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A set of experfments, desigt~ed tan verify the lacst i m p x t a n t  assmptions 
of the amlysis, is suggested., The f i r a t  of these is a room temperature 
experiment intended 60 verify khat v i a ~ t ~ x  strengths approaching %hose imgLied 
by the analysis can setuaLly be obtained with the low mass flow rates which 
are permitted by the d-EfSu.slon process, 
first experiment, a second experiment using a mixture sf hydrogen and some 
heavy gas such as mercury  vapor or fsdine is ~ozaggested for verifasation of 
the actual. separation process, 

Contlngen-k upon the success of t h i s  

A discussian of the performance characteristics of the vortex Lube as a 
rocket propulsion device is also presented, Some nmericaX examples are given 
to indicate the order of magnitude of the various interesting parameters; 
however, these shou1.d not form a bagis f o r  Judgement O f  the performanke, since 
l io attempt a t  optimization has been mde. 
and performance aspects of the device are beiw initl-eated at QRNL, and - w i l l  be 
the subject of a l a t e r  report. 

More critical studies of %he nuclear 
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The performance af a rocket e w i n e  is fer most purposes characteriaed 
by i t s  thrust. per unit mass: fZm rata9 or B;pecif%c impul~e, A ' l t h u g h  it 
depends somewhat on the pressme-eqnsilan ratio and details sf' %he rocket 
motor, the s p c i f i c  imprrlse i s  priacipaBu dependent on the? etagnation tem- 
perature of' the exhmmt gas and i ts  molecuIZar weight, 
t o  the square root of the ratio of the temperature ta the molecular weight. 

St is propor.tional 

The potential advantages; of au@%ear f i s s i o n  as an enerm source for  
rocket propulsion are thus two. 
t o  react chrzmicaUy, it may be chosen to have a %ow malecU.l.ar weight, Second, 
since the energy release i n  a nuclear reaction occwe a t  an  extremely high 
energy bevel, the staglzation temperature of the exhaust gasw m y  at least 
in principle be very high, 

Firs%, since the propel lant  i s  not required 

Tfie advantages of" low mo1ecuXS;r weight may be rea l ized  by c b o s i q  hydra- 

Bowever, %la waar to take advantage of the high potential. s W p t -  
gemJ or nome readily dissociated substance such as rnet;bne or ammohqa, as the 
prope.llant, 
tlon temperatures; it seems e s s e n t i a l  that the fissioning materftd. be mixed 
wTth the propeUant in $ 3 ~  gaseous statep SQ that the bulk of the fission energy 
5s transferred direct ly  from t h e  fission fragments to the gaseous g r o p e U ~ n t ,  

It i s  readily demonstrated by simple order-of-magnitude calcuht ions that 
in order to add large: amounts of' c?n@rgy i n  this way it is necessary t o  have 
rather high caneeatratiims a i  fiseiunabLe mteriaJ, i n  the gas. If it is then 
assumed tkt the mixtwe of propeXhnt and Pissfamble material is exhaus%ed, 
the  loss of z"fshifona'b3.e ma%erial i~ so h9& as co be prohibitive, 
fore necessary to separate the ffrssionabPc mt3teerhA from th@ hat e a w t  $as 
before discharging it, 

It is there- 

The purpose ~f bhe present repor t  is to describe a method of achievitlg the 
necessary ?$I.@ concentrations of fissionable materia9 in the gas7 and t h e  neeeS- 
sary separat ion of the fissionable aaterZal. 
vortex tube, in wSI.5.eh the fissfsmble material. is held. by the cen%fifuga.I f i e l d  
while the propeLlant gas dfffusaa tkough it, picking up the fffmion beat as it 
mwes inward, The propel lant  gas, and enough ftssionable material to make up 
losses9 enter %he tube tangentially at the periphery, as shown i n  Fig. 1. 
propeXhnt then passes spirraL3y f m r d ,  through the fissionable mterid, and 
leaves the tube mar 19;s center, through a convergent-divergent nozzle a t  one end, 
The heated gas does not come in contact with the walls9 excepe in the mzzle,  
so tbat the process seems superior t o  one i n  which a more 02" less hmo$eneuus 
f i s s F o ~ ~ ~ ~ - m t ~ ~ i ~ ~ - ~ ~ o ~ ~ ~ a n t  mixture i a  passed througki a. crEtica1 system, then 
t h o u g h  a separation device, 

IS, consists essentfdly  of & 

The 



Igc. 

The bulk of the present s tudy  consis ts  o f  a theareticel, analysis o f  
the separatian-heatjng process, based on an idealized model., which is a 
first approximation to the physical ait;uat.ion, The principal. object ives  
are to discover the moat important parameters g o v ~ ~ ~ . i n g  the. processp a id  
establish t h e i r  'rangm j themfore the p r i m  i p a l  res-& t s  w i l l  take the! form 
of relationships between these parameters. 

In order to help give a TeckPng for the significance of these resu l~s ,  
the performance of the vortex tube a8 8 socket propulsion device w i l l  be 
discussed, and some numerical, ~xsmpBes given, 
ever, that  these examples are in no sense optimum, and 5lnouXd not serve as 
a basis for judgment of the performance of %he system, This judgment can. 
be made only an the basis of thorough nw.lear and sy~itema studies, Thus 
the present st--udy may be regarded as a rather complete evaluation of the 
fluid mechanical characterlatics of the heating-separation device, while 
the nuclew and egsterns %m%y~;es are later steps in an overall evaltiaL$on 
of i t s  performance. 

It ehau9d be emphasized, bow- 

From another point of viewB the study may be regarded as an investigation 
of a fluid-mechanics problem which is i n t e re s t ing  i n  itself, qu i t e  apart 
from i t s  applications t o  rocket propulsion, 
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AIxQgai - $4 @r@ t h e  Eeatfng-SeparstiPn Process 

The flow i n  the vartcx %ube ie comgressfble, w i t h  ;strong dSfPusSos and 
hfgh rates of heat addition, 
process, and may be turbulent. 
ing it, some as~mptlom m u s t  be made. 
workable set 

It is in general a three-dimenefoml flow 
Thus, fn  order to make any pregreoo in aaalye- 

The following have been taken a8 8, 

1, 

2. 

3 .  

TIE 91,m is assumed t b  be two-iiimensiona~, wi th  comp~etes uniformi%y 
along t h e  s i 8  of the txbe. 
the flaw of propellant though the syo-tem, the proyek?Lhtn% i s  con- 
aidered to be witharam fr0m the: -tube a t  some r&dius, re, at whfcb 
the fissionable material, eoncentsation i s  Low enough to makt2 C h  Losses 
reasanable. 
periphery, 'r 

To make this assumption cawatible with 

The psope3lan% is assumed to en'ter uniformly at t h  
although 9t would i n  fac t  haye to be fntroducad in 

jets,  as in 8' - i g .  I, 

The flow is assumed J a m f n a ~ ~  This assumption is quite possibly Pn 
error;; 
The validity of this assumption and its importance probably can be 
evaluated only expwfmenlally, a l t b u g k  sow a r p e n t o  *a9U. be given 
in ZLs defense, 

The flow is assumed inviasid, 
present* 
for laminar f l o w ,  

however, it is felt to be necessary a-t; the present t i m e ,  

Again this is felt, %a be weeseary at 
An estimate of the va l id i ty  of the assumptfan w i l l  ba given 
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Nomenclature: 

The principal. notation used in the amlysls is as f"o.Uows: 

c P l  

p2 C 

D12 

8. 

f4 

G 

k 

1 m 

111 2 

Mr 

% 

specific heat a t  consbant~ pressure of l ight.  gas 

speciftc heat at constant pressure of heavy gas 

e f fec t ive  hard-sphere 
l i g h t  and heavy gas; molecules 

b i n a r y  diffusion coefficjent 

dimensionless diffusion parameter, defined by Eq (23) 

dimensionless heat generation parameter, defined by Eq (11) 

energy added per unit  volume and per u n i t  time by fisaion in 
gas mixture 

enthalpy of gas mixture 

Boltsmam's constant 

mass of l i g h t  gas molecule 

mass of heavy gas molecule 

tangential. Mach number, based on speed of sound i n  light gas 

radial  Mach number, based on speed of sound in light gas 

mass f l o v  of propel lan t  per un i t  length of vortex tube 

diameter for collisions between 



"a. 

% 

0 
n 

% 

Po 

Q 

P 

R 

T 

1 u 

u 2 

0 U 

0 
V 

W 

molecular concentration of" 'X9ght gas 

molecular concentration of heavy gas 

energy release per f i s s i o n  

radial coordinate 

gas constank for light ga8 

gas terqarature 

dfffixsion velocity of Pigkt gas 

d i f f b i o n  velocity ob" heavy gas 

ratio of densit ies of heavy and l i g h t  gases 



f E r a t i o  sf specific heats  far  l i g h t  gas 

A coef f ic ien t  af heat conduction for gas mixture 

E densi ty  of l i g h t  gas 

3 density of' heavy gas 

denFsity of gas mixtwe 

5 neutron track length  (neutrons/area/time 1 

rn relative mass f l a w  capacity per un i t  vortex tube length 

Subscripts: 

On independent var iable  ( r  OX- r*) 

e. - e x i t  from tube 
p - periphery of tube 
m - point  of maximum w 

On dependent var iables  

0 - value f o r  gas mixture 
1. - value for  l i g h t  gas 
2 - value for heavy gas 

Superscr ipts :  

* - quantity divided by its value a t  point of m a x i m u m  w. 



MathematicaP formulation: 

gas mixture may be mit ten  as i o U ~ w s :  
With the assump't;isn of zero v i s ~ o f i ' t j y ~  t he  equations governing a binmy 

Conservation of specla, 

Conservation of radial momentw, 

Q sa 

Conservation of energy, 

Bere K, is the thermal diffusion ratio, This t e r m  is mgLigibLe auld w i l l  be 



Diffusion equation, 

Again the term involving K 

Equation of state, 

i s  negl igible  and w i l l .  be dropped, 
T 

o,1,2 ( 6 )  pi 5= n.kT i = :  
1 

The momentum, energy, continuity, and d i f fus ion  equations will XIOW be 
considered i n  ta rn  and put  i n  a form sui%able f a r  integrat ion.  

Momentum equatims: 

A reference radius, r will be defined for future convenience as t h a t  a t  
which w, the density r a t i o ,  m' has its meurimum val,ue. Then using t he  subscr ipt  rn 
to denote values at this radius, Eq (2) may be mitten, v r = v r , and Om m Eq ( 3) becomes, 0 

!4ultlpbying Eq (1.) by mi and adding the equations for i = 1 and i = 2, w e  get 
by using the fact that m n u 
mixture, namely 

f m n u 0,  the continuity equation for the 111. 2 2 2 =  

or 



..... 

which has the solutfon, 

m, 

Hence 

where M and M 
uom admv 
ka ts  for %e l igh t  gas, 

are the radial and t awen t i a l  Mach numbers a t  r I based on 
a% the speed of sound en the Light gas; 'd is the rat!% of specific 

Finally, the equation m y  be written ass 

It WLU appear later that M,~/M+..~ < XO-3?, and the 1-t term in the braces is 
therefore quite SlwiXl.. 



Denate by an asterisk any quantiky divjded by its value at r eg, m' 
1"* II r/rm. Neglecting the small term, Eq (9)  then becomes, 

Energy equation: 

The f ac to r  G i n  Eq (4) represents the fission heat source, It may be 
written as 

where Q 

t rack length, and Q i s  the energy release per  fission. 
that these quant i t ies  are independent. of r .  
as 9 

is the f i s s i o n  cross section fo r  the heavy gas, fi is the nelntron(fLu) f It will be assunned 
The enthalpy, Eo, may be m i t t e n  

but; since the mohr  specific heats of the two gases are of the same order o f  
magni tude I 

hence, 



the term in EGf being neglected. Again refersing a U  quantities to r = rm, 

d 
w e- 

where" 

*he negatjve sign in the definition of $1 is due Go the definition of 
velocities as positive if directed outward, Thusp u is E&eren.t;$yt om 



Now according t o  Euchen's formula, (2 1 

he nc e 

==b This quantity is of the order of 10 f o r  the systems of interest;, while 
other quantities i n  the equation are of order unity, hence conduct-ion is 
n e g l i g i b l ~ .  Omitting the conduction (third) term, and using Eq (IO), we 
get, 

This i s  the final form of the energy equation as it applies t o  the 
present problem. It may be pu% i n  a more convenient form by elirnimting 
the der ivat ive of w from the left side a d  coLXeclLng the derivatives of 
T* from lefe and right, sides. Thus, the density ratio, w, may be written, 

whence 
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The aeftb side of 

T b  aeritrative of ?I* may be separated 

+ 

from tbe right hand 



Substituting Eqe (14) and (1.5) i n  Eq (12) and coX1ect.in.g coefficients of tFLe 
derivatives we get, 

Final.ly, i t  is desirable to eliminate uzrn/wm in Savor of q w n t i t i e s  
which have more readi3y urierstandable physical significance * L e t  Tl and 
T2 be the ma68 flows of light gas and heavy gas per foot of tube lengtk. T k n  

and 

hence 



w where w I s  the density ratis at the .- 
c 1 '- 

Now by assumption 1,. 
*'exit" radius, rC I 



Conservation equation. for the heavy gas: 

FPOATI Eq (I), for i p= 2; 

and substitution into Eq (19) yields 

. 



U 
A$.'+ 

P 



ReferrSng a l l  quantities to their values a t  r and ualng Eq (17), we get m 

Using the expreasiom for w andp  this then becomes OE 

Diffusion equation: 

Eq ( 5 )  may be w i t t e n ,  
Dropping the term involving k;1> and using the fact t b t  %<< %, 

Noting t b k  po 2 nlkT and un = - m this becomes, 2' 



Referring all quantities to rmj and using Eqs; (10) and (27), 

This is the th i rd  relation between the derivatives of T*, 9' and s v g ,  

The diffuseon coeff'fciel?t;: 

The sit@@ theoretic& result for D based on hard-sphere coUisione4, 
w i l l  be used, partly for t b  sake of aim$%city and p a r t l y  for lack of infor- 
mation about thse 
such furnula is, 

ter~ction potentials for the molecules of in te res t ,  One 37 

where d 
po/kT, %his becomes, 

is the efYective hard-sphere diameter for cqutsion, Since no = 



Now the d.imensfonless group D /r u becomes 
a2 an a m  

We write this as, 

where 

Now 

and 

Thus, 



Solution for the derivatives of ?as and T*: 

Equations (18>, (29)> and ( 2 0 )  give t h r e e  linear algebraic eqwt ions  
relating the derivatives of V2 g3 and r y $ ' .  These may be solved for 
the derivat5ves of T"%. and ng9 and %he resul ing two expressions, together 
with Eq (LO), gPve -t;'ku;.ee first-order non-kin@ar aiffererttfal equationsp 
which may be integrated nu;msr%caJu%y. Thusj substituting Eq (20) in Eq (18), 
arid collectTng the coefficients of the derivatives, 

Equations (22) and (25) m y  now be writiten in the following form, 



where 

The derivatives may then be wrltten,  

Equations ( lo ) ,  ( 2 7 )  and ( 2 8 )  may be integrated numerically. For convenience, 
Eq (10) wS11 be repeated here, 



above se t  of equations are, The relations needed to complete the 

The parameters which must be speciffed, and which govern the proeessy are 
,MtmSwm, and w a A l l  of the quantitfes with asterisks are by definition 

r (or r* = 1) where w is a maximumn %% to unity at &e radius r 
i n i t i a l  condition# for Egs (lo), (&] and (28) are therefore speciffed, and 
the inlegration can proceed numerically from r* = 3.; 

%is wif!! be she% in the next mct ion ,  

The 

however, the parametem 
$&&M and w are not a U  independen%, if w is t o  have a m a x i m u m  at r* = 1, 

k i m a  snd Minima of w: 

Because of the fac t  that the  absolute W u e  of w en te r s  Eq (26)) rather 
than j u s t  the ratio of w to i t a  value at some point i n  the tube, it is neces- 
sary t o  specify the magnitude of w at some value of r*, This speciffed value 
of w i s  an importxint parameter, since it effectively determines %he fissionable 
material concentration in the tube, 
should be as accurate a meaEswe of the average magnitude of w as possibk, it 
has been defined t o  be the m a x i m u m  value of w which occurs i n  the tube., Eowev6jrs 

In order t h a t  the specified vahe of w 



? 

'since the varjation of w wlth rx- can be found on ly  by numerical integration 
.of Eqs (LO), (27) and (281, it %s 
w only if it Q C C U ~ S  a t  r* = I, the initial point .  
will be obtained which are necessary and aufficfent for the accurrence of w 
maximum of w a t  I** bt: 1, 

possible to spacl.f"y the  maximiun of 
In this sect ion,  condit5.ons 

The condition that dw/dr -= 0 I s ,  from Eq (13), 

Using Eqs (27) and (28) to eliminate the derivatives, t h i s  becomes, 

Thus, the condition for zero sI,oge of" ~4 at r x -  = 1 is, 

Equation (34) gives the value o f B m  such that w shall have zero slope at r* = 1, 
With this value, e2 becomes, 

and this expression replaces the corresponding one of Eqs (26). 



now from FQ 

reduces to 



It was found by in tegra t ing  the equations t b t  if theye: is a root for 
r*>?k, then w i s  a m a x i m u m  a t  r+ = 1, while if there is a root f o r  rK1, 
w is a m i n i m u m  a t  r* ;=: 1. 
these two cases in Fig.  2, Clearly, the minimum slope of P versus r* 
which is permissible I f  w is to have a wximum at r* := 1 i s  such that the 
curve of the l e f t  side of Eq ( 3 6 )  vemi.m s* is tangent to that o f  the  rfght 
side a t  r* '= 1. 

The behavior of w is shown qualitatively for 

~ r o m  ~q ( 3 4 ) ,  t h i s  condi t ion  is 

QM9 Solving Tor 

The value o f  g given by  Eq (3'7) is to be interpreted as the maximum value, 
for given w aod Htm. which al%w w t o  have a maximum at r* := 1.. If r;m is 
less than tgfs value, w/wm w f P l  behave as i n  Fig,, 2b, if Eq ( 3 6 )  hezs a root 
f o r  r*>l. 
cantfnuously for r*>Xm 

However, i f  Eq (36) does; not  have a root fo r  r*>l, w/wm %ill, decrease 

This rather complicated behavlor af  the densi ty  ratio can perlnapa be betAeu" 
understood by re-writing the diffusion equation in terms of b ~ ,  Since w/w, :=: 

r&$W*/p& we hasre 

,-.. .. ,.,. ". \"-. .. 



Now using Eqs (21) and (22), the diffusion equstionLEq (2211 mag be written: 

The first t e r m  i n  brackeks on the right represents the vortex field, or ralbr 
its effect on the diffusfon process., while the: second represents the comb9md 
e f fec t s  of the heavy and light gaq concentrations. 
mass f l o w  is contained in& , whfc 
rate per unft of tube le%tB2??fl[s 

!The physical, significance of E 
its form for tlulee p31ysie81 satus 
sadtal mass Plow, the second with constant T* and radial mass f L w ,  and tkte 
third w i t h  both strong temperature variation and radial w s s  flow. 

The influence of' the radial 
sexy proportional t o  the ma8 f 

be mosk easily seen by studying 
ffrst  w3t;h constant T'thnd no 

If the mass, fMw rate Sa zero,Bm Is iPfLnite bee Eq (24)]$ ana Rq (22a) 
reducas to 

How if Tati is constant, thes immedia.tely integrates to:  

Thus, far thfs caw w decreases very rapidly, and monotoniertPS3f as r* decreases 
from ?3 -L 3, as shown La FFg. ,33 @a68 1, 



Next, suppose T* i s  still comt,ant,? but'?#l f a  not zero. Then unless w 2s 
very small, i .e,  about eqiual Lo vci" the qdantity i n  braces in Eq (228) must 
be equal t o  a pos i t ive  constant, esy C, which increases aswi incwrzses, 
a t  rt = I, dw/dr* has been set  equal t u  zero, hence the fLrst term Is Jus t  
equax t o  C fo r  r* 2 1, 
hence dw/dr* must become pos i t ive ,  whibe as r* increases,  the f i ~ a t  term 
decreases, and dw/dr* must beeom negative i n  order @b& the sum of "ne two 
terms may remain equal, t o  6 ,  
maximum i n  w as shown i n  F ig ,  3 ,  case 2. 

Now 

AB r* decreases from unity,  the first tern incr"e&t3esp 

Thus, "be radial. mass f l o ~  produces a simple 

Final ly ,  consider the case i n  which there  i s  both r a d i a l  mas5 f low and sub- 
s t a n t i a l  heat addi t ion,  which results i n  a decrease of T* as r* increases,  
The swn of the two terms i n  braces i n  Eq (22a) nay s t i l l  be eonsidered roughly 
a constant, s ince T*1/2 varies ra ther  slowly compared t o  the f i w t  term i n  the  
braces. This first term depends on both r* and !W0 If T* var ies  slowly 
enaugh so that the product r%T* increases monotonically as r* increases,  the 
behavior of w i s  subs tan t ia l ly  the same as that of ease 2.  
decreases more rapidly than rje2 increases, the firsf, term increases with 1-9 
instead of" decreasing, and dw/dr must increase as r* increases,  
increased enough, dw/dr becomes posftlve, and very large, because as 'IY de- 
creases,  the  propel lant  density,  and therefore  the  f i ss ionable  material, density 
( s ince  w = 3 )  increase,  
which accelerates  %la& decrease of W with r*, and the effect mult ipl ies .  Thus 
w f i r s t  decreases, then increases very rapidly as shown by Pig  3 ,  case 3 .  

However, i f  T# 

If' r* i s  

The latter increase beads t o  a high rate of heat addition, 

Whether the  system behaves as In case 2 or as i n  case 3 depends on whether 
T* var ies  more rapidly t h n  P* for some r* greizter t h n  unity.  HOW the 
variation of T* with r* i s  proportional $0 gm, a t  least fo r  r* near unity,  thus 
as gm is increased from zero, the b e b v i s r  of w will change from that of the 
second case t o  t h a t  of the  t h 5 r d .  
behavior takes place w i n  be denoted gm(c r i t ) .  

The value o f  & a t  which this change i n  

I n  s w a r y ,  the conditions which must; be s a t i s f i e d  i n  order that w have a 
maximum point  a t  r* = 1 are t h a t  c2 be given by Eq (35) and that gm be less 
than the  value &(max) given by Eq (37). If gm is  between gm(..x) and gm(c r i t )  
w w i l l ,  behave as shown i n  Fig '3 f o r  case 3 .  If & is  lesa than g m ( c r i t ) ?  w 
w i l l  be3mve as shown for case 2. 

. 

. .*..,,.. .. , 



Nethod o Integra fon: 

e W i t k t  these PralLues,, Q& u& qT and w were then estimated, 
end of t he  interval were the coqu%ed from these values, 

and final values fo r  each 09 the above der%Tcct5QeB were obtained by averaging 
the estimated values with the camesponding values at the beginning of the in te rna l ,  
"he final vdLues of 9' W and 9* were then computed by Eq ( 3 8 ) )  using these 
average derivatives, mis groce8u~e w s  repeated for  each increment in r*, 

An interval of&?* = 0,005 WEW wed for a3-Z the calcul.ations, I n  mder Go 
estimate the errors, m e  ease was run with a~o. in te rva l  of 0.01. 
results f o r  the quantdties of Zneesest agreeid to within o m  percent, 9t was can- 
clzldea that t h e  accuracy was suf2icBen.t; for engineering purgoaes. 

Since the 

Parameters of the heating-separation process: 

For each isltegra%ion of the diPferantfa3, equa%ions, &ItrnB wm, g w i d  w were 
specified, 
integration was stopped when. w equalled w 
occurre8 was called rze 
This figure implies a Losa of 0,0001. pounds 09 fissionable mter9al for each 
paund of propellant expended, 
tiveZy altering the results. 

me intagra-tion then proceeded from rs = 1 toward sm?l r*- 
c s  

h e  
and the value of r* 86 whjich this 

For a l l  of the ca2cuLations wc = 0.0001 was selected, 

It cou$d be reduced to 0,00001 without qUalita- 



The parameters which remain are then &ItrnJ w , and %. For any particular m set of these, the  in tegra t ion  gave the var~ati~a of" ~ i * ~  T*, 85 ,  ana w with 
r+, for r* in the range where w less than or equ& to wm. 

I n  order t o  i n t e rp re t  the results i n  terms of real systems it is necessary 
first to  select the value of r* which is  tis represent the periphery sf t h e  hbe, 
i , e .  rg+ Ehch solution f o r  a given set o f  Kitrns wm and gm alBows a range of 
values of r+, and the overall chrac t e r i s%ics  of t he  ~ys3tea depend a t rsngly  
on r$, The values of r$ have been chosen f o r  the eases where gm> g (crit) BQ 
as to include the entire range af r* for whfch w< wma 
it  may be seen that P$ i s  the value of r* a t  wbi& w/wn becomes unity again as 
r* is increased from hni ty .  
selected as the value o f  r* a t  which w = 0.1 was 
this choice gives approximately the rnaaxirmum overall temperatwe ratio, from 
tube exi t  t o  periphery. 

By referprzee To Fig. 3 

It will be se8n later that 
For $he cases where g C %(cTit) ,  r* h e  been m 

For a given value of r*, the tangential Mach nmber, M -, and the heating 
parmeter, g , both referged t o  %he fluid conditions at 
may be compu%ed. 

tube periphery, 
From the definition of the Mach number, 

Using Eq (2), this becomes, 



and 

.. .:. ,:,: .:. .:. .. ...... ,. . . 



A re la t ionship  between the mass fLow ra te  per unit a f  tube Length ,w 1' Equmting these and the other parameters 16 implied by Eqs (24) and (34). 
and aolving far 

where 

Since T 1/2/T*'/2 = T:'2, the mm flaw sate depends on Tmg MtmJ and con- 
3t It is proportional t o  

$72 2 
*m Mtm* 

ts 8etermgned by the light-heavy gas combination. 

Et is important t o  note t h a t  is the mass f l a w  capacity pey u n i t  af tube 
length, and that it i s  independen T of the %<be size. Thus, a large number of 
small diameter tubes filling a given volume have a much higher mass flaw capacity 
than one large tube of the same vaI.rn6, 
portant r e s u l t s  of the analysis a 

Th is  is felt to be one of the  most i r n -  

In order t o  estimate the c r i t i c a l  s i z e  of a system composed of vortex tubes, 
it is necessary to know the average densities of the l i g h t  and f i ss ionable  gases 
i n  the vortex 'cube. These may be obtained by averaging over the density d i e t r i -  
butions given hy the integrat ion.  



or 

If it is assumed 

of the fissfonabLe gas l a  the tube is .then given by 



I n  summary, t h e  following parsmeters arc signif i can t  i n  specifying the 
overall  performance of the heating-sepmntion process: 
perature r a t i o ,  T,/Tg, the QV~ECL pressrere r a t i o ,  p ~ ~ / p ~ ,  the peripheral 
t angent ia l  Mach number, Mtp, the out le t - to-per tpheral  radius ratjo, ,rc/rp, 
and the r e l a t i v e  mass flow capacity per u n i t  of tube length, ., The coupling 
between the fluid-naeckL%nfea% and nuclear cha rac t e r i s t i c s  of the system 1s; 
expressed by the average FFssiO~ble-sp66ies-to-propeilant-density r a t i o ,  W, 
the average - to-per ipheral  propel lant  density rstia, p ~ / ~ ~ p ,  and the heating 
parameter, gp, which is essential1.y a statement on the required neutron track 
length 

the overa l l  tem- 

Results: 

The p r inc ipa l  results OP the ana lys i s  take the form of re la t ionships  
between the  overall-performance an& nuclear-coupling parameters and the 
specif ied parameters, way Msm,  and gm; 
stand these re la t ionships  without a p r io r  understanding of the physical aspects  
of the  heating separat ion process, Accordingly, before .these pr inc ip le  results 
are presented, the va r i a t ion  of the several physical parameters with P+ will be 
presented f o r  some typ ica l  values of the  spec i f ied  parameters. 
large number of possible combinations of the specif ied parametera, these results 
can be only exemplary. 

however, it i s  d i f f i c u l t  t o  under- 

Because of the 

The calculat ions have been done for  a combination of hydrogen as the light 
The quant i t ies  involved i n  the in tegra t ion  gas and plutonium as the heavy gas, 

which depend on this choice, and the assigned values me: 
cp2/c 1 r== 0.008, 
f o r  tEe temperature range of i n t e r e s t ,  

m & ~  = 1.19.5, 
'd = 1.31, The value of f was selected as a reasonable mean 

The density ratio, dimensionless temperature, and dimensionless f u e l  concentration: 

The somewhat complicated behavior of up which has been discussed qualktativedy 
a t  some length i n  the sec t ion  "maxima and minima of w " ~  is shown quant i ta t ive ly  i n  
Figs 
has a simple maximum, and falls  off qui te  rapid1.y for P* both greater .than and 

the vortex f i e l d  s t rength  decregses monotonically as r Increases, 
less than unity.  This simple m a x i m u m  results from the fact  t h a t  far 

other hand, the r a t e  o f  heat addi t ion  is barge enough, i .e, gm > %(wit) the 
r a p i d  increase i.n densi ty  as r increases causes the f i e l d  s.%rength first t o  decrease, 
then increase again as r increases.  
strength increases,  as shown I n  Fig 4b. 

and hb, for typical, v a h e s  of Mt. and wm. For gm < gm(crpit), (F ig  ha) ,  w 

If 5 on < 7Pit1, he 

I n  these cases, w increases again as the f i e l d  
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poc/pop. For gm 

consis tent  with the requirements tbt w < wlD as shown i n  Fig gb. It i s  true 
that i f ,  for example, a teniperatura r a t i o ,  T /T - S,7 i s  desired, i t  inay be 
obtained for  any sf the values of a;m/gm(majr) shown i n  Fie; 9b, by choosing r$ 
sui tably;  
cumbersome had a l l  such p o s s i b i l i t i e s  been included, and i t  1s f e l t  that tbe 
above somewtat tarbltrmy choices f o r  r* show the general  cha rac t e r i s t i c s  of 
the beating-sepaation process t o  best advantage, 

g,(erit), r$j has been sa3ec.t;ed t o  include %he e n t i r e  region 
o f  r* n which w < wm. TM.S choice yfeias  the ~ . a r g ~ t .  V E L ~ U ~  o f  T J T ~  

IP l2- 

however, the presentation of the resalts would have become very 

P 

The dependence of the peripheral Mach number, MtpP on the choice of rp" 
is shown i n  F ig  10,  or < % ( w i t ) ,  .Mt decreases LIB r$ increases, re- 
f l e c t i n g  the decrease i n  tangent ia l  veloci ty  as r increases.  For gm > gm(csit), 
M t p  increases as r increases.  
i n  temperature, hence, i n  the velocity of sound, for  these cases, the 
veloci ty  of sound ac tua l ly  decreaeing faster than the tangent ia l  veloci ty .  

This reversal i s  due to the more rapid decrease 

Another performance parameter of considerable interest is 9 ,  the r e l a t i v e  
ma55 flaw capacity per untt of tube length, Figure 11 shows that it increases 
with r; for 

ac tua l  mass flow per un i t  
of tube %ength,fll, is proportional. tap times Tp 
rise in'@ for gm/&,(max) = 0.51 implies a correspondingly raptd increase in?#l 
only i f  T is  hebd constant,  
decreases, and@l actually decreases somewkt as r* increases 

both greater than and Less than &m(crit) ,  though much more 

4% rapidly f o r  @i: t e former, It should be noted that 
Therefore, the very rapid 

If T, is helld constant, Tp decreases as Tp/Tc P 
P 

Dependence of the  nucI.ear-coupling parameters on the  choice of r+: 
?? 

The quantities whfch axe needed i n  computing the c r i t i c a l i t y  of a system of 
vortex tubes ape the average fissionable-species and p r o p e l h o t  dens i t ies .  '%he 
r a t i o  of average-to-periphera1 propellant densities i s  shorn as a function of 
r$ i n  Figs L2a and 112b, together with the ratio of average-to-maximum of the 
density ratio, w. Both of tbeae parameters are r a the r  insens i t ive  t o  rp" for 
gm < gm( c r i t )  
t h a t  for maximum Tc/Tp. 
sired,  rather than the largest T,/Tp9 r5 would be modified somewha%. 
gm > &(c.*-it), both W / w ,  and pl/f)lp are more sens i t ive  t o  the choice of "3 
than. for  gm < @;,(wit); 
the same value of I$ as the m a x i m u m  of T /T  . 
r a t i o  of average tempemtwe to peripheral temperature. 

w i t h  the maximum v/wm occurring f o r  a somewhat smaller x-5 than 
Thus, i f  the largest possible  vaLua of T/wm were de- 

here the maximum o f  G/wm occurs rougliby a t  
Tbze density r a t i o ,  p / p ~ ,  de- 

P Q ~  

however, 

creases steadi ly  as rp" increases, This is $imply a ref1ecl;ion of t !i e increasing 

x. ' I 
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The ove ra l l  pressure ra t io :  

As the ove ra l l  teqeratme r a t i o  is  a measwe 0% the performance of 
the vortex tube as a heating-separation device, the  ove ra l l  pressure r a t i o  
i s  a measure of the penalty paid for the separation. 
results, of course, from the res i s tance  which must be overcome by the pro- 
pe l l an t  i n  d i f fus ing  though the hcgtvy gas; therefore,  6b.e more dense the 
heavy gas cloud is, the .larger the prcssixe drop may be expected t o  be, 
That t h i s  is t rue  m y  be seen from Figs 15 a? b and c ,  

"he presswe drop 

It may also be seen that the  pressure r a t i o  decreases as Tp/Tc decreases. 
This is due t o  increased expansion of the gas toward the center of the tube 
as the temperatwe rise increases.  

The pressure r a t i o  also decreases as M is  increased, because of the 
increasing vortex f i e ld  strength,  which ten$ t o  concentrate the propellant 
near the periphery of the tube, 8 8  we13 as the heavy gas. 

The peripheral  Mach number: 

Although &Itm w a s  specif ied In  carrying out the calculat ions,  %he parameter 
which i s  of i n t e r e s t  i n  an actual system is  M t  
periphery, s h c e  f t  is  the Mach number at, whicz'the propellant en ters  the 
vortex tube. 

t he  Mach number a t  the  

The var ia t ion  of with T /T i s  shown i n  Fig I6 l o r  various values of 
P C  

Mtmo 
so is not shown, 

The dependence of !his re la t ionship  on wm w a s  found t o  be small.., and 

As Tp/Tc i s  decreased, l a rge r  values of Mt are required t o  give a speci-  
f i ed  value of M t m ,  s ince the  velociiGy of sound a t  the periphery becomes smalLer 
compared to t h a t  a t  rmo Another i n t e rp re t a t ion  o f  t h i s  s&me effect is that if" 
Tc i s  held constant,  l a rge r  values of Mt 
vortex f i e l d  s t r eng th  (or given Mtm) as 8 decreases, 
f i e l d  s t rength,  l a rger  pressure drops must be maintained i n  the i n l e t  nozzles 
as T /Tc i s  decreased, 
i n  Ffg 15  t o  obtain the effective pres swe  r a t i o  across the e n t i r e  system, 

axe required t o  generate a given 
Thus, fo r  a given vortex 

These pressure ratios m i s t  be combined with those shown 



--. 
The relative mas8 flaw capacity: 

O f  equal. importance t o  the temperature r a t io  is the masa-flow capacity 
of the vortex tube, wbjch etctwSLy determines the t o t a l  tube length required 
for a given t o t a l  mass flaw or k k u a t .  

The vortex tube 9s rather unusuaL, i n  that the maes flow capacity per 
%is fact cannot 

St meam that the mss flow capacity per wl5t 
unit of tube length is independen% of Lbe tube? diameter. 
be too strongly emphasized. 
of tube volume, which is a measure of the system size for  B given mass flow, 
is inversely p r o p o r t h m l  to the tube diameter, within l i m i t s  to be indfcated 
in the next  section. 

From FTg 17, it may be seen that the re la t ive  ma96 flaw capacity per un5.t 
of tube length increases as It is In fact near ly  proportional 
t o  &&. me depe ence on temperatme ratio ie not sa cleay, s i n c e y  must bet 
multiplied by T x% to obtain the actual mss flow capacity per unit 09 tube 
length. If Tp Ps field constant, and T, Sncreased, the mass P l o w  ca-eacity in- 
creases; 
that 2f T, is held constant, while Tp is decreased, the mass flow capacity 
sctua3.X.y decreases slL&tLy. 

Numerical values of%l, 
length, will be given Tor some sample C S S ~ S  fn a later saction (see Eq 42) ., 

increases, 

however, a simple computation with the aid of these curves w i l l  show 

actual mss flow capacity per unit tuba 

The exit-ta-peripheral rad ius  ratio: 

In a11 of the preceding results, it is fmplted that w i s  reduced to a 
small value, wCt at some radiust rc, with tn the  tube, and that the propellant 
leaves the tube a t  this radiusJ with only a very mall amount of heavy gas, As 
was mentioned previously, wc = 0,0001 was selected for a l l  of the present ca2- 
cuJatiom 0 

The resulting vaZues of the exit-to-peripherd. radius ratio BS@ sbown i n  
Ffg 18. As might be expected, a i s  ratto incseaees as Mtm  increase^, since 
the concentration p r o f l k s  become mare abrupt as Mt, increases. X t  also in- 
creases as T /T, increases, because heating of the propeUmt increases it;s 
radial veloci ty ,  which tends t o  aweep the heavy $as toward the canter of: the 
tube + 

Y 



Pram the standpoint, of the averall. performance of the vortex tube as a 
rocket propulsion device, the  slgniffcance uf rc/r2 I s  t b t  it  sets an upper 
l i m i t  on the r a t i o  of exit nozzle t b o a %  radius  t o  Cube peripheral  radius.  
Referring t o  Fig Lt it is clear that i f  the throat, t ; ~  tube radius r a t i o ,  say 
rt/rp, is greater L b n  rC/rpr *he   loud of fissionable material will be swept 
from the tube. If rt/rp is less than rc/r,, the resu1.t.s of the calculat ions 
are i n  some sense conservative, s ince then) the actual value o f  w i n  the 
exhaust nozzle m y  be somewhat Less %ban. we. 
parameters, the mass flow capacity at' a vortex tube is  simply%@lL3 where L 
is the  tube length, and the throat radius i s  determined by t h i s  mss Plow. 
A lower l i m i t  on the tube radius  i s  then s e t  by the f a c t  %hat rc must not be 
less than rt,. 
later sect ion,  

Far a givers set of eepexation 

Numerical examples of this  re la t ionship  w i l l ,  be given i n  a 

Nuclear coupling parameters: 

I n  order t o  estimate the c r i t i c a l  size of a system of vortex tubes it 
i s  necessary t o  know the average fissionable and l i g h t  gas concentrations 
i n  the vortex tubes. 
t o  maximum density r a t i o s ,  and pl/plpr the  r a t i o  of average t o  peripheral 
propellant densities, 

These mag be obtained from V/w,, the ratio of average 

The dependence of V/wm on T /TCp wm and. M t m  is shown i n  Fig 19* For 
given wm and Mtm, i f  gm > g,(cri%), there is 8 value of Tp/T, which gives 
the largest W, because of the Large region of P+ with low w which occurs in 
the cases wtth small Tc/Tp (see Fig kb). decreases as Mt. in- 
creases, because o f  the more rapid var ia t ion  of' w wrth r* as Mtm increases.  
'phe cases w i t h  gm < h ( c r i t )  have lower values of F/wm than those with 
ga > gJcr i t )  bscause the former do not have the extended region of high w 
which occurs in the l a t t e r  near the periphery. 

Also, V/w 
Ip 

The density ra t io  depnds  pr inc ipa l ly  on the temperature r a t i o ,  as may 

mere is axso a s m ~ .  effect of 
be seen from Fig 20. 
creases compared t o  that af the periphery. 
M t m  and wm3 which is due t o  the f a c t  that increasing e i the r  o f  these decreases 
poc/pop, hence lowers the average density compared t o  that a t  the periphery. 

whicb is  a measure of the 
neutron track length required t o  give the  heat addi t ion rate implied by the 
specified value of $n. It depends very strongly on the temperature r a t i o ,  
and somewhat lesE; on 
requirements placed on the neutron track length !i# (see Eq 40) are somewhat 
masked by the f a c t  t ha t  gp i s  also proj?ortianal t o  a2 /T . 
fo r  a given value o f  T ~ ,  nZp increases very r ap id ly  ig T$ /T~  i s  8ma.1~ (see 

As T /Tc decreases, the avmage density in tne tube de- 

The f i n a l  nuclear coupling parameter i s  g P7 

and wmr as m y  be seen from Fig 21. Thze ac tua l  

As T /Tc is reduced, 



r Fig 6b3. 
Again, the reason g 
f o r  Che systems witg gm > &fcri.t;) is khat nzP for the former is much less 
than that for the latter (see Fig 6). Representative numerical vduea for 
@ will be given later in examples* 

Thus, 6 does not increase as rapidly a6 it appears t o  from Fig 21, 
for the systems with gm < ~ ( c r f t )  rFaI-l-8 f w  below that 

Discussion - nf the Principal A~lsumptSuns 
and Proposal. for Experimental Verification 

"he two most important assumptions involved in the preceding analysis 
of the vortex beating-separatfan process are that the f l o w  in the tube is 
laminar and that it is  inviscid. Of these, %he most c r i t i c a l  is  the first, 
It w i U  be shown that if the flow is lami- ,  the neglect of viscous effects 
is probably not serious; 
the turbu31elzt mixing on the separation process cannot be predicted at presea%. 

The purposes of the prefient section are:: (1,) t o  present an argument which 
indica tes  that. it fa  no% obvious tht the Plow will be "turbulent; (2) to give 
an estimate of tb viacow effects for laminw flow; and ( 3 )  to propose a 
series of experbents designed t o  check the assumptions i n  a X~gicaL order, 

hme~er, if the PLOW is turbulent, the effect of" 

Stability of the f h w  i n  the vortex tube:, 

The gas flow in the vortex "cube is of a type with which there is no 
previous experience, and these seems to be n~ sensib3.e c r i l s r i o n  based on 
Reynold's number which w i l l  give an indie&.tion as to whether the f l o w  w i l l  
be laminar or turbulent, Since %he propel lant  musL be Introduced through 
small jets,  as in Fig E, it seems, .intuitively, at ffrst sight that the fJm 
w i n  ia all probabl9fty be turbulent, 

Eowewr, tihe heating effect in the tubes should tend to stabilize t h e  
flow, that is ,  prevent i ts  becoming turbulent. 
first that the  transitfon from laminar fl.ow to .t;urbulEent ~IQW occup8 when tn- 
ertia9 forces in the fluid become Large enough so that a random fluctttating 
mokfon can exist  despite %he dissipative2 or damping, effect of viscous Porces, 
I n  fact, the Reynold's number has been characterized as the r a t i o  02 inertial 
t o  viscous forces ,  NQW i n  the vortex tube there is an additional s t a b i l i z i n g  
force which w i l l  help to prevent !&e formation of random Pluetuatians, a% least 
in the radial dfrection, 
field and the temperature gradient. 
instantaneauaQ from some radius t o  another radius w h e r e  the temperature is 
lower and the density higher, a buoyant force nust be overcome, which may aid 

This may be ~ e e n  by rermemberlng 

This is the body force which results from the vortex 
In order t o  move a small ebetment of f l u i d  



i n  suppressing t u r b d  This e f f ec t ,  o r  i t s  inverse,  has been termed 
"Taylor instabi l j - ty"  e VY me general  p r inc ip le  i s  that the  in t e r f ace  
between two f l u i d s  of d i f f e ren t  densities: is  des tab i l ized  by an accelera- 
t i on  toward the  denser f l u i d ,  and s t ab i l i zed  by an acce lera t ion  tm-md 
the  less dense f lu id .  I n  the present case, there  is an extremely l a r g  
accelerat ion toward the center  of the  tube (o f  the  order of lo6 t o  I O  
times the acce lera t ion  of grav i ty) .  It therefore  seems qu i t e  possible 
t h a t  the flow may be laininar i n  the  cases where the  ternperature increases 
rapidly toward the centelg of the tube. 

8 

E s t i m a t e  of viscous e f f e c t s :  

It i s  c l ea r  t h a t  viscous shear forces  a t  the periphery of the  vortex 
tube w i l l  tend t o  cause the  a c t u a l  tangent ia l  veloci ty ,  and hence the 
ac tua l  vortex f i e l d  strength,  t o  be less than t h a t  predicted by the pre- 
ceding calculat ions,  which assume that viscous e f f e c t s  are negligible.  
I n  order t o  estimate t h i s  e f f ec t ,  it w i l l  be assumed, as i n  the  separation 
calculat ion,  that the flow is  laminar. It w i l l  be fu r the r  assumed t h a t  the 
enter ing f l u i d  is introduced uniformly over a cy l ind r i ca l  surface which has 
a dimensionless radius  r* = a,  where a < '5, as shown in Fig ?2* 

The equat expressing conservation of angular momentum of the f l u i d  
may be m i t t e n  tv , 

where the notat ion i s  the same as has been used previously. 

This equation may be made dimensionless by dividing vo by the tangent ia l  
ve loc i ty  of the  enter ing jet ,  vj, and dividing r by r Thus, m' 



It can be seen immediate thst the parameter which measures the effect  
of viscosity on the system is , 19 it is large, then we have, 

(v 1. 1 
- -Q-J -JO 9 

d( Vo/V 9 1 
r* .t &* 

const. TWis mean8 that $he! angular momentum of the f lu id  is  con- 
it moves radial ly .  On the other band, if %/2p is ElrraalZ, we have, 

The magnitude of%? is set by the binary d9ff"usion process, as expressed 
n Ref ( 5 )  by Eq (42). 

Asauming the hard-sgbere model for mole 
that % < < %, thSs expression may be reduced to: 

A fomuLa $or the viscosiyy of a gas mixture is given 
collisions, that m$ > mly and 



X r  
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where/U1 is the 
hard-sphere coll 

viscosity of the light g m ,  d l  and d2 
sion diameters for light and heavy mo 

are the effective 
mules, and dk, is 

eavy the effective hard-sphere diameter for collieians between light and 
molecules. 

To the same approximation as used in Eq (5O),pl is given by, 

Now taking the value of$?/l given by Eq (42),%1/2TI;u, may be written, 

Assuming that the quantity in braces is of order unity, i.e, w is not t o o  
large, and that T* and r* are of order unity, it is clear that for % and 
Pu or U gas933(i/2$%is o? order lOOg e 

w1/2T$varies from about 25 to 100. 

P 
Since ?Jl varies between 1/4 and I, 

Thus Eq (48) is a good approximation t o  the flow if r*. i s  less -than a, 

However, if r* is greater than a,ml. is 
the dimensionless radius at which the fluid is introduced, and in this regj-on 
the flow is essentially inviscid, 
effectively zero, and Eq (49) applies. 
dominant, while in Lhe region of r* less than a, inertial forces are dominant, 

In this region, viscous forces are 



The viscous torque tending t;o retard the vortex flow I s  therefore due 
Its magnitude m y  be! esti- to the shear layer ’between r* = a and r* = rg. 

mated from Eq (491, the solution 09 which is, . 

w h e r e  .Al and are constants. Clearly v /v = 0 at r* z: r * hence 
0 3  P3 

where v (a) is the actual tangential velocity a t  the dfmensiodess radius ,  a, 
where tfle f l u i d  is introduced, 

Now v (a)/v may be determined by equating the torque exerted on the 
f h i d  in t$ tubd, by the entw2ng f luid,  t o  tlre torque caused by 
the periphery. Thus, 

shear at  

(541 



Substituting in Eq (54) ,  and solving, 

From Eq (55), two points are clear, 
becomes small, and the effectiveness of vortex formation is poor. 
for a given ratio of r /a, the effectiveness is improved as%f1/2@4 increases 
This is shown in Fig 2 

First, if a approaches r$, vo(a)/v 
Secoddd, 

For t'ne range of%f1/2?7J4 of interest, i , e ,  from 25 to 100, the effee- 
tiveness of vortex formation predicted by this simple model 1s adequate. 

A more general conclusion which can be drawn from the simple analyaia 
is that the effectiveness of vortex formation is determined by the magnitude 
of w1/2Wp. 
larity parameter in any experimental study of' vortex heating-separation devices. 

This quantity must therefore be considered an important simi- 

Suggestions for experimental verification of the analysis: 

experimental investigation involve the nat1u.e of the flow in the tube, and 
may really kreduced to one question. 
possible to create a vortex field of the strength required to achieve separation, 
with the low mass flow rates which are required by the diffusion process. 

As has already been menttoned, the principal questions which require 

The question is whether or not it is 

Except for the unknown effect of heat addition on the flow stability, this 
question can be answered by a simple experiment which involves no diffusion. 
The experiment should be SO designed that three similarity requirements are 
satisfied. First, in order to insure dynamic similarity between the experiment 
and the actual vortex tube, the inlet Mach numbers should be the same. Second, 
the Reynold's number, based on some tube dimension, such as I t s  diameter, 
should be the same. Ftnally, the mass flow rate per unit of tube lengkh divided 
by the dynamic viscosity, i..e.%$/WA9 should be the same fo r  the experiment 
and the actual device, 
should be sufficient to measure the radial pressure distribution, say st; a 
closed end. 

In order to verify the strength of the vortex field it 
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If tbe result of this experiment is negative, in the seasre 'c?rrat; the 
vortex field is rmch weaker khan is predicted by theory, 29; mst be @on,- 
sfdered inconclusLve, beeawe QF the poseSb3Le s k b i l i z f n g  effect of heat 
addi t ion,  should %he! resz&% be negative, it Ss suggesstcd t h a t  the 
s h b i l i z i n g  effect of a positive densfty gradient (5x1 the dtu-actton of 
increasing radius) be studied. 



Performance and C r i t i c a l 9  Estimates 

The s ignif icance of t he  r e s u l t s  obtained from the preced.ing ana lys i s  
of the heating-separation process may perhaps be b e t t e r  revealed i f  incor- 
porated i n t o  the  performance analysis of a vo r t ex -ewi ty  reac tor  fo r  
rocket propulsion. 
parameters of the rocket are calcul.ated i n  terms af the parameters derived 
from the  separation ana lys i s  and from the nuclear configuration. 
de f in i t i ve ,  such an ana lys i s  wou1.d have t o  Include an optimlzati.on of the  
e n t i r e  system f a r  some mission, and this would imply a de ta i led  study of 
many aspects  of the vehicle configwaWm, as weld as those of t h e  power 
plant .  
it i s  simply t o  provide a physical f ee l ing  f o r  the several. parametem 
which character ize  the  performance of the vortex tube as applied t o  rocket 

I n  the present sec t ion  the cha rac t e r i s t i c  performance 

To be 

The i n t e n t  of the present analysis, however, is much more modest; 

propulsion * 

To t h i s  end, the  requirements imposed on the reac tor  system by the 
o v e r a l l  heat balance, and by c r i t i c a l i t y ,  w i l l  be estimated. 
thrust-to-weight r a t i o ,  neutron flux and various other  parameters w i l l  
then be given f o r  some representative examples, 

'The weight, 

It i s  assumed i n  these computations that the  reac tor  core consists of 
a cy l ind r i ca l  bundle of vortex tubes such as t h a t  shown i n  Fig. I, the 
diameter being equal. t o  the length, L, of an individual tube,  
and beryllium oxide w i l l  be considered as moderators. 
the temperature r a t i o ,  Tc/TpP is such that heat must be added t o  the  pro- 
pe l l an t ,  by f i s s ionab le  material, before it en te r s  the  vortex tubes, it w i l l  
be assumed that the f i s s ionab le  material not contained i n  the tubes i s  
uniformly dispersed i n  the  moderator. 
weight should be possible by concentrating thLs so l id  f u e l  i n  as smll a 
volume a6 possible ,  bu t  t h i s  refinement w i l l  not be considered here.  On 
the  bas l s  of the  results of Ref. 7, t he  volume f r a c t i o n  o f  moderator i n  t he  
core w i l l  be taken as 0.4. 

Both graphite 
I n  those cases where 

Some reduction i n  overal l  s i z e  and 

Heat balance: 

Since the  gas i n  the  vortex tubei; is e s sen t i a l ly  t ransparent  to 
penetrating rad ia t ions ,  i t  may be assumed t h a t  a l l  r ad ia t ion  or ig ina t ing  
i n  the  tubes deposi ts  i t a  energy i n  the moderator. 
assuming t h a t  some f r ac t ion ,  E ,  of the to t ab  heat generated by f i s s i o n  i n  
the  gas i s  ac tua l ly  deposited i n  the gas, 
reac tor  care volume occupied by t h e  gas i s  B, 8, and #s are the  average 
neutron fluxes i n  the gaseous and s o l i d  regions, l$s and fi2g are the  

ff3 
respective mean f i s s ionab le  matertal concentrations, and cff 

This is  equivalent t o  

Now i f  the  f r a c t i o n  of the  t o t a l  
- 

and a 
8 



are the fission cross-sections i n  the gaseous and solid regions, a simple 
heat balance givesp 

Af; ITss is decreased, 
= ‘0 @’ In this case, is reached when %e 

T /T increases,  anti a m i m u m  attainable value of 
...3 

T /T 
C P  

Because of dfssocfatioa, Ipg depends rather atrong3.y on pac and T . 
with increasing T, -4 decreasing pot. The dependence of Tc(.-}YTp on pOc and 
T, i s  shown i n  Fig. 24, for  = 0.90, 
vortex tube itself is capable of very large temperatuse ratios, (see Fig. 14) 
thia limitation imposed by the heat deposition from penetrat ing radiatdons l i m i t s  
a re& system to moderate Lempemture ratfos. 
extant,  t o  all. gas-phase Fiasion hesting devices. 

It increases 

ft should be noted that even though the 

This limitation applies, to some 

CrftlcaliLy E 

Est imates  of the tnritfca3. si= of %he reaetox have been obtained Prom two 

for  two groups and two regionsB and 8 reflector savings psogran** 

The rewtcc core was taken t o  be a clean ~ O ~ Q ~ ~ Z O U S  mixture of moderator, 
p_ltntondum and hydrogen. 
the separation analysis. 
probability was taken as u n i t y *  

The proport9omof the latter two were determined from 
Fast ffssfon was neglected and the resonance escape 

The thickness of the beryllium reflector f o r  each reactor was selected 
to minimize tbe combined core and reflector weight. 

i+ These calculations were done by P. G. Zafyat-ia and M. L. Nelson. 



The f i s s i o n  cross sect ion o f  plutonium has a marked resonance a t  a 
neutron energ-j of 0.3 e lec t ron  vo l t s ,  which coincides with the mean 
thermal neutron energy (Maxwell d i s t r ibu t ion )  for  a temperatwe of 2330°K. 
Thus, the neutron brnpwatiu-e has an important e f f e c t  on the cr i tEca1  mass 
f o r  the systems considered here. 
was equal t o  the  moderator temperatwe, which i n  tu rn  w a s  taken equal to T . It vas assunied t h a t  the neutron temperature 

P 

Performance: 

For the  present purposes, the  performance of the vortex tube reactor  
may be characterized by .the spec i f i c  impulse, the t o t a l  t h rus t ,  aad the 
r a t i o  of' t h rus t  t o  reac tor  (core  and r e f l e c t o r )  weight. 

The spec i f i c  impulse w i l l  be taken as, 

where Q i s  the g rav i t a t iona l  eonstant, and p, i s  the  atmospheric pressure 
at the e x i t  of the rocket nozzle. 

The ove ra l l  t h r u s t  of the c r i t i c a l  assembly of vortex tubes i s  
given by : 

where L i s  the  length of the tubes, N is  the amber of tubes, and37$la 
the mass flow per unit of tube length.  Now tho productalL is r e l a t ed  
t o  the  nozzle th roa t  radius by tb.e simple re la t ion ,  

( 5 9 )  



U 

while 

and 



It can be seen from Eq ( 6 3 )  t h a t  the t h r u s t  of the: vortex reactor i s  
ac tua l ly  l imited by the  s i ze  of the area which can be provided a t  the 
back face of the  reactor for  the exhaust nozzles, without allowing the 
f i ss ionable  material t o  'De blown out .  T%is area is precisely,  

The thrust i s  also proportPowl t o  ths pressure ' Po,, but independent 
of Tc. i s  of cowse determined by zhe d i f fus ion  
process i n  the tubes. 'It depends principal.1.y on M 

The r a t i o  iqe/r 
jbncreasing as 

Equation (63) contains the factor  (rt/rc)*, which may have any 

t m '  increases .  

value from zero t o  u n i t y .  Thils, fo r  a, given set; of vm.t;ex tube paxameters 

the reactor is increased, each tube decreasing i n  diameter. This may be 
seen by equating Eqs (59) and (62) and solviw for N. We get, 

Far a given set of vortex tube parameters, 
fo r  fixed pOc and Tc, the number o f  tubes i s  proporticda2 t o  (rt/rcI2. 

implied by t h w e  performance estimates may be determined from Eq (&I), 
which gives, 

and sc/rp art? f ixed.  Then 

The neutron t r ack  length required t o  give t he  heat release rates 

Using Eq (61) t o  replace 





Some charac te r i s t ics  of these reactors  are shown i n  Table I. The values 
f o r  berylXium oxide moderated reactors  are shom i n  pwentheses,  
f e w  quant i t ies  l i s t e d  m e  charac te r i s t ic  of the  vortex tube i tself ,  hence are 
independent o f  the moderator used. 

The f i r s t  

Although the reac tor  weights (cor" plus  r e f l e c t o r )  are very high f o r  f u e l  
concentrations of the order of 0.5x101~cm-3, they are qui te  reasonrtb3.e i f  the 
concentration C a l i  be increased 60 about 5 .0x1018cn"3. T'nese higher fuel con- 
centrations imply high pumping pressures, however. 
atmospheres or  7320 p s i .  T-he pwnping gressure must be taken as about &ice 
t h i s  f igure,  t o  allow f o r  the pressure drops i n  the i n l e t  nozzlea and so l id  
reac tor .  It should be noted that the increase i n  average f u e l  concentration, 
%, by a f ac to r  of 10 from ease L to case 3 requires  only a l i t t l e  more than 
doubling of the pumping pre6swe. 
drop caused by increasing wm. To achieve the same concentration increase by 
r a i s ing  the general  pressure level. with constant w,, it would be necessary t o  
increase the pumping pressure tenfold, t o  about bo00 atmospheres. 
oxide moderated reactors  are i n  a U  cases l i g h t e r  than the corresponding graphite 
moderated reac tors .  
lengths i n  beryllium oxide as compared t o  graphite.  

For c a m  3 ,  p o ,  .fs 498 

This increase i s  due bo the  higher pressure 

The beryllium 

This i s  due t o  the smaller neutron. slowing down and diffusion 

Although the  reac tor  weights are ra ther  high, t he  thrust-to-weight r a t i o s  
are a l s o  q u i h  high i f  rt/Pc i s  near uni ty .  
t o  take rt/rc a l i t t l e  less than unity, t o  allow fo r  three dimensional flow 
e f f e c t s  I n  the long, th in ,  vortex tubes. If rc,/rc i s  taken as 0.5, f o r  example, 
the beryllium oxide moderated reactor  described i n  case 3 bss a thvust o f  
325,000 Bbs., and a thrust-to-weight r a t i o  of 61. The la t te r  f igure  is  somewhat 
lower than that for  a chemical system; however, the spec i f ic  impulse i s  a t  least 
twice that of the best chemical rockets ,  
reac tor  would contain 3,300 vortex tubes, each 0.68 i n .  i n  diameter. 
average neutron flu would be 0 . 6 5 ~ 1 0 ~ ~  neutrons/sec cm2 a 

It may, however, be more real is t ic  

I n  order t o  give t h i s  performance the 
The 

It seems from comparison of cases 3 and 6, fo r  example, that as Tc i s  
increased, the c r i t i c a l  s ize ,  and weight, of the reactor  increase.  This e f f e c t  
is  due t o  a lower average f u e l  concentration i n  the  higher temperature reactor .  
The gas-phase f u e l  concentrations, E$@, are about the  same i n  the  two cases, but 
t he  lower - temperature reactor  contains considerable so l id  f u e l .  

Final ly ,  it must be emphasized again that these r e s u l t s  are only exemplary. 
It i s  obvious t h a t  reactor  weight i s  a very important parameter I n  these systems; 
therefore,  a de ta i led  c r i t i c a l i t y  analysis  must be made before: deffrt i te conclusions 
can be drawn as t o  the advisabi l i ty  of fur ther  development of the vortex tube for  
rocket propulsion. 
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5. Variaticln o f  dimen8iox-CLess temperature, T* with dimensionless 
radius, r*, 

a> for &m less t b n  gm(crit) 

b) for &, greater than $n(crit) 

" ' *  
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Dependence of Yne tangential Mach, number at the perlphery, 
M t  , on the choice of the value, r*, of the dimensionless 
r a h s  whfch corresponas t o  the tu% periphery 

a )  f a r  less t b n  %(wit] 

b )  fcjr gm gmater than gal( cri t)  

Dependence of the relative nmss flaw cappacity,y, on the choice 
of the value, rXp of the dimensfonless rad3~1s &ich corregpoads 
to the  tube periphery F 

a )  for  gm l e s s  than %( crik) 
b) f o r  greater  t hn  %(wit) 

Dependence of the averag.c?-to-periph~PaP propellant denstty 
ratio,. and the r a t i o  of average t o  maximum density ratio on 
the choice of %he value, r*) of the dimensionless radius  which 
corresponds t o  the tube pepiphery 

a> 

b) 

fo r  gm l e s s  than gm(crit) 

fo r  ~m grea ter  than %(""it) 

Dependeme of the heaLing parameter, % on the value, r;, of the 
dimensionless radius which corresponds to the tube periphery 

a >  

b)  

for Q, less than gm(c r i t )  
for  & greater than @;,(wit) 

Dependence of the overa l l  'temperature r a t i o ,  Tp/Tc, on the ratio 
of the heating parameter h, to its maximum permfssible value 

a )  for Mtm = 0.5 
b]  for I4tm =: 0.7 

c )  f o r  bltm = 1.0 

Dependence of the overal l  pressure ra t io ,  poc/pOp, on t h e  
overall  temperature r a t i o ,  T /T 

P C  

a >  f o r  I$* = 0 .5  

b) for M-,-- = 0.7 
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Dependence of the tangential Mac, number a" the periphery, 

Dependence of the rellative a s s  flow capacity, 9 , on the 
o v e r d l  temperature rrttiu, T /T . 

on tix? overau  temperature ratis, T ~ / T ~ .  Htpj 

P C  

Dependence of the r a t i o  of exit radfus to t;u'be radius on the 
overall temperature ratdo? T /T . 

P G  

Dependence of %be ratio of average t o  maxSmwn density ra t io  
on the overaSt9. temperatwe rat lo ,  T /T 

P C  

e)  for Mkm = 1.0 

Dependence of the ratgo of average t o  peyipheral propellant 
dens i t ies  the overall temperature ratio, T /T . 

P C  
a) for  Mtm =: 0.5 

b) f o r  Mtm I 0.7 

c) for Ntm %! 1.0 

Dependence of the heating parameter, QP' on the overaXL 
temperature r a t i o ,  T~/T,. 

a) for Mtm = 0.5 

b) for Mtm = 0.7 

c )  for &Itm = 1*0 

Introduction of the flraSd a t  a dimensionless radius a. 

Dependance of the ratio of' effective to i d e t  tangential 
velocities on the f r a c t i o n  of %he tube radius a t  which 
the f l u i d  enters. 

Dependence of the maxim obtainable tempemture r a t i o ,  
T,(max)/Tp, (aut fissionable material, i n  gas) on e x i t  
temperature, TcS and pressure9 poc. 

Table 1 Numerical examples of vortex-tube reactors. 
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SKETCH ( 8 )  

FIG.2:  BEHAVIOR OF W / W ,  FOR g, GREATER THAN AND LESS 
THAN MAXIMUM PERMtSStBLE VALUE. 
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FIG. 140- DEPENDENCE OF THE OVERALL TEMPERATURE RATIO,  

7 p / T c , U N  THE RATIO OF THE HEATlNG PARAMETER g,, 
TO ITS MAXIMUM PERMJISSIfLtE VALUE 1 FOR Mtm=0.5 
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FIG.16-DEPENDENCE OF THE TANGENTlAL MACH NUMBER AT THE 
PERIPHERY, Mtp,ON THE OVERALL TEMPERATURE RATIO, TcP'; 



3 2 

2. 

2.4 

2 . 0  

1.6 

I . 2  

0.8 

0.4 

0 



L '0 

8' 0 

t'O 

c '8 



FOG. 



F1G.fSb-DEPEMDENCE OF THE RATIO OF AVERAGE TO 
DENSITY RATIO ON THE OVERALL TEMPERATUR 
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FIG. 24- DEPENDENCE OF THE MAXIMUM OBTAINABLE 
TEMPERATURE RATIO, - TC (max.), ON THE E X I T  

TP 
PRESSURE, Poc, AND TEMPERATURE, TC 




