  v e l o c i t y  is zero.

I ow is taken t o be it s.’l Id i’o~l v r o t  at ion , wit ii the inner free

su it  .t~~e o t at  tug at ~~~. 7 fl ,’sec.  For t adi I lar~ e I than the exhaust ports

t he t ow d cv  ide’s in t o two e~ ions , the i n~ e’ i t  i’d t I u Id t o n~ .i rad I a I I v

~i in j e t  at the out t~ i w a il . .ut d iii i xc ’s turbulent 1 v w i t h  an inner ,

a.’ t nut hal lv un it  orm low wh i ii l’t’have ’ as a t ree v o r t e x ,

ihe ’ inner so l id l~ oil v a: nut t hI  V t ’ toe  i t  V

V
1
r — 

~ r ~~

whe ’ re 
~

‘ 

I 
Is the’ me’asut ed a: i nut hal t r e e  stir 1 .1cc Vt ’ 1 oe it y . Conse rv lug

.uigu l.t moment urn, V r , in the t rce VO Ft  . x I I ow g 1 Vt ’S

V V 1r ~. / r 1t r - - r 1.

t he ree v o r te x  I low nuts t now he tu i t  che’d t t ’  the’ In ject ion re’g ion .

iii is is done in a cons is t cut manner by asotun i n~ that the’ et I low

rom the t ange’nt Ia I in ec t ion not: I es expands radia l ly  Inward , such

that the mean et Vi ’ 1 oc it v eqtta is the ret’ ~‘or t cx velocity. Thus ,

it the’ ~ e’t thickness Is ~ c and the noz n it ’ width is ~r , the’ rad ins

r ~~r at which the jet and f ree  vor t ex f lows  ma t ch is defined
w

V r
= ~

, 
- ‘-s r 

~ 
= 

1 ~~- - -

IN I r _r* r r~w I

~otving for r*:



r
r* — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•--
~~---

~~~~~~~~~1+  
21 rE

and for ~r:

_____ 

V TNJ r 1 ’~r
r ~r* — r (1— —— - -- - —--—--) ‘~~ r — —

w w w V  2V
1 

r~~~r 1 r

1 r
E

For ~r — 0.1 cm , or = 0.225 cm , so r* — 12 .275  cm and V* 5.17 rn /sec.

The mean velocity on the outer wall will lie between V* and

Transition from V INJ to V* will occur over a jet length

estimated by assuming that the jet inner boundary is para llel to

stre am l ines of the free vortex f low . The radial velocity U~ is

~lNJ -— 6.26 cm/sec

The strea mline slope is S — IJ*/V* — 0.0121, from which the jet
length is L — (~~r—~ R )/ S  — 10.3 cm , corresponding to an angular tran—

s ition distance of 47.4 degrees. For a linear variation of velocity

dur ing transi t ion , the mean speed at the wall is V(r ) — 6.78 rn/sec.

The comp lete radial distribution of V can be modelled as shown in

Fig. 2 . The velocity distribution of Fig. 2 can then be integrated

to find the azimuthal flow:

Q
9 

— fhV(r)dr
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which gives — 19,3 1/sec.

V i .  POWER LOSS CALCULATIONS

the injected fluid power (Table II) is 212 watts. This power Is

distributed t o  exhaust flow power (20 watts), pressure drop at the

entrance to the exhaust duct , turbulent mixing of the jet , and urbu—

len t shear at the wall.

The exhaust duct pressure drop Is approximately equal to

for sharp—ed ged entrance , giving 
~~~ 

0. 12~ atm. The power

loss is 1 E 
= 

~~E~ INJ — 41 watts. The power loss to je t  mixing is

P.1 
— 

~ Q1N.T (VtNJ
_
~
l*)2 61 watts. The turbulent shear at the

w.ill is estimated by adopting an Open Channel Flow Model (9),

which is used to calculate the hydraulic slope required for gravity

f low ot a liquid at a given speed in an opet: duct. The hydraulic

slope is

S = ± ±
8gm

where i , the Darcey—Weisbach friction coefficient , is a function of

surtace roughness and Reynolds number , V is the mean flow velocity

in the channel , g is the acceleration of gravity and m is the

hydraulic radius , defined as flow cross sectional area divided by

the wetted perimeter. For this experiment m 2.03 cm.

Because’ the velocity V varies considerably with radius 1 we use

instead of V2 in calculating the hydraulic slope . From the velocity



distribution (Fig. 2) we get (V 2)½ 
= 5.63 rn/sec. The Reynolds

number based on (V 2)½ and m is Re = 11,500, which for a relative

roughness of .002 gives f = .033 (9). Thus the hydraulic slope is

S .669. The equivalent pressure drop over the channel length £

is L~p9 
= pg’t’S, where ~ is taken as the circumference at the mean

channel radius. The calculated value is L~ 9 
= .0412 atm. The power

dissipated in wall shear is thus calculated to be P9 = Q9
Ap9 

= 80 watts.

The calculated power loss mechanisms are shown in Table III:

Table III

Calculated Power Losses in the Swirl Chamber

Exhaust Flow Power 20 watts

Exhaust Duct Pressure
Drop 41 watts

Turbulent Jet Mixing 62 watts

Wall Shear Loss 80 watts

Calculated Loss: 2~ 3 watts

Measured PINJ : 212 watts

The calculated loss accounts for the measured power input

to within 4%, which must be regarded as good agreement considering

the approximate character of the model used. For example, the open

channel flow model underestimates the dissipation at the outer

radius, where the velocity is considerably higher than the mean

value of V used in the calculations.

Extrapolation to LINUS Fusion Reactors

In the case of a LINUS fusion reactor system (8), the initial H

9
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Inne’ r sur t a t ’ .’ rail tus and t angent t a l  speed wou Eel he about one mete r and

20 In/sec . respect  i ye Iv , using a l iner ol 1 ca d— I Ii: I urn a l loy  at about

700—8 00°K, (
~ ~ 1 O

”
~ kg/ni 5. Wit ii Ii xed I low geonict iv  (and t lie’ same

r e t  at I ye’ roughness t ;ic t or 01 0.002) t lie’ power losses in a re.ic t or—

size’ svst cm can be’ sea led I rum th e’ p resent swirl chiainbe’r expcr Iment

as shown In Table IV

lab  Ii’ IV

S e t  It’d l:st imat i ’s ot Power Losses iii l I N U S  Reac to r

t-lxIi.uis t l)uct I’ re’ssure l)rup 6. 9 MW

t urbu lent .It’t Mix ing 10. 5 MW

Wa ii Slit’ a r Loss 9. 4 MW

lot a I Loss 27 MW

Vor .i L INUS I us ton react or se ’enar Eu (as di si t issed in Ret. 8) , w i t h

.i t lit’rrnonuc le ’,it~ energy ga in re I at lye to  total energy of I. ~ , and a

pe’ak opera t ing nagni t Ic I i ci d ot 0. ~ MC , a rnodei It ’ bast ’el on a si nip 1 e

sea l c—up ot th e swirl chamber won Id prov I t ie ’ about 2 16 ~.l ot thie’ rna 1

cue rgv or about 12 ~I.I o I ci ect  :‘ t e a l  energy each shot . In order for

t he f low l owe’ r I OSSL ’s to be 1 e’ss than t en percent o I the’ ci e’c t i  I c a  I

out put ut t hi’ rt ’.Ict or , th e’ imp losion repe t It Ion rate must exceed

I. 7 li.~. The’ net e le’et r I c.i I powe’r per module won 1(1 then be about

240 MW. Uncle’ r I. best same’ &‘ontl it ions , the’ vol time I low rat t’ o I lint’ r

mate’ r I a I for .i mean t .‘mperat nrc excurs ion ot 100°C Is 4. 5 m 1
/st ’c

compared to a s e a l e d— ip m cct ion I I ow rate ’ of 2 . 7 in / sec to  prov ide’

l iner rot at Ion. Thus , power losses and turbulence’ leve l s asso~’ tat  i’ t~

wIth l iner e i reu  1 at ton to li m i t the t emperat nrc excursion o I the

:i~0
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liner material can be comparable to those incurred in using tangential

injection to create liner rotation. Separate study (10) has indicated

that fluid-bearing losses involved in rotating the entire implosion

chamber are comparable to those estimated for the tangential inj ection

approach. Thus , cons iderable gain in simplicity of LINUS reactor

operation may be possible without incurring significantly worse

performance by use of tangential fluid injection to form the rotating

liquid liner.

VU. CONCLUSI ONS

Experimental tests with the swirl chamber demonstrate the formation

of rotating liquid liners by tangential injection of fluid. Cylindrical

inner surfaces with satisfactory circularity and axial uniformity are

achieved with tangential injection at the outer radius of the chamber

and substantial ~~5O%) extraction of the fluid mass flow at inner radii

through ports in the sidewalls. A model of the azimuthal and radial

fluid velocity distributions provides a reasonable basis for estimates

of power losses in terms of an open—channel shear flow and turbulent

entrance and exit conditions. The calculated power loss is in good

agreement with experimental measurement lending credence to the flow

model and allowing extrapolation of calculations to larger devices.

11
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