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A PREL~INLW MPERIltlENTAL STUDY OF’ VORTEX TUBES 

FOR GAS-PWASE FISSION HEATING 

J. L. Kerrebrock J. J. Keyes, Jr. 

S W Y  

Am experinseumta9, study of a simple jet-&riven vortex tube has in- 

dicated tha t  the viscous retardation of the vortex motlorn i s  so severe 

as t o  prevent the formation of vortices of suf f ic ien t  strength f o r  vortex- 

cavity reactor applications,  The Large viscous e f fec ts  are most l i k e l y  

due t o  the existence of turbulent flow i n  %he tube; hence a second experi- 

mental study, aimed a t  production of laminar  vortices, has been in i t ia ted .  

Even though the viscous e f fec ts  i n  the vortices arc very strong, the 

variation os” -t;sngerati%l velocity with radius i s  near that f o r  an inviscid 

vortex, w i t h  the  veloeity being proportional t o  the radius t o  8 power which 

varies between -0.4 and -0.8, 

A simple model representing the influence of the outflow t h r o w  the 

central exit, nozzle on the vortex @,ore st ructure  i s  pmpsed .  

agreenent with the measured pressupc distributlorrs near the  vortex center 

has been Sound. 

Satisfactory 

A%tho7@4 +he tangential Mach numbers generated i n  the present appara- 

tus arc: too low t o  permit separation of gases wder the conditions required 

i n  vortex-cavity reactors, preltnimry separations of helium from both bra- 

mine and a heavy fluorocarbon (C$ae) have been obtained, 

cancentration peaks were very near the center of the vortex tube, a t  radial 

positions which are i n  reaaombly good agreement with the predictions of 

The heavy gas 
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The c a p b i b i t i e s  of vortex tubes for  the production of very hot gases 

33 f i s s ion  heating have beela explored amly-tically.' A schematic drawtng of  

such a vortex tube, applied t o  rocket piqopulsion, i s  shown. i n  Pig,  JWe A 

l o w  mol-eczalar weight gas is introduced to the  tube targent ia l ly ,  so that, iz 

voytex motion is produced. The Ugh$ gas f l o w s  spirally inward, diffusing 

through 8 c-loid of h i g h - ~ ~ ~ e e u a a P - h i ~ h ~  f i s s jomble  gas I 

in held against the radial mass Flow by the centrifugai force f i e l d  ~ z o - *  

dueed by the vortex. 

sad absorbing the heat generated in it by fission, the I.i@-t; gas f9ov~s down 

'The heavy gas 

After passing through the  cloud o f  fiasionnble 8:ns 

the r_aent~r of the tube and out, t&r.ough a nozzle a t  one end. 

Ira the ana%y$icaS study of -this device, three important assmptiom were 

w i t h  complete imiforni ty  along "tne axis o f  the  tube, The analysis indicated 

tha t  under these conditions the vortex tube should be capizb1.e o f  producing 

high gas temperat-,azre ratios at mss f l o w  rates of the order of 0.61 pounds 

&er ssealad pe7' f o o t  of tube length, 8s  limited by the diffusion of" the light 

1 5  w s  concl~aded i n  Ref. 1 that essentially inviscid vortices can be 

O f i  t h e  vortex strength. 

I ''$ ..* 
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Ira view of these facts, the experimental study of vortex-separation 

‘cubes has: been divided in to  two d i s t i n c t  experincnts. 

first experiment was principal ly  t o  determine the  magnitude o f  viscous 

effects on t,he vortex strength,  

o f  the  cmtflow -through the nozzle OD the  vortex structure has been obtained. 

Prelimslnary s c p r a t i o n  experimems have been carried out, but under f 3 ow 

conditions f a r  iemared from the design paint. While t h i s  experiment cannot 

wition o f  sepamtion froa the standgoint 

of apglication to voi-tex reactors,  it i s  u s e f u l  as a reference po in t  for 

the armlysis of Ref, X. 

in t i n i s  r c p r t ,  

%he purpose of the 

In addition, an eseimate of the influence 

Thc results o f  these f i rs t  experiments are given 

Sinc? it was expected, and la te r  conrimed experimentally, that the  

viscous effects  for turbulent flow would be SO strong as t o  prevent the  for- 

m2tion of vort ices  of adequate strengLh, a second experimental study aimed 

s;t production of 1amirm.r vortices has a l s o  been in i t i a t ed .  The method to  

be eq lo red  consists of bleeding a portion o f  thc  i n l c t  nozzle mss flow 

fro% the  voz%ex tube tl~rcmgh a m i f o m l y  porous; “cbe will.. An ans ly t ica l  

study of t h i s  idea’ indtcated that  it should be possible t o  stabil-ize the 

shear layer ori the tube all for reasonable bleed mass flows. The r e su l t s  

of t h i s  eqeriment w i l l  be reported i n  a second document. 

A detailed description o f  the apparatus and instrimemation f o r  the 

f i rs t  expcr jme~t  i s  given i n  the body of the  report;  however, some key 

design r r i t ~ r i a  will be mentioaed here. ‘fie design of the experiment w a s  

based on three simil.apity parmeters:. 

ReyrroEds numbel- based OD the tube di.meter and tangential. veloci-ty, and the 

the nozzPe i n l e t  Mach number, the 
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rptkio of radial  mass flow rate t o  dynamic viscosity.  

a t ing  conditions of the tube were so chosen tha t  each of these parameters 

WQXM. be equal. t o  t ha t  f o r  a typ ica l  higli temperature vortex tube as de- 

scribe6 In R e f .  1, Table I, The neecssity @or equality of the fj.rst tm  

parameters i s  obvious. ?The l as t  parameter was found, i n  Ref". 1, t o  govern 

the magnitude of viscous effects on the vortex stzength. 

Reynolds number based on the radial flow velocity and tube radius. 

The design and oper- 

1% i s  r ea l ly  a 

An. essential. f e a t w e  of the vortex tubes being considered here i s  tha t  

the fluid i s  introduced nearly uniformly over the peripheral surface of the 

tube 60 t ha t  a uniform rad ia l  f low i s  esLabPislzed, With the l o w  nmss fPow 

rates and high tangential  veloci t ies  required by the d i f fus ion  process, t he  

nozzle area is  necessarily very small. Tnus, the Eozzle configuration 

which has keen chosen is a series of" very small discrete j e t s ,  evenly spaced 

around the periphery of the tube. 

The presentation o f  results is based on correlation of $hi: data with 

pmdietions from sinple anelytical. models, rather than the presentation of 

larg? m o ~ m t s  o f  o r i g i m l  data. Thusj the res i l ts  w i l l  consist largely of 

the values vhic33. the parmebers os" the analyLica1aodel.s must have in order 

to best @ome%ske the data; however, sone exa~ples of the agreement of the 

experlnental data with the p~edictions of the aodels are also given. 
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A P F N T U S  AND INSTR-TATION 

Tne geometry selected f o r  the i n i t i a l  experiments i s  a 3.-ft  section 

o f  vortex tube o f  2-in. inside diameter, bored. i n  a b i n ,  Luctte block, 

8s sketched i n  Fig. 2 .  Drelve brass feed iiozzles are located i n  the wall 

o f  &he block so as t o  f o m  a broken s p i r a l  o f  entrance j e t s  spaced 1 - in .  

ax i a l ly  with 9 - d e g  ro ta t ion  between adjacent nozzles and continuing the 

length o f  the block. The inside wurfaces of the nozzles are honed f l u s h  

with the inside diameter of tize tube, as shown i n  the detail. Ttm such 

vortex tubes, d i f fe r ing  only in s i ze  and locat ion of the feed nozzles, 

have been rrm. These a m  compred below: 

Vortex 
"ru'tae No. 

1 

2 

I n l e t  Nozzle 
Dimeter  -_- 
0.0135 in ,  

Radial Position 
of Nozzle, I-' 

0.92 

0.0100 in .  0.814 

Note t h a t  fo r  a given supply pressure, tube No. 1 w i l l  p ~ s s  about 80 per 

c e n t  more imss flow theaa tube No. 2 ,  

The feed. nozzles are supplied with gas from fo11-r headers d r i l l e d  i n  

bhe p las t i c  block so t h a t  each one feeds three nozzles i n  l i n e .  Fig. 3 

i s  a photograph of tube No. 1 show%% the arrangemefit of feed headers and 

11 ?I nozzles, Note %he use of 0 -ring seals between the  tube proper and header 

channel..s (top of photograph) and the supply p la te ,  The e x i t  p l a t e  i s  l i ke -  

wise sealed. Thus, the vortex tube can be readi ly  removed and the end plates 

interchanged. The three tubes seen projecting au tmrd  a r e  wall pressure taps. 

Cas  exhausts a% one end. khrauglz an adjustable amull.ar o r i f i c e  d i r ec t ly  t o  the 

atmosphere, as shown i n  Fig,  2 .  Other e x i t  confi,wa.tions which have been 
*A **'"1< 
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Fig. 2 .  Sketch of Experimental Vortex Tube, 
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Fig. 3. Plastic Test Block-Vortex Tube No.{. 
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explored are discussed later. 

I n  order t o  measure the r ad ia l  s t a t i c  pressure dis t r ibut ion,  a number 

of pressure taps are located i n  the feed p la te  as seen a t  t h e  l e f t  of 

Fig. 2. 

removed, showing the adjustable ex i t  o r i f i c e  and. ax ia l  probe a t  the l e f t ,  

and the feed p la te  a t  the  r igh t .  

Fig. 4 i s  a photograph of the frame and end-plates with the  block 

The layout of the  th i r t een  pressure taps 

on a close s p i r a l  s t a r t i n g  a t  the  center i s  c lear ly  shown. 

posit ion of the taps is  tabulated below: 

The radial 

Tap 
No. 

1 

2 

3 

4 

5 

6 

7 

9_ 

Radial Posit ion 
- 1  

0.000 

0.093 

0.203 

0.320 

0.375 

0.438 

0 493 

8 

9 

10 

11 

13 

Radial Posit ion 
r' 

0.570 

0 703 

0.820 

0 875 

0.938 

1.000 

%ps 2 and 3 are  not v i s ib l e  i n  the photograph. 

In  addition t o  the end pressure taps, several  probe taps entering 

r ad ia l ly  through the  w a l l  are included (as shown i n  Figs. 2 and 3). 

are used t o  measure s t a t i c  wall pressure and can accommodate the sampling 

These 

probe used i n  the separation experiments. 

sure and sampling probe which can be run i n to  the tube by a rack and pinion 

drive. 

A l s o  included is an a x i a l  pres- 
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Fig. 5 is the over-all flow and instrumentation diagram. Helium or 

nitrogen gas is supplied from cylinder banks through pressure regulators 

and appropriate metering devices to each of the four supply headers at 

pressures up to 600 psig, as read by Wurdon-type test gauges upstream 

of the feed-plate entrance. 

dividual header flows if necessary. 

Valves are provided for controlling the in- 

The pressure in the vortex tube is 

regulated by the exit valve up to a maximum of 150 psig. 

measuring taps are connected t o  nquick-comectn plug-in couplings, panel 

A l l  pressure 

mounted, with provision for manual connection to any of four gauges to 

read absolute or differential pressure. In addition, a manometer bank is 

connected to read ten pressure differentials simultaneously as indicated 

in the diagram. 

cent, of -kill scale (150 psi), and the differential measurements, to 2 per 

cent or  better. 

The absolute pressure measurements are good to f 0.2 per 

Provision has been made for adding a trace-gas component by satura- 

tion of" a portion of the supply gas in a bubbler tank. The gas thus 

saturated can be introduced through the tangential nozzles, or through 

the w a l l  or end pressure taps. 

inlet gas temperature and tank temperature. 

Thermocouples are provided to measure 
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vis COUB Effects 

For Pminrar  flow w i t h  negligible axial velocity, the tangential 

where v and ;-t are t h e  Z;an.geiaLial and radial velocities, respectively, 

p is the density, and r is the radfqs, BOP t h e  present pi~rposes, -it 1 s  

coravenient to remite  the eqmtioii 11% terns of the tarAgential velocity 

divided by i%s value nem the w a l l  of the tube, and the r ad ius  clivid.ed 

'by the tube raaius. If we denote these quantities by primes, we f fnd 

For X -+ 0, the Piuw nust spprsalah a free vortex Plow, f o r  which v 8  i s  
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propwtioml to r’-’; heme for K -+ 0, the secoad tern, which is propor- 

tional to r’ to a large negative powert must be negligible. For my 

given s m h l  K, this second term is mast important for smll r‘,,so as K 

increases from 0,  we expect a deviation from the r*’ behavior first at 

small I-’. As K increases, the second term should become significant 

over a larger range of r’, until for K of order unity, the two terns are 

of about equal importance over the full range of r’. In particular, for 

K = ~/2,  both terns are prop or ti om^ to r-’. 

Since the poww of r 8  in the second tern varies from 0 t o  +1 as K 

increases from 0 to +OD, i t  is not ineonsiskent vith this exact solution 

of Eq. 2 to assme tbat v’ is given by 

where -E is between unity and zero. If K is very smU, this single term 

must be regarded as a sum of the two terns in the previous equation; how- 

ever, for K between em m d  112, the second tern alone gives -E from -1 

t o  1, Thus, Tor the Epreseat, we make the identification 

The reasor&bEeness of this choice w i l l  be indicated later by comBrison 

with the data. 

‘.The radial pressure gradient is given in terns of the tangential 

veloeity by 

or ia tema of the dimensionless variables, by 
*I* 



where &f is  the tangential rmber of the vortex st P~ = 1 

pemture variation I s  CLosely given by 
F 

Usin& this r e l a t ion  ard Eq, 3, ia Ea. 5 ,  and integrating, we ftnd 
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F i t  f o ~ "  some value of M much less than 0.590. 

Pa%cr ?,hat the analysis of the Influence of the nozzle outflow on the vor- 

Lex struebum? indicates that  a K of 0.590 Is of about the r igh t  magnitude 

t o  eg@Bin the rueaswed pressure distribution near the vortex center,  

However, it w i l l  be shown 

In view of the  excellent fit obtained w i t h  Eq, 6, the  bulk of t h e  pres- 

SIJW distribution data has been reduced by computing single values of M and 

g for each e~erinea%. 'The cyantities which could be varied f o r  a given run 

w e r p  the h csrawe and the tube presswe. Since the i n l e t  nozzle6 

WF?'P~  choked (sonic) at nearly a11 operating conditions, the mass flow rate 

per  unit of tube length, q x  was simply proportional .to the header pressure, 

P 

The vmia t lon  of E wlth mss flow rate and tube presswe is shown in 

Pig. 8 for tube No. 2 and in Fig, 9 for tube No. 1. 

puted by f i t t i n g  %qe 6 t o  the presswe measurements st two pints on the 

tube radius. Thus the scatter m y  be due to uncertain%ies in measuremen%s 

at Lhese two particular points. The uncertainty could probably be reduced 

by a least-squares fit of Eq. 6 t o  the pressure distribution for each run, 

'but ktie mount  of labor involved in such a fitting process appeared pro- 

hibir,ive. 

m e s e  values were corn- 

jrrA spi%e of the scatter of the values o f  E, two points are clear< 

F i r a t ,  the  values o f  E are very m?ech G L O S ~ ~  to the value (-1) Tor a free 

vortex % h m  to the value (+I) f o r  a solid body rotation. 

compu~ed from Eq. 4, range Prom 0.7 to 0,55 as -E: varies from 0.4 to 0.8. 

f iewndg the vea~rres of -E do increase with increasing 31 (at least up t o  

r.lPou.'$~ 2 0.01 Pb/secmFt) 8 s  would be expected i f  t he  effec-tive viscosi ty  

wex'c nearly constant, 

The values of\ K, 

Theye is also some effect  of tube pressure, which may 
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be either a Reynolds number e f fec t  o r  an effect  dine t o  t.he change i n  Je t  

e x i t  Mach number with changing tube p ~ e s s w e ,  

The var ia t ion of the r a t i o  of %he actual t angec t ia l  Mach nwber of 

the vortex t o  the ide$l j e t  exit Wiph number withqlp and tube pressure i s  

ahoam i n  Fig, 10 f o r  tube Mo. 2 an6 i n  Fig, 11 far tube No. 1, If" the  

than unity, 88 a result of the high viscous torque exerted OD the fluid by 

the turbulent shear layer at4 the Lube %m1$. 1% vas pcjredfc.ted -En I 

01s. the f l u i d  in the tube, by the entering Jet for; a given value of M M 

to the torque exerted by the wall shem layer, increases wit;h@g. T%Is 
d j  

effect is also present im the turbulent case, as nay be seen nost, easi ly  

from Pig. 11. However, because the effect ive viscposi2.y i s  Increased. by 

iixviscid vortex with turbulent flow than w i t h  l a imr  f l o w .  The mass flow 

otherwise reducing the  viscous re%wding torque, i s  esisexstlab Lo the  pro- 

6uction of vortices o f  sufficient st;rcngt.h for t h e  vortex reactor appliea- 
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Influence of E x i t  Nozzle on Vortex Structure 

As the center of the vortex i s  approached, the r ad ia l  velocity, u, 

must approach zero as the f lu id  turns and flows ax ia l ly  down through the 

tube and out the ex i t  nozzle a t  one end. Thus as the center of the tube 

i s  approached, the d i f f e ren t i a l  equation governing the tangential  velocity 

becomes $hat which i s  obtained by putting the r igh t  side. o f  Eq. 1 equal t o  

zero. 

f o r  which v is  proportional t o  r.  

The solution of t h i s  equation i s  the fmiliar '*solid body rqtat.ionP'9 

On the other hand, it; has been demon- 

s t ra ted  tha t  i n  the  o u t e r p r t i o n  of the tube Eq. 1 describes the var ia t ion 

of the tangential  velocity quite accurately i f  p/pm i s  taken as a constant 

slightly l e s s  than unity. 

proportional t o  r where -E i s  near unity. 

The f l o w  then approaches a f ree  vortex, w i t h  7) 

E 

Between the free vortex region and the center, the flow therefore 

changes character as cL/pu;p changes from a comparatively -11 value t o  a 

very large one. 

varies l inear ly  with Y"' between zero and some r' which i s  character is t ic  

of the e x i t  nozzle radius, and tha t  -pur i s  constant for  r '  greater than 

r'  t' 

Eg. 3.  

As a f i r s t  approximation, it w i l l  be assumed tha t  -pur 

t ' 

Then for  r f  greater than 'It, the tangential  velocity i s  given by 

For I"' less than r t t ,  Eqa 1 becomes 

X% i s  convenient t o  write the equxxtioa i n  terns of r* E rl/, and v* E 

v '/v(r I t ) .  We them have 
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This equation has been integrated for several values of K. 

are plotted in Fig. 12. 

The results 

If Mt is %he tangential Mach number of the vortex at 'It, then from 

Eq. 5 the pressure distribution is given by 

y-l 
and if 9% = p* , we find upon integration, 

Values 09 1 (0, K) , computed from the values of Fie. 12, are given in 

pig. 13. 

From the previous analysis of the portions of the flow with pur 

constant, IC: is kaown for a given experiaental run, hence the integral is 

knosm as a function o f  P*. 

compute6 from the experimental data, and is a function of both r* and I"' 

If 8 given value OS I?* is selected, then r f t  may be dtemined fron Eq. 9. 

The radius rtt has been determined i n  this way, for r* = 0, f o r  runs made 

with LWQ different exit nozzle configurations. In the f i rs t  run, the noz- 

zLe was an annulus, with 0.28-in. outside diameter. 

But the left-hand side of Eq. 9 can also be 

t' 

In the second run, 

the nozzle was a central hole 0.125 in. in diameter. The experimental 

presswe dlstributions for these two runs are shown in Pig. 14, with the 

vaPufls o f  K and E determined by the procedure outlined in the preceding 

and I (0, K) found by the procedure out- %, sec%ion. The values of rft, 

1,ined- above are also given. 



W" 

0.4 0.6 0.8 1.0 0 0.2 

r s  

Fig. 12. Variation of Tangential Velocity With Rad- 
ius Within Region Inf luenced by Exit Nozzle Outflow, for 
Various E f f e c t i v e  Viscosit ies, K .  
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Fig.  14. Pressure Dis t r ibut ions and Correlat ion 
Parameters for  two D i f f e r e n t  E x i t  Nozz le Configurations. 
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, 

The values of r’ do not agree exact ly  w i t h  the  value of r‘ carres- t 

povsding t o  the nozzle radius, being 20 per cent smaller f o r  the amul~r  

raozzle and 20 per cent la rger  f o r  the cent ra l  nozzle. This spread can 

probably be a t t r ibu ted  t o  the d i f fe ren t  nozzle geometry, i . e * J  t o  the 

b lochge  ai, the  center of the annuliis nozzle, In  any case, two conclu- 

sions seem JusLifIed. F i r s t ,  the e f f ec t  of the ou t l e t  Plow CXI the  vortex 

structl l l~e cbn be approximated by the nodel glven here, with r’ 

the value of r’  correspo&ing to the  nozzle radius* Second, the  valnes 

o f  K, deduced previously f l -~n  the  exponent i n  v oc 1/r , are of the right 

o-kder. af  magnitude t o  explain ~ X S Q  Vcie behavior of v near the nozzle radius. 

These are really two independent checks on K, so that  the values peeenteed 

in Fig. 14 ?an be given w i b h  some confidence, 

close to t 

E 

On the basis of t h i s  mmlysis, it i s  therefore P e l t  that i f  the effec- 

t i v e  viscosi ty  i s  horn for the body of the vortex, the  influence of the 

outflow through the  nozzle 0x1 the  vortex strength near the center can be 

predicted, a t  least appnximBtely, by the anethod given. 

P r - e l f r n i n a ~ S e p a r a t i ~ n  Experiments 

The tezngenkial Mach number of the vortices generated i n  the above ex- 

pzi-ments increases very rapidly with -the decreasing radius, because of  the 

decrease i n  temperatax-e w i t h  decreasing radius, as well. as the increase i n  

the trzrxge~tiall velocity.  Therefore, although the tangent ia l  Mach numbers 

~IICEL:” the outside b f  the  tube  are m x h  too small t o  sl.Low et coneevstration of 

haa-sy- gas im3.r the w a l l  o f  the tube, -there i s  a poss ib i l i t y  of obtaining a 

concentration very  ear the  center of the tube,  if a su f f i c i en t ly  stlzall 

pxit L I G Z Z ~ ~  i s  used, 

-* 
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This possibility has been explored with helium as the light gas, ala6 

both bromine and a heavy fluorocarbon (C&6) as heavy gases. 

Bromine Separation 

Bromine vapor, which at room temperature is reddish brown and readily 

observed. by eye, ims used as a heavy gas vith helium. 

focused on the exi t  plate of the vortex tube throum a ground-glass diffuser 

plate, to produce uniform illumination across the tube. 

A light soyrce was 

Figs, 15  (left) and 1 5  (right) are black and white prints of Ek%achrome 

pictures taken axially along the tube under the operating conditions s m -  

rized in the first two lines of Table I. St is believed that the smll dark 

amulus near the center of the tube in the left photograph is a gaseous con- 

centration of bromine while the larger dark ring is a cloud of condensed 

broreine e 

It is difficult to avoid t h e  condensation, because the concentration 

of' bromine which is required for visibility is near the saturation concen- 

tration at the cofiditions existing in the tube. For comparison, a case in 

which no such gaseous separation can be detected in the photograph, but in 

which a cloud ws formed, is shorn at the right of Fig. 15. 

The pressure distributions for the above two cases a re  shown i n  Fig.. 16, 

%he upper curve corresponding to the photograph at the left in Fig. 15, and 

the lower curve to the photograph at the right. 

and the fitted curves from Eq. 6 are shown. From the values of e and M ob- 

tsliaaed by fitting the  pressure distributions, the variation of the tangen- 

tial. Mach amber w i t h .  tube radius can be computed, 

shmn in Fig. 17. 

Both the experiaental points 

P 

The Mach numbers are  
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Fig. 17. Mach Number Distr ibutions Corres- 
ponding to the Photographs 05: Fig.45, with Values 
of Mach Number Required for- Separation, Mm- 



T t  was found in Ref. 1 that, at the tube radius where the maximum 

ratio of heavy and light gas densities occurs, a simple relation exists 

between the tangential Mach number, the radial mass flow rate, the fluid 

density, and the binary diffusion coefficient. 

ana mass flow rate are small compared to the light gas density and mss 

If the heavy gas density 

27.0~ ra%e, the re la t ion  is, 

%7here 

z gas density st radius of rnt%xiraum density ratio pm - 
D12 =_ binary diffusion coefficient at same point 

732.1 E radial mass flow per unit of tube length 

7 E ratio of specific heats for light gas 

tangential Mach number at radius or" maximum density ratio Mm 

adn, S ratio of masses of heavy and light gas molecules 

Tne diffusion coefficient was coszputed by methods of R e f .  4 for 

hel-itan and bromine. 

Values of Ma are listed on Fig. 17. Comparison 

of M~ = 1.65 for the upper curve, with the values of 

of the computed 

M compted from 

value 

the 

presswe distribution, indicates that f o r  this case a concentration peak 

would indeed be expected for a radius of about 0.03 in. This agrees with 

t h e  s i z e  of what appears to be a clear care in the photograph at the left 

of Fige 15. Conversely, from the lower curve of Pig. 17 and the value of 

Mm = 0.93, it seeas unlikely that a high enough Mach number f o r  separation 
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was atLained i n  the case shown a t  the  r igh t  of Fig. 15,  and no separation 

could be detected i n  t h i s  case. 

The agreement between theory and experiment i s  r ea l ly  somewhat be t te r  

than m i g h t  be expected, i n  view of the f ac t  tha t  the flow i n  the tube i s  

turbulent, while the calculation of Ref, 1 assumed laminar flow. It i s  

possible, however, that the pressure drop experienced by the gas as it flows 

inward is  suff ic ient  t o  reduce the turbulent f luctuations near the center of 

the vorSex t o  a very low intensi ty .  

Flusroearbon Separation 
-% 

The heavy fluorocarbon ( C B F ~ ~  ) is  stable,  re la t ive ly  iner t ,  and has 

suff ic ient  v o l a t i l i t y  (35 mm Hg)  a t  room temperature t o  permit s ignif icant  

gas phase concentrations. These properties, together wit33 i t s  raolecular 

weight of 400, mke i t  an almost idea l  heavy gas for separation experiments. 

However, it carnot be detected visually, and i t s  diffusion properties with 

heliim are  not known. 

In  the experiments t o  be described here, a very Pine rad ia l  probe was 

Fig. 18 i s  a sketch of used t o  sample the gas mixture i n  the vortex tube. 

the probe shoving the geometry o f  the telescoping segments, the smallest of 

which i s  0.008-in. outside d i a e t e r  with a 0.004-in. opening, The la rges t  

tube i n  contact with the vortex f i e l d  near the wall i s  O.Ol7-in. outside 

diameter. 

vortex strengt,h as shown i n  Fig. 19, i n  which the pressure r a t io s  are those 

Even t h i s  re la t ive ly  small probe has a measurable effect  on the 

mzasured at the closed end; the probe was positioned 3 in .  from the ex i t  

pl.82;~. O f  course, it; i s  possible t h a t  the disturbance created a t  the tip 
.I_--_ * 

Perfl~~rodimethylcyclohexane 
.* 'c 
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$ 
@ 

figure. In fact, there is some evidence that the vortex center. is dis- 4 

of the probe may have an effect much greater than that indicated in the 

placed inwardly and that the probe is deflected slightly by the circula- 

ting gas so as not t o  intersect the true centerline af the tube. 

seems reasonable to believe that the influence of the probe will fall off 

rapidly for positions beyond r' = 0.0SO and the concentration data %o be 

presented should be interpreted with this in mind. 

It 

The sample was led to a therm1 conductivity cell. !Be  instrument, 

n GOW-Mac Instrument Company Model MRL small volume, four filament cell, 

was conrrected as shown in Fig. 20. The cell was balanced to give zero 

output with pure helium on the reference and sample sides simultaneously. 

The sample was then admitted and the output read on a sensitive potentiom- 

eter. Note that the cell was operated at 10 c a  Hg absolute i.n order to 

decrease response time for the small sample flows of ahout 25 stmdard cc 

per minute. 

@$re at a total cell current of 150 ma. 

Igne calibration is linear, with a slope of 10.2 rnv/per cent 

Mzaswred mole-fraction distributions of @$ls are sham in Fig. 21 

for  two methods of" introduction of the heavy gas. The tests were con- 

&acted in tube No, 2 w%th the operating conditions given in the last two 

l ines  of Table I* 1x1 the  test corresponding to curve A, the fluorocarbon 

was introduced through the tangential nozzles with the helium. 

corresponding to curve B, t he  fluorocarbon was introduced through pressure 

taps in the closed end of the vortex tube. The manner of introduction of 

the heavy gas has a pronounced effect on the concentration prof i le  near the 

outside of the tube, because the separation effect in this case is so weak 

la the test 

am!!!!! 
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that the residence time of the heavy gas in the tube is not large compared 

to that of the light gas. 

In both cases shown, a sharp rise in the male fractions exists 

up to about r '  = 0.05. If it had been possible to continue the measurement 

t o  r '  = 0, it is expected that the mole fraction would have decreased again, 

This was not possible fo r  the two reasons given above: that the probe was 

deflected by the flow, and that it m y  have dlsturbed the flow near the core 

of the vortex. 

The inflections in both curves A and B at about I" = 0.15 are probably 

due to a cloud of droplets similar to that seen in the photograph of the 

bromine-helium tests. 

not known, no quantitative information about the cloud other than its posi- 

tion can be gained from the measurement. 

Since the response of the probe to these droplets was 

It is believed that, although these data are somewhat uncertain, they 

indicate that a peak in mole fraction of gaseous C@16 probably existed in 

both cases, and that the position of this peak was inside o f  r '  = 0.05. A 

calculation of the radius at which the peak would be expected has been cac- 

ried out, as for the bromine-helium core. 

heliim and CGss is not known, but a value was estimated from data on cyelo- 

hexane. The pressure and Mach number profiles are shown in Pigs. 22 and 23, 

with the estimated value o f  Mn = 1.1. 

t.he mole-fraction peak as about r' = 0.04, which is quite consistent with 

the data of Fig, 21. 

The diffusion coefficient for 

This gives the expected position oP 

Thus, it is felt that Lhe data for helium and C&s substantiate the 

conclusions reached for helium and bromine. 
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CONCLUSIONS 

On the basis of the preceding data and analysis,  the following con- 

clusions seem just i f ied: :  

1. I n  a simple vortex tube such as t h a t  sketched i n  Fig. I, the flow 

i~ turbulent a t  mass f l o w  rates of i n t e re s t ,  and the viscous e f fec ts  are so 

strong as t o  prevent formation of vortices of adequate strength fo r  applica- 

t i on  %O vortex reactors .  

b i l i z ing  %he shear layer  on the tube w a l l ,  or otherwise reducing the  viscous 

retarding torque, i s  essent ia l  t o  t h e  production of vort ices  of suf f ic ien t  

strength f o r  the  vortex reactor  application. 

It i s  therefore concluded that some neam o f  sta- 

2. Even though the  viscous e f fec ts  are strong, the var ia t ion of tan- 

gential veloci ty  with radius may approximate that of an inviscid vortex. 

3. 

m t e l y ,  the influence of nozzle outflow on the vortex s t ruc ture  neai* the 

center of t he  tub;, 

A simple node1 has been developed which predicts,  a t  l e a s t  approxi- 

4. Pt i s  believed tha t  preliminary separatFons of helium from both 

braaxrime amd a heavy fluorocarbon have been obtained, although the iuaterpre- 

tabion of t h e  experimental data i s  somewhat d i f f i c u l t .  The tube operating 

eoandi2;ions under which separation was achieved a re  not su i tab le  f o r  appLi- 

ca'iion t o  a vortex reactor. 

o f  the  heavy gas mole-fraction peaks ami the posi t ions predicbed by the anal- 

ys3.s of Ref. 1. vcre Pound, 

Reasonably good agrement between the posit ions 
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