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An experimental investigation into the gas 

vortex tube for application of a cavity nuclear reactor to racket propul- 

sion has show that viscous retwd.t%tiorn of" %he vortex mLi.on i s  severe, 

owing to 8 high level of turbulence near the periphery. 

experience gained in this study, it is estimated that  %he achievement of 

vortex strengths sufficient for practical application w i l l .  require the 

use of ism11 diameter tubes with appreciable expenditure of power for  xe- 

circulation of the gas. 

Based on the 

The effect of the high degree of turbulence OR 

the separation process near the periphery remains to be determined. 

Tl?e independen$ variables which were found to influenee the vortex 

strength significan%ly for a given gas and teaperatlare condition are the 

tube diameter, the mass flow ra te  per unit tube length, the injection 

velociky, and the wall presswe, 

Eat:i~nades o f  the degree of turbulence in vortex flow have been made 

from data on the variation in ttmgential. velocity with radius, 

(total) viscosities wear t h e  periphery ranged from 30 to TOO times the 

molecular viscosity for tangential  Reynolds ambers of from 4 x 10" to 

Virtual 

2 x 10". 

MeasuPemen%s of the position of' &he mole-fraction peak for separation 

T h i s  of helium and a heavy vapor agreed with the theory for laminar flow. 

svggests that  near the cen%er o f  the vortex tube where the peak developed 

the rkiial density p a i e n ' t  was sufficiently strong to sa~ppress turbulence. 
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It is concluded tha t  the vortex reactor concept appears promising for 

application to nuclear rocket propulsion provided a satisfactory method can 

be devised for recirculation o f  the large excess mass flow required to main- 

tain the vortex strength, and if turbulence does not appreciably limit the 

separation process. 

to be the next logical step in the research progrm. 

A separation experiment at elevated temperature appears 
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s pic, dimensionless 

molecular di ff us ivi ty, ft2/sec 

gravitational constan%, 32.17 lbm- ft/(sec)2e Ibf 

tube length, ft 

tangential Mach number, dimensionless 

molecular weight, l b d l b  mole 

mss f l o w  rate per unit of tube length, lb&ec*ft 

Reynolds number, dimensionless 

effective jet input p o w e r ,  7 qi MJ2/2 (lb&ec*ft) 

static pressure, psia 

gas constant, 1545 fteibf/lb mole. O R  

bleed ratio, dimensionless 

radius, ft 

absolute static temperature, O R  

velocity, ft/sec 

mole fraction of heavy component, dimensionless 

heat capacity ratio, 

absolute (molecular) viscosity, lbdft sec 

virtual (total) viscosity, lbdft. see 

density, Ibdf't" 

"p/", 
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NOL\IENCLATURE (continued) 

Subscripts 

a 

e 

i 

3 
m 

0 

P 

r 

t 

l 

2 

j e t  entry position 

exit 

inlet 

j e t  

peak mole fraction 

upstrearm of nozzle 

periphery 

radial 

tangential 

light gas 

heavy gas 

Superscripts 

E e-xpraent in M = MP'' 

denotes value divided by the value at the tube periphery 1 
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flow by a factor of four with less than 25% decrease in local. vorticity. 

Some increase in vortex strength was measured with extreme wall cooling, in- 

dicating reduction in turbulent wall shear. 

however. 

Lemirnrization was not achieved, 

Another promising technique which was erqloyed f o r  rmoval of the ex- 

cess mass f l o w  involved bleeding axially through an annular ring of orifice 

holes at the end o f  the vortex tube, 

mss f l o w  by a factor of ’5.5 was effected w i t h  17% decrease in local. vorticity. 

In one experiaent, a reduction in exit 

A sizable portion of the experimental effork was devoted to a systematic 

study of the effects on turbulent vortex strength of certain key variables. 

These include primarily: 

1. Lube diameter, 

2. 

3 .  Jet injection velocity, 

4. wall pressure e 

mass flow rate per unit tube Length, 

For example, decrease in tube diameter from 2.0 to 0.64 in. produced an in- 

crease in vortex strelag;”& of up to a factor of two. 

increased with increasing ma88 f l o v  rate. 

jection velocity showed that stronger vortices were generated for subsonic 

than fo r  supersonic injection, for the sane input power, In one run w i t h  a 

0.64-in.-m ‘tube, a pc;ripheral tangential Mach number, M 

attained using nitrogen. gas at, a tube wall presswe of 83 psia; the Jet Mach 

number was 0.9 and the a s s  flow rate 0.083 Zb/sece I?%., 

Kerrebrock and MaghrebPian (1) indicates that values o f  M of 8% least 0.5 

w i l l  be required for vortex reactor application. 

Vortex strength also 

Experineats on %he effect of in- 

of 0.49 was 
P’ 

The analysis of 

P - 
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A qwnt i ty  which was found t o  cor re la te  %he combined e f f e c t  of a s s  

flow rate and in jec t ion  velocity i s  -the e f fec t ive  j e t  input pqer,  which i s  

proportional t o  t h e  product of mass flow per unit tube length and the 5qmre 

of the  jet Mach number. 

with t h i s  parmeter -50 the 0.42 power. 

*The data indicate  tha t  vortex strength increases 

The tmgent ia l  Reynolds nmber, baaed on the tube diameter anid tangen- 

tial velocity near the  tube periphery, was found t o  be 8 valid Eiini l i tu&? 

parameter. It i s  concluded that to achieve high tangential Mach numbers a% 

Reynolds nmbess of pmctica2. interest fo r  vortex-cavity reactor application 

will requiioe appreciable recirculation, unless sum means cqa be famd for  

effective suppression of turbulence. RecirzuPatFon techniques are d i s x s s e d  

in. ref 2. 

I n  ord-er to determine -the degree of twbalence i n  vortex flov, estimates 

of v i r t m l  v iscos i ty  have been made from the  experimei3tally detemined var i -  

a t ion  i n  taxagential veloci ty  with radius.  X t  WBS found t h a t  the v i r t u a l  v i s -  

cos i t i e s  near %lac periphery ranged from 30 to 700 times the lnolscaalar viscosi ty  

for Re-polds numbers of from 4 x 10' $0 2 x 10';. 

excess of 1. x 10" m e  possible i n  t h e  actual. appEEeatiom, it is  apparent tha t  

turbulent shear drag w i l l  be the pr inciple  fac",r l imit ing Vie attaime2-t of 

h.i@ vort>ex strength, 

Sicee Reynolds numbers in 

A f inal  phase OP the expesinnental progsm involved mcas~rements of the 

separation p ro f i l e  of a heavy fluorocarbon vapor i n  helium, ixbilizing a d i rec t  

sampling tecbnicpiae and themah ccmdue%ivity gas analysis, A x i a l  bleed-off" was 

enpPoyed t o  reduce the  e x i t  nasa f l o w  t o  a valw permittted by the rate of d i f -  

fusion of light through heavy gas. 

t i o a  peak posi t ion agreed reasombly well w i t h  theory based on a l m i n a r  

amlysis (hY 2) 

1% was fo>md that the Kfessured eoncentra- 

indfcating t ha t  twbld~ence must be e f f e c t i v e ~ y  suppressed by 



the large density gradient in the central region o f  the tube where the peaks 

developed. 

bulence near the periphery on the position and intensity of the separation 

peak at larger radii. 

This study leaves unanswered the question of the effect of t u -  

INTRODUCTION 

The possibility of developing 8 high-performance nuclear rocket engine 

utilizing direct energy exchange between a l o w  molecular weight propellant 

and a fissioning gas or plasm was considered by Kersrebrock, Meghreblian, 

and Lafyatis in refs 1 and 2, It is generally concluded that some means 

for preventing loss o f  fissionable material during operation is required in 

order (a) to keep the mean molecular weight of the exhaust gas low and thus 

to keep the velocity and specific impulse high and (b) %o maintain criticality 

withouC excessive expenditure of fuel. As is pointed out in these references, 

a possible method of containment involves use of a centrifugal field to counter 

the tendency for the fuel t o  be swept out with the propellant. Ry proper bal- 

ance between these opposing forces, it should in psj-lrciple be possible to hold 

the fissionable material as a concentrated gaseous ”@.loud” away from the wall 

of the containing vessel so that very high temperatures could be reached in 

the gas without exceeding allowable w a l l  temperatures. 

Figure 1 is a conceptual sketch of a single vortex tube, as presented 

in ref 1. A low molecular weight gas is introduced %angeatiallg, producing 

the vortex motion. The light gas flows spirally inward, difrusing through 

the cloud of heavy fissionable gas and absorbing the fission heat. The annl- 

ysis presented by Kersebrock and Meghreblian (1) - indicated the feasibility 

of the vortex containment scheme for laminar flow. I n  a later report (29, 
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the  poss ib i l i t y  of min ta in ing  lanaimr flow by application of imifom wall 

suction was considered. No attempt was nade t o  estimate the ef fec ts  of 

turbulence on the  vortex f l o w  or on the separation process. 

In  order t o  f u l f i l l .  cri.tica1it.y requirements i n  gaseous cavi ty  re-. 

actors, it i s  necessary " c h a t  the density r a t i o  of f iss ionable  mtel-ial t o  

propellant be large i n  the cloud region and %hat the propellant pre-- b b U r e  

be high, as shown i n  ref  2. The significance of thkse fac ts  is  that high 

tangent ia l  ve loc i t ies  have t o  be achieved under eondi%ions of high gas 

density; consequently, the ehetraeteristic Reynolds number f o r  the flow w i l l  

be large and turbulence l ike ly .  'Furthermore, the d i f fus ioml  veloci ty  of 

propellant through the cloud l imi t s  the e x i t  mss f l o w  r a t e  t o  a very low 

value. There is obviously a l i m i t ,  also on t h e  mount  of energy which can 

be expended i n  maintainin.$ the vortex. 

t ions  on the operation of gaseous vortex-cavity reactors.  

These factors impose severe l i m i t a -  

An experimental program. was eon.sequen%ly initiiatded t o  ascer ta in  the 

nature of %he f l o w  i n  a gaseous vortex spesafing at room tenpcrature t i n d e r  

conditions estimated t o  be dy-aamicaily siaailar t o  those corresponding t o  

high temperature operation. 

perimentally m s  whether vort ices  of adequate s%re~g.t;h could be generated 

with t?ae l o w  mss flow rates (of the  order o f  0.01 lb,/sec~f"t) which can be 

tolerated by the diffusion p~ocess, 

phase of the study has been published, i n  which it was concluded %hat, due 

ts turbulence, the  re tardat ion of the vortex motion i n  a simple, single-pass 

tube (Fig, 1) i s  so  severe ab t o  prevent f o m t i o n  of vortices of mff7jcient 

strength for vortex reactor application. 

The first qucstiori which had t o  be answered ex- 

A prelimirxwy report  (3) - on the i n i t i a l  

* 

* 
i .e . ,  no bleed-off and recirculation of propellant. 



since i t  was Confirmed experimentally tha t  the flow f i e l d  i n  a simpXa 

vortex tube would be twbuken-k, the next part of the experimental. pmgrmj 

described in detai l  in this report;, consisted of" a series of experiments 

in .  which an attempt was mde t o  proddce l&mr vortices. 

b i l i z i n g  the shear layer om the CBBC~W mEl which were imes t iga t ed  in- 

clude boundary-layer bleed-off through a uahiformly p r o m  wall as suggested 

by Kerrebrsck @ I ,  injection of a heay;)r gas unaifosaraly through a porous wall, 

and w a l l  cooling. 

layer eonkr01 on flat plates and on a i r f o i l s .  

Methods of sta- 

These techniques have been used suecemfuUy for bsmaary- 

h o t h e r  series of experiments was conducted t o  deternine the  effect of 

bleeding off a fraction of the total flow axially, a t  radial positions be- 

tween the P;&e een%er and wan, so %h& the exit radial P ~ Q W  i s  held t a  an 

allowable r s t e ,  based ~n diffusion eonsiberations. 

of course, represent a recirrW-atinzg side-strcsxn, 

!The flow bled off would, 

M e a s u ~ n t s  si the effects ore vorbex stT"eP3g%h of mass flow rat@, in- 

j ec t ion  veloci%y, tube geon?,etry, and pressure are fiescribed in tM.s report. 

Estiraemtea of eddy v iscos i ty  ffpm She experimental velocity data are presented. 

P1PeliHasimx-y a%temp%s, deseriitaed i n  ref 3,  t o  ascertsh the radial con- 

Qumtita- C ~ E ~ T B % ~ Q L I  d i s t r ibu t ion  of a heayy gas were a t  be& cpal l ta t ive .  

t i ve  a$raswemen%s of $he r&dPrz9. dist?ib?dtisn of C & f ? ' l ~  i n  beI,f.uane using 

improved techniques are describe6 i n  t h i s  report. 

As has been indicated, tbe organization o f  the experimental program. was 

such 8s to s-.vey the effepts of a m y  ~mriables. 

used i n  evaluating a peertie*&etr varia?oEe i s  I t s  effect OD the  magnitude of 

the peripheral tangential ~ a e h  nm'oex", M 

vortex strength), 

The prin.cip2.e el-iterion 

(also 1-eferPecA. t o  herein as the 

the var ia t ion in targentiet~ , W C ~  mmber, N, with 
P 
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radius. Use of Mach number i s  convenient since a simple relationship exists 

between the tangential Mach number at the point of rmxinm mole fraetion of 

heavy compnent, %he mass flow rate, and p r o p r t i e s  of the gaseous mixture. 

Experiments were conducted near room temperature for simplicity. The simil- 

itude parameters considered to be o f  pr-inc1pl.e inaprtmce i n  vortex flow, as 

defined by KerxeSrock and others, are: 

1. 

2. 

3. in le t  jet Mach number, M 

radial Reynolds number, r vr p/w = w2 T p, 

tangential Reynolds number, 2 r vt 

3’ 

Note that the radial Reynolds number is independent of raaius when tempera- 

ture effects are neglected; the tangential Reynolds number decreases with 

radius e 

- in summary, the objectives o f  t he  initial experimental program were t o  

determine the mtwe or” f l o v  in 8 gaseous vor%ex and to delineate t h e  impor- 

tant variables and. their effects on vortex s t r eng th .  

resaillts presented here w i l l  be useful in guiding the coumc of fut-we amlyt- 

ical and experimental work-. 

i s  hoped that t h e  

1% i s  t o  be expected that the majority of references in. this f ie ld  have 

to do with “Wanque-Eilseh tube” t;heory ana perforname, in which the concern 

is primarily that of  explaining the observed temgeratwe effects, 

more, such tubes operprt;e with mss flow rates much larger “sban can be t o l -  

erated in vortex yeactor apgdication and, as measured by Eckert ana Bart- 

nett (4) - , the radial velocity dis t r ibu t ion  is closer  to sol id-body ro ta t ion  

Further- 



than it is to the potential vortex desired i n  this work. 

a high degree of turbulence and incjleed Eckert, and later Deissler and Perl- 

mutter (5), have indicated %ha% the degree of energy transfer observed in 

vortex tubes can best be explained on the basis of large eddy viscosity. 

This fact suggests 

- 

The irmtluence of viscosity on tbe velocity distribution in laminar vor- 

tex f low is shown by Einstein and Li (61, - Pengelley (7 ) ,  - and Deissler to be 

governed by the radial Reynolds number, which can be expressed as 

where is the mass f l o w  rate per unit; tube length and p is the absolutie 

molecular viscosity. 

and Meghreblian, 

Einstein, and Deissler have shown that it is reasonable t o  replace the molec- 

ular viscosity with an apparent or virtual viscosity, p , which is assumed 
independent of radius. 

for the effect of turbulent viscosity. 

This is also in agreement with the theory of Kerrebrock 

When the f l o w  is turbulent, Kassner and Knoernschild (86, - 

* 

Rietem and Kragenbrink (2) derive a similar expression 

Data on vortex flow of water as reviewed by Wilson (LO) indicates that - 
p* may be mny times greater %ham 

ocities * 

cyclone separators an& Soumil that tbe exponent; 

even at relatively Low tangenkid. vel- 

Shepherd and a p p l e  (11, -I 12) measured velocity distributions i n  

E: in the equation, 

const 
P 

vt = - E 

relating the tangential velocity t o  &%e radius, varied from 0.5 Lo 0.7. 

deviat.ion fron potential vortex flow, E = I, e m  best be explained in terms 

of a relatively high virtual visc0sit.y. 

This 

It is h o r n  that flow along a coneave surface becomes unstable at lower 

This Reypolds nmbers than does plane f l o w ,  or f low along .si convex surface, 
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was pointed out by Taylor (13) - in considering rotation of concentric cyl- 
inders, and also by Goertler (14). - Tlae nature of the instability is such 

as to generate secondary vortices whose axes are parallel to the surface in 

the direction of curvature. 

turbulent intensity in swirling f l o w  In an annulus and Pound that Vrae velocity 

gradient is steepcr and the turbulent intensity greater at tine concave wall 

than at the convex wall. Thus, shear stress is greater on the concave wall. 

Yeh (2) measured the velocity distribution and 

The explanation of the effect of curvatixe on stability in rotating flow 

lies in a consideration of the influence of centrifugal force on a fluid par- 

ticle displaced from its equilibrium position, as discussed by Schlichting (16). - 
A similar effect of bouyant forces on stability occup"s when the fluid density 

varies in the radial direction. A stabilizing effect is produced if the den- 

sity decreases in a direction opposite to the direction of the centrifugal 

field; i.e., density must decrease with decrease in radius for stability. The 

rapid decrease in density in a potential gaseous vortex m y  tend So produce a 

stabilizinng effect, especially with strong intemal heat addition as in a re- 

ac tor  (1). - Experiaents on t h e  effect of 8 density gradient in the boundary 

layer are described in a later section. 

Thus from a brief Pitemture mw-ey, it was concluded that. the vol-tex 

flow field i n  khe vicinity of the containing tube wall walzld in d l  prob- 

ability be turbu2ent, but t h a t  the effect of' the density decrease m y  tend 

t o  stabilize the flow in the inner regions. N o  conclusions as to the mag- 

nitude of the effect of turbulence on the vortex strength -under conditions 

suitable for reactor application could be reached from the available liter- 

atwe * Thus, the experimental program described herein wa8 buadertaken to 

provide the necessary quantita't;ive data e 
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I. Gas D y m m i  @S 

It is informative to list the independent variables likely to influence 

the tangential velocity and i t a  r a d i a l  gradient in a vortex tube, based on 

sources of infoAmation already reviewed: 

A. Gemeiricsl Variables 

3.. Radius, r 

2. LRngJ;h, l! 

3. Radius at point of nozzle entry,  r a 

4. 

5 .  

6 .  

Diameter o f  nozzle; hydraulic diameter of slit 

Spacing ana orientat ion o f  injection nozzles 

Raaius of exit nozzle ore or i f i ce ,  P e 

B. Flow Variables 

1. I n l e t  mass flow per unit tube length, qi 
2. 

3. 

4. Irsjection j e t  temperakwe, 

Exit mass flow per -anit tube length, % 
Injection j e %  ve3-o@ik;y, v 3 

C. S y s t e m  Variables 

1. Sta t ic  pressuFtS, p 

3T 
2. S%atic: temperature and %emperatwe gradient, T, bl- 

3. Properties of the working f lu id :  

viscosity,  p; density, p; heat eatpacity ratio, y ;  

These variables are conveniently grouped i n t o  dinensionless ratios: 
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MRe = q 2  -7r P (radial Reynolds number) 
r 

NRe = 2 r vt P/P (tangential Reynolds number) 
t 

M = vj/ ( j e t  Mach number) 
1 j 

r' = r/rp (dimensionless radius ) 

P '  = P/Pp (dimensionless pres sure) 

~ / 2  r (length- to-diameter ratio) 

T '  = TJT~ (ratio of adiabatic wall temperature to 

P 

t e m ~ ~ r a t w e  of gas at radius of jet 
entry - used when w a l l  heat transfer 
occurs) 

A very important quantity derivable from the mass flow rate and jet 

velocity is the power input per un.it tube lerngtln, which is given as follows: 

Dividing by the sqwre of the sonic velocity: 

m 
5 

where (pdpp)* is the pressure ratio across an i n l e t  nozzle, neglecting 
**- 

friction; .the approximition in Eq. 1 is valid to within lo'$ for  M. 5 1, 
J 
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y < c 1.4, 
power", but must be multiplied by RT /m 

input. 

The quantity P* i s  referred to herein as "effective jet input 

t o  obtain the true amount of power 

The dependent variable is the Wngemtial Mach number, M, as a furaction 

of radius. In some correlation8 the ratio brI M is used, which represents 

the effeetiveness of conversion of the inlet jet velocity to tangential 

velocity at the tube periphery. 

ward evaluatiq the effect of" the iadepsbdent variables on M. 

P / s  

Tkae experimental program was directed to- 

Variation in tangential Mach nmiber with radius, is determined from a 

radial momemturn balance for circular flow: 

This equation is a simplified fom of EL more general expression which takes 

into aceourat variation of radial and axial velocities with radius. 1% i s  

readily shorn that t h e  radial velocity contribution is negligible fo r  all 

conditions of .this work. It is also coneluded that the ax ia l  velocity 

effect is small, as discussed on page 60, 

can be caleulated directly from the distribution of static p~esswe  with 

radius by graphical differentiation. 

evr imen la l ly  by meam of &atie, taps drilled in the closed-off end of' the 

tube. The peripheral Weh number, &I is estimated by extrapolation O r  a 

plot. of M 

the l h e b  number at the radius of jet entry. 

Thus from Eq. 2, the value of M 

The pressure dislribation is determined 

P" 
thus, M can be interpreted as (or M/M.) versus r~ to r' = P' 

8' P J 

A n  alternative method of data analysis which does not  require graphical 

differentiation assumes that the variation of M with raaius can. be expressed 

in the form: 

. . . . . _. . . .__ ................,. .. .. 
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Substitution of Eq. 3 in Eq, 2 and integrat ing gives tlne fallowing relat ion-  

ship between p' an6 r': 

rmus Prom the measwed presswe ratios, values of M and E can be deter- 

mined by curve f i t t i n g  techniques. 

experimental repor% (3); - however, a more thorough mppjng of radial pressure 

dis t r ibu t ion  has since indicated that Eq. 3 i s  not necessarily valid.  Fig- 

ures 40 aqd l b l  of the -4ppendix compare the  two methods o f  ilata analysis for  

2.0-ina-dia and Oa6-in.-dia tubes. 

the 2.0-in. tubes, but t h e  am1Y4;ical me-thad appears t o  underestimate signif- 

icantly M for the 0.6-in.-dia txbes. For the e values, l i t t l e  agreement 

between the %wo methods i s  evideirt; the analy t ica l  method predicts consist-  

en t ly  lower v d u m  ot" E Tor the 2.0-in. tubes, and highey values fo r  tbe 

0.6-in. tabes, 8s esq&red wi%h %he gmphical slope method. 

alt,hou@ vlot Loo pmcise,  i s  i n  principle correct an3 w a s  used i n  analysis 0% 

a l l  data presented i n  t h i s  report,. 

P 
This method was used i n  the first 

Agreement of the M values is good fo r  
P 

P 

me l a t t e r  method, 

As has been discussed, the effect of twbulenee m y  be described by sub- 
%- s t i t u t i n g  the v i r t u a l  vise.ositdy p TOP p i n  the  t e r n  .334/2 a 1.1 which appears 

in the  solut ion of the Navier-Stokes equations for  larr,.irm,r flow: 

Einstein and T,i ( 6 )  give %he solution f o r  a two-dimensional incompressible 

vortex i n  the following ~ O J X :  

- 



Page 15;: Eq. 6 should read 

for P' 3 re', A p 2; 



where v is the tangential velocity, 

the derimtlon of Eq. 6, and -t;hat the gas leaves uniformly through the exit 

hole. 

dimensionless exit radius, r' 

velocities a% two radii, a v a l w  of A 

from Eq. 5. The assumption of incompressibility is, of CQUTS~, a weakness 

in applying the theory t o  a gaseous vortex, Near the w a l l ,  however, where 

velocities are appreciably subsonic and the radial pressure and temperature 

gradien-ba are relatively small, it is assumed that the error in. neglecting 

density variations is not significant, 

1% is assumed that vsc is constant fm t 

Figwse 42 (Appendix) is a, plot of Eq. 6 for variolas values of the 

From the experimental ratio of tangential 
e *  

is determined from which p* i5 found 

11. Separation 

The following equation, based on the a~alysis presented in ref 1, re- 

lates the tangential Mach number af the radius, of maximum rrroPe-fmetion of 

heavy component, $a, to the exit mole-fraction of heavy component, x the 

peak mole-fraction of heavy component, xm, the exi-t mass f l o w  rate of light 

component, qsLe, the ratio of zalecaar wei&ts ntJa,, and the noleeular 

diffusivity-density product at the point of mximm mole-fraction, ( P P ) ~ ~ ) ~ ,  

e' 

This eqwtion is derived far laminar f l a w  and assmes flm~tmher that  the 

mole-fraction of heavy eoagonent is small. 
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THE EXFEIQIMENTAE LMVESTIGATTON 

I.  Apparatus 

The preliminary experimental work on solid.-wall tubes without bleed-off 

i s  covered i n  a previoiis report  ( 3 )  - and r a i l 1  be reviewed b r i e f l y  here f o r  

the  sake of contin.dt,g. Figure 2 i s  a sketch of the 2- in . -d is  Plexiglas VOP- 

t e x  tube employd. Li the  i n i t i a l  work. Twelve feed nozzles were located i n  

the w a l l  of the block so as t o  fom a broken s p i r a l  of entrance jets spaced 

1-in.  axially with 9(?-deg rota-Lion between adjacent nozzles and continuing 

the  length o f  t‘ne block. The inside surfaces of the nozzles were honed f lush 

with the inside d i m e t e r  of the  tube as showfi i n  the detai l .  Gas was exhausted 

at one end through an. adjustable annular o r i f i c e  of“ 0 . 2 8 ~ - i n .  outside diameter. 

Two such tubes were run, as described i n  Table I. The radial  s t a t i c  pressure 

d is t r ibu t ion  w a s  obtained by means of .thirteen pressure taps drilled i n  the 

gas was supplied tlo~ough presswe regzzlcators and. appropriate metering devlces 

to ea-h of the four supply headers a t  pressures up t o  600 pig. 

i n  the vortex tube w a s  regulated by the e x i t  valve up t o  a imximw of 150 psig. 

Tbe pressure 

When it bnecme evident fron preliminary experiments t ha t  the flow would 

be turbulenr;, $be suggestion was made (2) t h a t  experiments be conducted with 

uniform bleed appli-ed t o  the boundary layer R S  a possible mems o f  a tab i l iza-  

t ion .  The first porous w a l l  model, designated %or%ex tube assenbly No. 3”, 

is shown in Fig. 3 and des;wi?x in T&lc  I, The wall of the kube w a s  mezde of 

- 

* 

XX 
uniformly ~ o r o u s  m c 3 t a l ,  2-in. inside diameter by 0.25-i n. wall thickness 

%* Sintered Ni, approximately 2-rn1c~”on pore s i z e ,  trade nme 90CometgP, 
product o f  Coming Glass Cmqmny, Corning, New York, 
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! 
PROBE TAP BLEED FLOLV \ EXHAUST 

-POROUS N ICKEL TUBE TBACK-PRESSURE \ @DJU STABLE 

I 

12 in. ,- -1 
G A S  S U P P L Y  H E A D E R  L0.0135-in.-DIA SUPPLY NOZZLE 

P O S I T I O N E D  R A D I A L L Y  ( 4 T LI T A L I  ( i i !  T O T A L )  

Pig. 3 .  Porous Wall. Vortex Tube Assembly No. 3. 



and of suf f ic ien t  permeability t o  allow up t o  '75$ of the inlet mass flow t o  

be bled-off t2hrough the w a l l .  'The tube length was 12 in .  The porous mateerial. 

was estimated t o  have 50 t o  75 pin. f i n i sh  on %he inside d ime te r ,  w i t h  some 

waviness i n  the form of c i rcmfemnt ia l  r ipples.  Attempts 50 improve the  

sur face f in i sh  by machining caused severe plugging. Peme%bili ty character- 

i s t i c s  of the pjro118 tubes are shown graphically i n  Pig.  43 (Appendix) * 

G a s  was: introduced in to  the tube by means of twelve nozzles arranged 

along t h e  tube length in identicetl manner t o  that employed i n  the plastic 

azodel. The nozzle inside diameter w a s  varied from 0.013> in. t o  0.033 i n .  

i n  order t o  vary the  i n l e t  mss flow rate; the length o f  the nozzle w a s  about 

114 in . ,  and the  radius of  entry of the j e t  emerging from the nozzle was 

0.92 i n ,  

trated the annular spnce around the porous tube,  

w a s  enclosed i n  a t j - in , -dia  jacket, which was provided with a pipe csmrtc-tion 

throagh which ges c o ~ l ~ l  be discharged to atraosphe~e, or  injected.  

seals were used between the  jacket acd end flanges: of tne porous tube to 

em51 e quick disassembly and intcrehangeabili ty of tube-header aswablies. 

Gas which was cot withdrtxm %,hrou.gb, the wall ~ m s  exlaPtrssted through an adjust- 

able conical exi t  nozzle ,  0.28O-i~,, diameter, which was ccaatained i n  a re- 

movable p las t i c  p l a t e .  Ira som of dbe rms, the adjustable ~ o z z 2 e  was re- 

placed by thick or i f ices ,  ranging i n  diameter from 118 t o  112 in, 

The nozzles were Ped in groups o f  th ree  by four headers which pene- 

Tihe tube-heatel- assembly 

(130-ringu' 

Six tubes, which penetmt;e the ~tnnerlar spwe radially aid which camuni- 

cake with %he insiae w a l l  of the 2-in. porous tube, were included for  the 

dun1 purpose of measuring the  w a l l .  si'atic pressure and providing positions 

through which probes could be inserted. The reLdial s%ai;ic pressure dis t , r i -  

butioo was obtained by nearis o f  twenky pressure taps, 0.020-in. insii"ie diameter, 
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r 

drilled in a flange insert which provided the end clomxre, as shorn at the 

left in Fig. 3. 

twenty pressure taps. 

Figure 4 illus%ratea the  layout a d  radial. position of the 

Figure 5 is a diagram of %be flow and instrumen% system used to supply 

metered flow of nltrogea or helium gas, at controlled pressures up to 6SO psig, 

-to the vortex tube. Assembly No. 3 is illustrated, but the same sys5eem was 

also used f o r  runs employing subsequent assemblies. Provision was included 

for controlling and metering t h e  flows t o  the individual supply headers and 

the t o t a l  inlet flow. 

transmitter flow indicating devices employed arc accurate t o  within H.$. 

absolute pressures were measured with labomtory-type test gages with accuraey 

bet te r  than *14'2$~ Differen$ial pressures were measurec~ 'by means o f  100-ixa.  

mercury a d  water manometers connected directly to t h e  twea%y pressure taps,, 

For pre8sure differeaees greater than 50 psi, a Bow&on-tg~pe (%eise'') gage, 

0 to 150 psig, was used, ztccwat.e to k2./4$1. 

uring the presswe at the inside wall of the vortex tube, 

the porous wall was neeaswed by calibrated rotmeters (.Fz$> aischau.giSag to 

atn0sEjhere. 

The F Q X ~ O ~ O  Corporez%ion orifice-differential pessure 

A l l  

This gage w m  also used for meas- 

Bleed flow through 

Provision for separation studies was ineluded by inlrodueimg a. keavy 

gaseous comporaent into the vor%,ex tube. This was done by diverting a mall 

sidestrean (1 scfYn or so]  of helium through a bubbler tank containing a re1- 

atively volatile liquid, in this stzrdy the flwrocarbon c: 

saturated at a temperatwe a l i t t l e  belox room %mqmwhm? could be i n t ro -  

duced uniformly through the porous w a l l .  of the tube to mix with the gas in- 

troduced by way of the feed nozzles, 
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Iu w 
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TO NITROGEN OR H E L I U M  
SUPPLY -. 1500 psi  

Fig, 5. Flow and 1nstriu;ient Diagrm Si?owicg Vorte:< %be Assem:3ly iio. 3. 
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Figure 6 is a photograph of the ilzstrumemt and control panel. showing 

the operating position of the vortex Svube assemibly at %he center of and be- 

hind the  panel. 

presswe taps at the left. 

Figure 7 is 8 closer view of the assembly with the radial 

Three of the fou r  supply headers are also visible. 

Vortex tube No. 3 is shown ira the upper portion of Fig, 8. Also  shown 

are insert tubes A arad B used to study the effects of decreasing tube diam- 

eter. These inserts, 1-in.-ID plastic and 0.63-in.-IB brass, were made 1~1th 

2-in, -OD flanges on each end and appropriate "O-ringi9 gaskets for end seals, 

so that; they could be slipped into the 2-in.-ID tube without modification of 

the latter. The injection nozzles consisted of 61 series of holes drilled 

directly in the insert wall. The location, size, and number of nozzles is 

giver1 in Table I. The tubes were carefu l ly  polished Lo 8 mirror f in i sh  on 

the inside diameter subsequent t o  drilling, and the 0.63-in. brass tube was 

nickel-chrome plated to give a hard, smooth surface, 

In order t r ~  iavestigste the effect of subsonic, near lminar injection on 

the ability of kiaSP suction tc: stabilize the flow in a vortex, an additional 

2-in.-dia porous-wall Lube k m ~  fabricated, which is desigmted tube No. 4. 

design o f  this tube featwed 8 remcmable vall  insert piece which provided for 

a continuous injection s l i t  along the l ength  of the tube. Two such i n ser t s  

were studied. Wall insert slit A, shown schematically in Pig. 9 insballed in 

tube No. 4, was designed t o  provide a tangential slit sf about 0.802-in. width 

between the wall of the 2-in. porous tube an& a small. lip projecting in to  the 

tGbc about 8.040 in. 'Illne lip was contoured to blend snaooth1.y with +;he inside 

diameter of the t i h e  at the %ube-insert baundry, as indicated in the cross- 

sectional view. The purpose o f  this design was to enable the gas t o  be in- 

jected into the bounc'lry Layer on the inside tube wal-1 in as nearly laminar 

The 
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Fig. 7. Vortex Tube Assembly No. 3. 
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Fig. 8. Vortex Tube No. 3 and Inserts. 
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Fi.g. 9. Cross-Sectional Diagram at Vortex Tube 

No. 4 - Wall Insert Slit A. 



fashion as possible and a t  M. 5 1.0. 

vent the tme of disturbance introduced by %he highly turbulent, sapereonie 

jets employed i n  tube Nos, 1, 2, and 3 impinging obliquely on the bowaadary 

layer.  

I n  t h i s  manner it was hoped t o  c i r em-  
J 

Due t o  d i f f i cu l ty  in fbb r i@a%im and assembly, the bsmhry  layer in-  

jec t ion  s l i t  was not of uniform width, resulting i n  Parge i r j e c t i o n  flow 

aspmet r i e s ,  

turbulent. In order t o  insure a more uniform aperatwe and t o  eliarnim%e 

the lip which projected in to  the boundary layer and which could be a source 

of bxrbulence, wall i n se r t  slit B, shown i n  cross Bection i n  Fig. 10, was 

fabricated by grinding 8 0.002-in. s tep  i n  one face of the i n se r t .  A thin 

s t r i p  of metal fomed the smooth side of the s l i t .  In. this way, the width 

was held t o  within f0.0002 i n ,  ??be slit, entered a t  &I radial posit ion o f  

O,92, and blended smoothly wi+& the tube radius. The in jec t ion  Reynolds 

nmnber was 2,000, based on the equitnzlent; diameter of t he  slit, for a i t r o -  

gen flow of 10 s&m. Figwe 11 i s  a photograph 0% tube go. $-B., 

Vortex tube Noe 5 was designed %o study the effect;. of EL favorable tern- 

Thus, some regions of the entering flow were probsbiy highly 

peratwe gradient in the boundary layer, by removing heat through the tube 

3~811 t o  B c o O l a ~ ~ % .  PigzaPe 12 i s  p3, s&=%i@ d i a g m  of the ~ ~ E L S S  Lu'D~, 

which w a s  @.&-in. inside d i m e t e r  and 3.5 in .  i n  intoemal  length, with 

1/8-in. -wall thickness, 

in.-dia nozzles d r i l l e d  i n  the tube w a l l  so 8s to enter a t  a radial posi t ion 

T" ' of 0,gO. The tube was polished to 8 mirror f i n i s h  on %he inside dim- 

eter ana niekel-chrome plated, me nozzles wel-e fed by $welva l,A-in.-c~ia 

tubes brazed to the tube outside dietnnater and joined t o  two S/%-in.-dia supply 

headers. 

The vortex was generftled by means a f  twelve 8.020- 

a 

The radial pressure dis t r ibu t ion  was obtained by m e a m  of 18 b p s  
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Fig, 10. Cross-Sectional Diagram at Vortex Tube 

No. 4 - Wall I n s e r t  Slit B. 
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TO PRESSURE GAGE 

3/8-~n TUBE- 

FOUR 0 0 2 0 - # " - O D  Cr/AI SHEATH T C DRILLED 
INTO WALL OF TUBE AT POINTS MARKED T C  

y GAS lNLEl  

GAS INLET 1 
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b16-w C~/AI 
SHEATH T C 

-SOFT 
SOLDER 
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TUBE 

Fig .  12. Vortex Tube No. 5 .  
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(0.020-in. d r i l l )  located i n  the end plug, 

diameter tubes connected t o  the mmometer botlrda 

the vortex tube through a th ick  o r i f i c e  dr i l led i n  the end seal, 

couples were provided Par measurement of irnlct g a s ,  outside wall, a d  e x i t  

gas temperature. FOY opera- 

%ion with w a l l  cooling, t he  tube was Immersed horizontally i n  a container of 

l iqu id  nitrogen. 

i n l e t  gas atrem. 

In to  these were brazed small 

Gas was discharged from 

%'hem- 

Figme 13 i s  a photograph of t h i s  vortex t ~ ~ b e .  

Feed tubes were insulated t o  minimize precooling of the 

11. Gas Analysis 

The separation measurements necessitated determination. of the coneentra- 

tion of small q w n t l t i e s  of ~ $ 2 6  ( p e P f i u Q r o d ~ e t h c ~ C l 0 ~ ~ ~ ~ ~  i n  helium. 

C & ' B ~  was chosen became of its s t & i ~ t , y ~  inertness, volatility (35 ma ~g at 

75"F>, m d  uolecular weiglht (400). Ircfr~red analysis of the mterial used i n  

the  experiments showed 38s  to be of high purity.  A very fine radial probe was 

used t o  sample the gas mixture in $he tube, 

probe and manipulator showing %he geometry of the telescsping segments, the  

saaalles-k; of which weas 0.008-in. ODj 0.004-in, &D; $he l a rges t  tube i n  contact 

with %he vortex f i e l d  near She w d . 1  was 0,017-in, ODe Lntroduetion 0% 'the 

probe eaused .some reduction in vortex strength due t o  the Pzaditicsnal. tlArbu- 

lence which it generated. I n  coaaparil-pg the experimentally deterrained mole- 

fraction peak posi t ion with %heory, however, the probe was inserted t o  the 

positior, of peak reading for the expesiaentsl determination of M BefBec- 

tion of the probe by the hi@-velocity f l o w  was measured by a cathetmeter, 

SO that the  true posi t ion of the probe Sip was b o r n  for each segarat;ion run, 

Figwe 14: i s  a sketch of %he 

m' 

The Cgzs-We rnix8swes were s-mlyzed by measuring &he t h e m 1  conductiv- 

i t y ,  Figwe 15 is a schemtic of the amly t i ea l  apparatus, consis$ing of 
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PROBE SETTING 
ADJUSTMENT SCREW, 

A L L  JOINTS SOFT 
SOLDERED WHERE 
LEAKPROOF SEALS 
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R 

SWAGELOK FITTING FOR 
4 IN. IDEAL MICROMETER 
NEEDLE VALVE 

PROBE SETTING 
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OUTER JACKET 

"0" RINGS 

,032 O.D.xO.020 
STAINLESS TUBING 2 IN. POROUS TUBE 

0.017 O.D. x0.008 I.D., 

0.008 O.D. x 0.004 I.D. 

Fig. 14. Detai l  of Gas Sampling Probe for Vortex 
Tube Assembly No. 3. 
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Fig. 15. Schematic Layout 02 Gas Control System - Thema1 Conductivity Gas Analyzer. 
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two Gow-~ae Instrmenb; Corporation Model MRE themal condue%ivity cells. 

electronic thermoregulator was used to maintain the cell temperature constant 

to within fO.l°F. The cells were operated at 10 @E& Rg abs in order to hold 

the response time to 30 see or less for the small sfmpLe flows of 5 cm'lmin, 

and for improved stability. 

at 150 ma. t o t a l  cell current was found to be linear for C g Z n s  eoncentrations 

from 0.0 to 0.59, with EL slope of 10 mv/$ C s i e .  

to 8 variation in coccerrtsation of f2 p p  of the heavy gas, using a k e d s  an& 

Marthrup type K-3 potentiometer w i t h .  a Minneapolis-Honeywell nul l  indicator 

as the read-out device. Thus, concentrations 84;: low as 20 ppm would be meas- 

ured with accuxacy of i.lO$. 

A n  

The calibration of *,he L;heml. conductivity ce l l s  

This system. was sensitive 

I. Review of Previously FabBished Experimental Work _I 

Preliminary experimen4xtd results in. 2-in,-dis plastic tubes; HQ~. 1 and 

2 (sea Table I> were re-+Pted in ref 3 .  

variation in t h e  peripheral to isentropic Jet Mach nmber radio, M M 

with mas6 flow ra%e per unit of tube length, *(, far three ~alanes of the 

wall pressure . Note %hat MP/Mj* increased with due -to a e  increase 

in. driving torque. 

determini% M M w a s  cakeillated from the ideal gas relationship: 

Figtares 16 eznd 1'7 illustrate the 

p/ J* 

' pP 
The amlytieab method (discussed OM page 14) wa.6 used in 

* 
P' J 

2L.- - 1  ( ; I 7  - 1  
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Fig. 16. Variation of Ratio of Vortex Tangential Mach 
Nurnber and Jet Exit Mach Number Mass Flow Rate per Unit of 
Tube Length and Tube Pressure, for Tube No. 2. 
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Fig .  1'7. Vari-ation of Ra-t;io of Vartex Tangential Mach 

Number and Jet Exit Mach Ntmber with Mass Fl.ow Rate per Unit 
of Tube Length, and Tube Pressure, f o r  Tuhe No. 1. 
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Since the  nozzles converged and the pressure ratio , p$pppp across the noz- 

z le s  exceeded the critical value, the true j e t  Hach number had to he less 

thaaz M *. The t rue jet effectiveness ratio, MJMj, was therefore somewhat 3 
greater tbn. the value ~ p / f 4 j *  as plotted. m e  maximm value o f  H * was 3 
about 2; since M cannot be less than 1.0, the true effectiveness ratio for  

the mximm p i n k  in Pig. 16 must, lie between 0.056 and 0.13. 

(A, 21, N d X J  should be of the order of 0.95 i f  the flow field were lminar, 

p*/p = 1. The order of magnitude discregamy between the observed and theo- 

3 
Fron theory 

retical (Imimr) vortex strength is best explained by postulating a turbu- 

lent flow field with p*/p > > 1. 

described on p g e s  70-74. 

Experimental detemimtion of p*/p is  

Figwes 18 and 19 S ~ Q W  the variaLion of the exponent E in Eq. 3 with 

mass flow rate a9,d tube w a l l  pressure for vortex tubes 1 and 2. Note %hat 

Q was much closer to the value 1.0 for a potential (free) vortex than to 

the value -1,O for solid-body robeation, and that  E increased wAth 9% 

up t o  "f'l 2 0.01 lblsec ft. 

1, Supersonic Injection 

It was estim%ed in ref 2 that; stabilization o f  the Bounaary 

Layer aaighlt be possible with. bleed m%ios,  s, as low as unity, where 
R is defined as the ratio o f  mass flow bled-off to that which ex- 

haus%% radially at tihe tube center. The first experimental attempts 

B 

at stabilization by uniform wall bleed were performed using vortex 

tube assembly No. 3, illustrated in Pig. 3 and described in %ble I. 
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Tube Length, and Tube Pressure, for Tube No, 2. 
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The reszats are sumimrized in FSgs, 20 and 21. 

P i p e s  to follow, M was &%ermined from the radial press-xe distri- 

Bution by the graphical slope me%hod discussed on page 13. 

gas was employed excepk where indicated. I n  Pig. 20 YIe r a t i o ,  14 M , 

In these and in the 

P 
Nitrogen 

d ' x  
~hserved. with -Wifom wall bleed to that ~bserved I J Z I ~ ~ P .  S ~ E ~ ~ E L T "  pres- 

sti~"e and- i n l e t  mss flow conditions but with no w a l l  bleed is plot ted 

against RB9 for RB from 0.6 to 2.9. 

these runs. 1njeeO;ion Reynolds numbers were in tihe highly t ~ r b ~ u l e n t  

region. Eote t ha t ,  with the ex@ep%ion OF the pink fxt paia,  wall 

bleed resulted in decrease of the Mach number ratio, although the de- 

crease was l e s s  than 85% for 

*- 
varied from 1.8 to 2.1 in 5 

< 3 .  B -  
in illustrating the effect. OP 8 particular variable on %he V ~ ~ Q C -  

ity variation with mdius, the ratio of tangential  Mach number a t  

r' = 0.5 t o  that a$ the periphery is used henceforth, in the fora 

'-5 Tals qmntity 

is nearly 1.0 far a potenkial vortex, so %hat f-aPaetiom.L v a . 1 1 ~ ~  in- 

f - Q e p p ;  the choice of r o  = 0.5 is apbitmry. r -  

dicate deviation from ideality, Use o f  0.5 Mr,=Qa d'* in place of" E 

to characterize the vortex velocity distribution is based on data which 

indicate that Eq. 3, which defines E 8s  a eonstant, is not ahwiye valid. 

~ i g w e  21 iiiwt;Pates the e f f e c t  of VEX weed CUQ the M W ~  IIUYW~P patio 

mder aiseussiom, namnejllizeii by comparison w i t h  zero vall  bleed con- 

ditions. 

creasing deviation f rm potential vartex flow. 

Note that increasing the bleed ratio caused significantly i n -  

2. Subsonie Injec'sion 

Failure to achieve l.mimriza-t;ion in the fir& series of ex- 

periments with supersonic n,ozzle inje:@tion may have been due, it" =as 
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thought, to a high degree of turbulence induced in the boundary layer 

by oblique impingement of the jets of supersonic turbulent gas. 

order to test this hypothesis, vortex tube No. 4 was fabricated with 

a single 0.002-in.-wide continuous slit for injecting the g8s sub- 

sonically and at low Reynolds number. Insert slit A provided tangen- 

tial injectloon at r * = 1.0, directly i n t o  the boundary layer; slit B 

was moved away from the tube wall to provide injection at rat = 0.92, 

outside of the boundary layer, Figures 9 and 10 illustrate these two 

geometries. 

peripherial Mach number, M 

pears to be a slight decrease in M with wall bleed for slit B. 

other hand, Fig. 23 indicates a smaller decrease in the Mach nmber 

ratio, 0.5 M /M with wail bleed for slit B than for slit A. En- 

jection Reynolds nmbers in both figures ranged from 4,500 to 10,000. 

For slit B, it, is seen that, with W o f  1.5, the v a l w  of M was de- 

creased by at most p$ as compared to no-bleed condltions, and the 

ratio 0.5 &lo M was also decreased by at most This means that 

a reduction i n  exit mass Plow by a factor of 2,5 is possible utiliz- 

ing uniform wall bleed, wi%h little loss  in local vorticity. 

boundary-layer injection, slit A, decrease in exit mass flow by 2.5 

increased M slightly, but the ratio 0.5 M M was decreased by 

perhaps 35%. 

little change in M W ~ S  observed, but the Mach nlmber ratio decreased 

by perhaps 25%. Certainly DO significant degree of stabilization was 

achieved with uniform wall bleed, but, if i t  is desired to reduce the 

radial velocity to improve separaa;ion, bl?ed off through the  wall may 

In 

a 

Figure 22 indicates that wall bleed may increase the 

slightly for slit A ,  whereas there ap- 
P’ 

On the 
P 

0.5 P’ 

13 P 

.J P 

With 

P 0.J P 
With supersonic injection, RB = 1.5 (Figs. 20 and 211, 

P 
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make it possible to effeck a significant reduction in e x i t  mass flow 

with little decrease in local vorticity when the gets is injected sub- 

sonically at rat < 1.0 at l o w  Reysdolds numbers. 
* 

Figure 24 summarizes the  effect of exit mass flow rate, we, 
f o r  the wall bleed data of Figs, 22 and P P '  on the ratio 0 , r  Mo 

23.  Note that the velocity distribution approached that o f  8 poten- 

tial vortex as increased, in agreement wi%h the necessity that, 

in a V~SCQUS vortex, angular momentum must be transported by radial 

convection to t he  inner layers of f l u i d  t o  produce tangential. accel-  

erati on. 

B. Heavy Gas Injection 

A seconcl attenpt to stabilize the boundary layer involved injec- 

tion of ~reora-12 (CCPSE)~ mdecular w e i g k t  121, mifomly into t3he 

boundary layer through the porous wall of vortex tube $To. &-Be As 

discussed on page 10, a concentration gradient of heavy gas toward 

the mill is in the direction. to produce a. favorable denr;i%y gradlent 

of nitrogen at P Q ~ E  tenperatwe, the viscosity gmalient is also favcw- 

able. The purpose of $his emeriment was, therefore, to detemlns; 

whether reduction in turbulence a d  hence increased vorticity would 

result. 

* 
Rouglmem on the inside wall of the porous tubes; (estimated to 

be 50 to 75 yin.) m y  haoh? hem sufficiently great to have influenced 
adversely the stabilization ett,tempt. 
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Figure 25 illustrates ,the effect for a typical run with an i n -  

jecdion mss f l o w  reate of Przon equal to twice that of nitrogen which, 

was supplied t o  generate the vortex. The upper CUTWE: i s  the measured 

Mach number profi le  for Freon injection, under the conditions indicated. 

The lower cixve is for miform wi l l  injection of nitrogen. at EE whzl.1 pres- 

sure, pp, such that the  tangential R e p ~ l r l s  nmber st the tube periphery, 

as defined on page 10, is the sane as for the case of Preoa injection. 

In order to correct for the fat% that the effective jet input ,power was 

lower for nitrogen injection, the  basis of plat t ing for comEparison pur- 

poses is M/M~. 
l e t  f l o w  ra%e, the measured ~xd.1 pre~i .s~y~e,  the estimted gas texpereture 

leaving fAe in jec t ion  slit, 

incidentally, was calculated frcua the measwed in- 

* 
and the knovn slit area2. 

produced 

C. Wall Cooling 

Density and viscosity gradients in the boundary layer which m e  

favorable for stabilization cwa be produced by cooling the wall rela- 

tive t o  the gas, 

that the r a t i o  of t he  adiabatic w a l l  tempere%we, Tw, t o  Z;bxiL of t h e  

gas near the wall, 

Such teaperatwe ratios were achieved in BB experiaent which employed 

&sed on avai~ab~e infamettion (1-6)~ - it is estimated 

skrau.Id be leas than 0.7 for a significant effect, 

* 
Assuming isentropic expansion; f o r  M 5 1.0, the L e a p r a t i r e  cor- J reztion is less %htm XY$~ 
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l i qu id  nitrogen under nucleate boil ing conditions (atmospheric pres* 

s u e )  to coal the ~9.11 of Q,6k-im.-dia vortex tube No,  5. Nitrogen 

gas was intraduced in to  the tube a t  about 10°F, and %he gas leaving 

the tube was a t  a t o t a l  taperatwe of -245*F. 

cooling shoved. 8 10°F drop in t o t a l  %anperatwe fron the outer wall 

to the eenter of" the tu%t;. Assuming th i s  value t o  obtain also w i t h  

cooling, i;lae temperature of the gas near the w a l l  was estirnated t o  

vary from +l0"F a t  the points of gas in jec t ion  of -235'F elsewhere. 

The inside w a l l  tenperstwe w a s  approxim.tely -3QO'F. 

TJTp was estimated to vary between 0,34 and 0.71, depeding on the 

circumferemtfal posit ion.  

Measurements without 

Thus the r a t i o  

m e  upper CW-E in ~ f g ,  26 is the  &a=h number p ro f i l e  obtained 

w i t h  w a l l  cooling under the  conditions described. The lower cwve 

was obtained wIth no cooling, m d  at a pressure such as t o  give the 

same t anges t i a l  Regmolds number a t  the tube periphery. The je t  input 

pmer was the  same f o r  both rims; eonsequen%Py, no c o r r e e t i m  f o r  the 

differences i n  M vas required. 

increase i n  M. of a ~ u t i  140$> with a aecrease i n  the r a t i o  0.5 1 4 ~  

of onLy h$. 

w a s  observed a l so  w i t h  heavy gas inject ion.  

No%% khat; w a l l  cooling produced an 
j 

0 PP P 
Agpareatly some reduction i n  w a l l  skieai- was effected as 

111. Experiments w i t h  Axi.aP Bleed-Of"P - 

An. a l t e rna te  method of removing the exeess mass f l a w  so that %he 

allowable radial e x i t  flow is  not exceeded consisted i n  bleeding gas off 

axial ly  at a r a d i a l  posi t lon between the tube center and periphery. 

w a s  conveniena$;ly done by means of an ammlar r ing  of o r i f i c e  holes cSrilled 

This 
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in t he  e x i t  end plate, 

l.O-in.-dia vortex tube No. 3-A operating with supersonic injection, M = 2. 

The solid curve applies to a run wherein gas was bled off axially a t  radial 

positions, r' 3 0.5 and 1"' = 0.8, as inclicsted. 

Tbe dashed curve wm obtained wi%h no bleed-off and at a lower" inlet mass 

flow r a t e ,  

Figure 27 compares two Mach nmber profiles i n  
* 
3 

The net bleed ratio w a s  13.5. 

Figure 28 is a comparison of axial bleed-off and unifom wall suction, 

obtained with 2-in. -dia tube No. 4-A, M. < 1.0. 

p lo t ted  for axial bleecl-off at r' = 0.6, Rg = 4.2, and at lo' = 0.975, % = l.6. 

Also shorn i s  a profile obtained with uniform wall bleed, RB = 1.5, and a ref- 

erence profile obtained without bleed-off. 

Mach number profiles are 
J -  

The axial bleed data are smrized in Table 11. Note that in the 1.0-in.- 

dia tube w i t h  supersonic indactian, bleeding axially resulted in a decrease in 

o f  15% Bop a decrease in by 7.5.  Im %he 2.0-in.-dia tube w i t h  

sonic inject,isn, the  mxiaaw decrease in the ratio is 7% $01" a decrease in 9?? 

by 2.3, 

when compred at eqml values of q. and p 

off and miform wall bleed may bokh. be effective means for removing tine excess 

mass flow in vortex reactor application. 

O V 5  Mo.+p 

The value of M pj was not appreciably affected by axial bleed-off 

1% is concluded that axial bleed- 
L P' 

IV. -- Gemetrical .-. Effec%s, 

A.  Tube Diameter 

Experiments were perllom.ed with 0.64-, leO-, and 2.0-in. -dia vortex 

tubes. Figwe 29 scarizes the diameter effect for effec%ive jet input 

p o w e r ,  10" P*> of 1.0 and 3.1 lb/seeeft, and for m11 pressures, p , of 

89 and 108 psia. 
F 

Tlne plot-ted values of M b v e  been adjusted slightly 
P 
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from the experimental values t o  allow for vezriation in M 

to point. The two referenee values of PJI chosen are 0 - 6  and 1.0. Note 

that the value of .4/2 r 

the other tubes; however, 8s  indicated in Fig. 30, the length/dimeter 

effect appears to be very small. It is concluded from Fig, 29 that, at 

from point J 

3 
for  the l.O-in,-dia tube was twice that for P 

ti given effective ingut power and pressure, decreasing the tube diameter 

results in a significant increase in Mach number. Specifically, reduc- 

tion in tube diameter fron 2.0 in. do 0.64 in. pleoduced an increase in 

M by a factor of 1.7 to 2.1. 

decrease in tangential Reynolds nm3er with resulting decrease in t w -  

bulent viscosity. The effec$ of tube dimeter will also be evident in 

several o f  %he data plots  to be discussed in later sections. 

This occurred moat likely because of 
P 

The nneaswem.ents of this effect were obtained. using 0.63-in.-dia 

tube No. 3-43, a~j f  are shown in Fig. 30, where the mlue o f  %I is eor- 

rested to M = C,6 8s discussed in comectiora w i t h  Pig. 29, No effect; 

of Length on the corrected M value was evident, over the range o f  

R/2 r 

tially two dimensional, as is asswmed in the %heorectiml derivations. 

P 

J 

P 
from 5 to 18. This is an indication tha t  the Plow iE: emen- 

B 

C. Radial Position of Gas Injestion 

The beat comparative data are those for tube No, 4 with con%imuous 

injection at r 

A s  Fig. 31 indicates, slit B produced values of M pJ a b ~ n l  45% higher 

than slit A ,  

which it is concluded that the  injection radius ratio, I.&', should mot 

= 1.0 (insert slit A) a d  at; x" ' = 0.9 (insert slit 3). 
8 a 

A similar result was found f o r  nozzle injection, from 
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Fig. 31. Comparison of Peripheral to J e t  Mach Number Ratio for Tho 

Injection Slit Positions: Tube No. 4. 
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V. ExgerirnentaB Investigation of the Effects of Important Flow and System 

Variables 

A. Mass Plow Rate per !.hit Tube Lenxg*& 

fo1lowI.ng observations can be mat: 
-E 1, Jet effectiveness ratios ana MP~ increased with 

mss f low rate at constant tsube wall pressure. 

2. Jet effectiveness rat.ios =were greater by a factor of about 

%wo for 0.6-in. t.ubes as compared with 2,0-in. tubes a t  equal 

ana p , f o r  botb sub- and supersonic inject ion.  
P 

3. Tlue ratios for subsonic inject ion were from %wo t o  three t i m e s  

greater than for supersonic injection, for a given tube d i m -  

eter, mass flow mtz9 s& presseo.m?. 

With subsonic injection, v~l?ues of the ratio as high BB 0.60 h a  

Values; of %he W e h  n-mber ratio G , 5  E””* I4 which characterizes the .J P 
deviation from $; potential veloci ty  distributiac scattered more o r  less 

ranadoaly when plotted against mss Plow rate; the actual. values of the 

r a t i o  raw& from 0.66 to 0.98. @onsequently, the  velocity distribfitions 

i n  tibe vortices gewrated were e l o a e ~  to .t;aaat of 8 free vortex than ts 
PP x 

From shadow observ&Iom of Freon-12 in.jectian, it was fomd that 
the j e t  of gas entering the vortex tuke was deflected 12 t o  20 deg from 
tbe axis of the nozzle, dine to the angular c o n t ~ w  of %he fiozzPe ex i t .  
This results I r a  an effeetdve reduction in i f l e t  j e k  radius. 
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that of solid body rotakion, as was concluded also in ref 3 .  

B. Jet Injection Velo@i,ty 

The effect of injection Mach number is illustrated in Fig. 32 

which shows t2aa.t %he ratio decreases monotonically with increasing jet 

velocity for constant tube diameter, effective jet input p o w e r ,  and 

wall pressure. It is eonelude& from. these aata khat the more closely 
x 

the j e t  velocity mtches the tangen-kial. velocity at the point of Jet 

entry, the more effective is the utilization of the Jet energy in pro- 

ducing rotation, since less 6f t he  mergy is dissipated in slowing 

&own the  jet. 

C. Effective Jet h p u t  Power 

This q,wm%iety, defined by Ea. 11, appears %o correlate the combined 

l4 is plotted against effect o f  msw 9 1 ~ ~  rate ana irajectkon velocity. 

P in Fig, 33 f o r  three tube diameters, The lines drawn for 0 ~ 6 - i ~  and 
P 

-% 

2.0-in.-dia tabes cr‘sw~ck paints 0-f“ ~ o n s t m t  w a l l  pressure. These data 

indicate %bat M to appraximtely the 0,42 power when 

no correction is mde for  variation in 84 

version of the in le t  jet kinetic energy to tangential kimtic energy, M 

would vwy with E” to the 0 .5  power. A peripheral Mach. nmbeip” of 0,689 

was measured i n  0.64-in.dia tube HQ. 5 at a w a l l  presswe 83 psia, 

N. = O,g, and an effective power input of 4.4 x lQ-2 Ib/secnft. 

data also indicate t h a t  t o  achieve the same M in a 2.0-in.dia tube at 

the same w a l l .  pressure requires increase in P* by a factor ~f about 3.5. 

.3c 
increases with I? 

P 
S f  there were complete con- 

5 ;  

P 
.x 

The 
3 

P 

Constant jet i , n p t  p o w e r  with increasing M is ob%ained by de- 
creasing j 
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B.  Wall Pressure 

Increasing the m.11 p~e86~u"e, pp, increases the  tangent ia l  Reynolds 

number am&, as w i l l  be shown, the v i r t u a l  v i scos i ty  increases, Thus, it 

is not w e q e c t e d  that  the pripkieral Mach wmber decreased with increas- 

ing p , 8s i l l u s t r a t e d  i n  Pig, 33. A value of M = 0.5 was obtained i n  a 

0.6-in.-dia tubs a p 

number at 83 pia, f o r  example, required an increase in the  e f fec t ive  jet 

P P 
= 20 psia, 10" a;" = 2.1. To obtain the same Mach 

P 

input power by approximtelg et fec tor  of two, 

i n  Fig. 34 which is a plo t  of P* verms p 

This i s  also i l l u s t r a t e d  

for 8.6-iaz.-dia tubes a t  
P 

several fixed V ~ ~ . W S  of M 
P' 

E. Peripheral Twngential Reynolds Nmhe?p 

!This parmeter i s  defined BS the prod.ae-i; of tube diameter, tangen- 

tial velocity at the tube periphery, a d  dcasity at the Lube periphery, 

divided by &solute viscosi-by : 

Peebles and Garbes {173 - fomd this definitisjni to be m.l.id fo r  vortex 

flow in a sphere, Fend the Reynolds nimber 60 defined should be an 

tapor-tant s imil i tude prme.ter. To test; t h i s  hypo%h.esis, a smnary 

l p e ~ f o ~ c e  chart was conaLPucteed with the efk"ec%ive j e t  input, power 

as a fuuzction of Reynolds mmber f o r  data of 64 ~ " 3 ~ s ~  including tube 

diameters ud" 0.6, 1.0, aDd 2 * 0  i n . ,  nitrogen and helium gas. Figure 35 

i s  such a. chart", The observed range in. M of from 0.11 t o  Q.50 i s  

divided in to  seven sabrmges fox- csavenierce. The l iws  faming  out 

from the or igin represent l i n e a r  apprsximfioras to the data for each 

P 
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Fig. 35. Vortex Tube Perfonmiice Cheracterist ic s Simmm-y Ploi;: 
Peripheral TangeiztiaL Reynolds No. vs. Jet Input Power. Linear F i t  ,to 
Data for 0.6, 1.0 an& 2-iiz. Dia Y’u’oes; Ng and He Gas, 
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Mach number range; the &La cover Reynolds numbers from 4 x lo4 to 
1.6 x 10'. It; is inferred from the chart that to maintain constant 

tangential Mach number with increase in Reynolds number requires an 

approximately proyrtionate increase in input power. A discrepancy 

in the restrlts is apparent for 0.30 < M < 0.38, since at constant 
P * 

increasing I? causes a aecrease in the observed M whereas P' 
t , P  Jb 

*Re 

outside this range the expected increase with P" is found. More pre- 

cise measurements are needed tu resolve this discrepancy. 

it may be generally concluded from the chart that to achieve high tan- 

Nevertheless, 

geatlial Mach numbers at Remolds numbers of practical interest, say 

*Re - 
can be found for effective suppression of turbulence. 

> 1.0 x lo', will require large input power m e s s  some means 
t , P  

VI. Deteamiiultion of Virtual V i s e o s i t g l  

It htzs been suggested that failure to achieve higher vortex strengths 

is due to turbulemce wh.ich Izcreases %he effective viscosity and thus the 

shear drag. 

estimates of the virtuah viscosity, p. , can be made by application of Eq. 6, 

which relates the ratio r' v /v to A = 

r I .  This equation is plotted as Fig. 42 in the Appendix. Sixty-four runs 

were analyzed by determining A and hence p* from the observed ratio 

0.5 Vt,r'=O.JVt,p 
gases (nitrogen and helium) were repvxxxrkd. 

data ranged from 0.012 to 0.13 lb,/sec.ft, jet Mach numbers froa 0.2 to 1.0, 

tube wall pressures from 2.5 to E20 psia, and effective jet input powers 

From velocity &at& obtained in two-dimensional vortex flow, 

* 

a v* and the ex&t radius, 
t tJP 

e 

* . Three tube diameters (0.6, 1.0, and 2.0 in.) and two 

Mass flow rates covered by the 

* -# The value of IJ SQ determined actually represen%s an average value 
over the range 0.5 < r' < 1.0, 



confidema level ,  The eqwtions for  the least-squares E i m s  S ~ O W  variation 



-72- 

UNCLASSIFIED 

1000 > 
cn 
0 
0 
cn 

ar 
_I 
3 
0 
W 
-J 

f= 

5 500 

a 

g 200 
P 

g 100 

>- 
'I 

0 
cn 
> 
_I 

t- ar 
> 
L L  
0 
0 
t- 
CL: 

- 

a 
=) 50 
- 

- 
a 20 

- 
*$ 

10 

L 

0.6-in.-DIA TUBE J 
tt - A , o  HELIUM G A S  

1 2 5 10 20 50 1oox103 

A P 
2.5 TIMES PERIPHERAL TANGENTIAL REYNOLDS NUMBER, 2.5 N R ~  

Pig. 36. Variation of riatio of Virtual- Viscosity t o  Molecular Viscosity 
with Pcri@wral- Tangential Rcynoids lhmber; 0.6, 1.0 aLCi 2-h. D i a  Tubes; 
N 2  and H e  Gas. 



-73- 

t
n
 

cu 
0

 

r
l 

t- 
m

 
M

 

0
 

0
 

v
) 

M
 

d 

P-l 
a
 

0
 

8
 

0
 

al 
l-4 0

 

3
 

t-- 0
 

0
 

8
 

0
 

M
 

v3 
I 

0
 

I 
2
 

1 
M

 

0
-l 

CJ 

f: 

\o
 

W
 

"--a 
.. 

.. 

? 0
 

r
l 

x 
M

 
0

 

al 
II 

? 0
 

r
l 

X 
L

A
 

(u
 

L
n
 

If 

7 0
 

r
( 

@? 0
 

r
l 

x 
(u

 
cu It 

x cd 
r
i
 

II 

........ 

-. I
I

 
m 

I 
a, 



correlat ion were observed f o r  the 0.4-in. tube dimeker data. 

'1i"re esti.ma%es of c r i t i c a l  Reynolds number l i s t e d  i n  the sixth so lum of 

the tab le  were obtained by l i n e a r  extrasolal ion af the least-squares l i n e s  

(log-log plot) t o  a value p*/p = 1. 

and t h s  long extrspoletLion involved, little significance s;khop1?8d be attached 

t o  the aetu~l raravwical values of the es%im-Les; the  general conclusion that 

the c r i t i c a l  R;p.oPds number i n  vortex flow is  quite l o w  i s  probably valid,  

howeve-t., As a matte-r of f ac t ,  Peebles, from a, t heo re t i s a l  analysis of bouzadery 

layer f l o w ,  fmnd tha t  the Reynolds number as defined i n  t h i s  report  i s  the 

p r o ~ e r  one t o  characterize vortex flow and, furthermore, postulated that; the 

c r i t i c a l  Reynolds number may be approximately 2,000. 

Because of the wide 95s confidence hands 

The results of  t h i s  

stuagr i e ~ d  s u p p ~ t  to  P ~ ~ K L ~ S '  wstulate, 

Prelinirxtry separation s tud ie s  reported i n  r e f  3 were inconclusive, due 

i n  part  t o  the poss ib i l i t y  o f  condensation of" tha heavy trace gas which was 

injected thrwg$ the nozzles along with %be helium m&er eoleiiitions conducive 

t o  droplet fora~-;iajs,, In order to eliminate such condeaasa%ion, several mias 

vere mad2 wiLb t h e  hietvy gas, C ~ F ~ B  $m2 = 4001, injected a6 a very d i l u t e  mix- 

t w c  with Zseliua mi fo rm. i lGv  in to  the periphery of %he vortex tube through a 

porous -mLLo Two-in.-dla %uba No, 3 was employed. Descriptions of the s m -  

pling technique and gas m,alysis s y s t m  m e  given on pages 33 - 37. 

saxple probe was introduced at the  mid-point of the tube, To reduce %he p s -  

s i b i l i t y  of condensation due t o  the r ad ia l  cooling e f fec t ,  the mole-fraction 

o f  heavy gas at the csmentra%ion peak was l imited bo a value below sa tura t ion  

at the  temper"a4;rjlre which the gas would a t t a i n  by isentropic  expansion from 

The 
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conditions at the periphery. 

the peak mole-%r.actian was min ta inea  below 1 x io"* (100 pp). 

%sed on v a p r  pressure data far @ @ ' J L ~  (,3,%), 

From an e x m i m t l o n  of Eq. 7, it i s  seen t ha t  the Mach n~mber, Nmj e a t  

the radius of mximm a o h - f m e d i a n  varies direcXLy as the square root of 

the ex i t  msp~ Plow, and inversely as t h e  square POOP; of the molc~u l sz~  aif- 

fus iv i ty .  

helium near room temperatwe, Eq. 7 can be saLisfied for  -$dues of Ma which 

a x  experisn,en%al%y feasible only i f  the exit miss flow 1s Low. 

was fiecessary t o  resort t o  a system for  bleeding o f f  the excess f l a w .  

four of the experiments r e p r t e d  here, bleed-off w a s  axial; i n  one, a 

0.0lT(-in,-wide s l i t  in the tube WEU, extending the length of %he tube, 

served for bleed-aff, 

In. vi rv  o f  %he s m b l  mgni%id.de of the diffixsivity o f  Ct$?:ba in 

Thus, it 

In 

Table I V  sixmarizes the opera-hing conditions and results for f ive  

typical separation runs. Eote the large bleed ratios enployed, and t h a t  

in jec t ion  w s  supersonic. Figure 37 illustrates separation prof i les  f o r  

runs 3 axd 4, with the  r a t i o  of mlc-fract ioa @ # ~ p j  at ta t h a t  at the  

tube wall plotted ageinst the radial posit ion,  rP, of the saq$x. probe. 

R u n  3 shows a d i s t inc t  peak a t  I" ' = 0.15, with rapid drop of? at 3.swes 

r ad i i ,  f m  axial bxed-off ad s o  = 0.25 acd 0.40, RB -- 15.6. 
Yjg 

with b~ei3i72- 

off at r' = 0.4 and R r=. 4.8, ~ U I .  4 S ~ ~ O T X S  a weaker peak 8% X" ' = 0,17. fa- B aa 

creasing the bleed r a t i o  t o  17.5 resulted i n  slight outward shift of the 

peak p s i t i o n  to r ' = 0.21, 8 s  seen i n  Pig, 38. 

tha t  the observed intensities of peak Pornation m y  b6 appracfably weakened 

by the loca l  inTiiazrrie CIT the probe i t s e l f ,  althoangll t,he peak posi-lion mey 

be only slightly al tered,  

It rmust be P J B ~ ~ K Y ~ O O ~ P  
i?l. 
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TABLE IV. SUMMARY OF OPERATING CONDITIONS AND RESULTS FOR SOME 
He-C8F16 SEPARATION EXPERIMENTS IN 2-in.-dia VORTEX TUBE No. 3 

Ex per i men t Number 
Parameter 

1 2 3 4 5 

Inlet He Mass Flow Rate, h, 
(Ib/sec ft) i 

Bleed Ratio, R B  

Inlet Jet Mach Number 
(Isentropic), M * i 

Exit  Diameter, 2re (in.) 

Bleed-Off Position, r ’  

0.028 0.030 0.023 0.01 3 0.030 

11.3 

2.0 

17.5 

2.1 

15.6 

1.9 

4.8 

2.3 

9.4 

2.2 

0.250 0.250 0.221 0.221 0.250 

0.40 
(axia I) 

0.40 
(axial) 

0.25, 
0.40 
(ax ia I) 

56.3 

0.40 
(axial ) 

1 .oo 
(wall  s l i t )  

Wall Pressure, p (psia) 

Observed Mole-Fraction Peak 
P 

Position, r ’ m 

Observed Mach Number a t  r m ;  M m  

Observed Ratio of Ex i t  Mole-Fraction 
to  that a t  rm ‘, x e / x m  

Calculated M m  (Eq. 10) 

Ratio of Observed M m  to Calculated 
M m  

55.6 

0.15 

53.0 

0.21 

40.8 

0.17 

40.8 

0.1 1 0.15 

0.64 0.55 0.70 

0.5 

0.48 0.70 

0.67 

0.58 

1.2 

0.81 

0.87 
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I 
- 

-RUN 3 -  A X I A L  BLEED-OFF AT 

~ - Rs=15.6 
r ' z O . 2 5  AND 0.40 

T-- 
SEE TABLE IVFOR 
A D D I T I O N A L  DATA 

-.-...... ~ I ._. . . .. . . I-..- 
0 0 . 2  0.4 0 . 6  0.8 1.0 

r', R A D I A L  POSITION 

FLg, 37. Separation P r o f i l e s  for TIc-C~F~G Mixture iii 2-in. D i a  Vortex 
'Tube No. 3; Uni.fom Wall. Inject ion of C8F1.6. 
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r ’ ,  R A D I A L  POSITION 

Fig. 38. Separation P r o f i l e s  for H ~ - C Q F ~ - G  Mixture in 2 - i ~ .  D i a  Vortex 
Tube 110. 3. 
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In r m  5 bleed-off was radiallyt ou%ward through a single cont,inwus wall 

s l i t ,  and the heavy gas was injected through three of the twelve nozzles, 

Droplet formation may have occmred, therefore, ea~sing meertair i ty  i n  the 

pro f i l e  i n  me region between r’ = 0.16 and the wall, 

In rw. I, depleted i n  Fig. 39, the heavy gas was introduced axially 

sf M a g x e  sufficiently w e l l  to support the appl icabi l i ty  of the equaf~ior~.. 

Apparently, considerable suppression of turbulence occurred near the tube 

m 

center, o-bherdise the molecular d i f fus iv i ty  vould not be expected to ap:>ky. 
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I I I 
RUN I: AXIAL  INJECTION OF C8 6 6  

I SEE TABLE IV I 

MACH NUMBER PROFILE I \\ 
(SAMPLE PROBE INSERTED \ 

I c8 F ~ s  INJECTION POSITIONS Y; 
-~ 

0 0.1 0.2 0.3 0.4 C 
r’, RADIAL POSITION 

0.7 

0.6 

0.5 

- 
1 

Fig. 39. Separation Profile for  Ile-C8F-,6 Mixture in 2-in. D i a  Vor’iex 
Tube No. 3 and. Corresponding Mach Nwn’ner Profile. 



S t a t i c  pressure was "ne basic  qmnti tPy ameasured; from the radial s t a t i c  

pressure gradierit, tangential Mach a~mbers Were obtained by graphical dif- 

ferentiation: 

This equation neglects radial. asad axial veloci ty  eomponeraks, but; It is 

doubtful that the error thus introduced a o u n t s  to more than a f e w  per cent. 

The r e l a t ive  radius r' a t  which a par t icu lar  s t a t i c  pressure t ap  was 

located w a s  known t o  within 20.54. 

accurate t o  bet ter  than 3 3 %  of the msaslxed Ap, and the absolute tube wall. 

pressure ms known to &O.5$. 

The I.argest errors associated with She application of Eq. 2 invo.bve those of 

f i . t t i n g  the eorreeti curve to the p9-r8 dataa, and in te rpre t ing  the  slope o f  

the  curve graphic3al.ly as a function of r' a 

Differential presslaape meas~l-ements were 

Thus the p 8  r a t io s  are known t o  23.5% better.  

It; is est,in*zi%ed -very approximately 

1"s i n  meaa~~e.ement of dp'/&P8 of up to &l$ are possible. 'Thus the  

observed va.lue sf M may bz i n  e r r ~ r  by &8* 54 if the errors accixmlate. 

An additional errar results from extrapolation o f  the velocity profile 

i;s I-' =, r t o  o3d;ain the p e r i p h e ~ a l  Mach number, M 'This error i s  general.1.y 

snm2,I. for  the 2.O-in. -dia tube data, say &5$, but may be as 1-arge as *IO%, f u r  

the 3.0- and 0.6-ixa.-dia tube data due t o  increased seatter i n  the p' values 

near t h e  wall. 

8 P' 

"Ezlu~ the values of b! reported m i g h t  be In error by as raucpl 
P 

I P ~ $  2'0r 2,0--in.-dia t ~ b e ~ ,  ana by ELS D I U C O ~  a-1.8$ for 1.0- and 0,6-i~.-dfa 

Lubes, 

om3 %!@, respectively. 

maximum values. 

Toe corresponding maximm errors in the  r a t i o  0 ,5  i2a, sj/"' are -9-21:$ 
* P  

Of course, the  expe.c"oed errors are less %ban these 
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Errors in ratsas?Bsement of mss flow rate were probably o f  the order of 

k2$o 

Power, e 2 MJ2, m y  be in error by as m w h  as 18%. 

M. can be determined to within *8$. Thus the effective jet input 
J 

The tmgential periph- 

era1 Aeylzolds number, 2 r v may be in error by at most EL5$ and 
P t , P  

220% fur 2.0- and. 0.6-in. -dia tubes, respectively. 

In. view o f  the magnitude of possible errors, the degree of scatter of 

the data is not surprising. Specifically, the wide spread o f  %he data in 

Fig, 36, in which the virtual to m o l e e ~ a r  viscosity -Patio is plotted as a 

fimction of N , may be explained by consideration of errors in detemina- Re 

t i o n  of the velocity radio, 0.5 v .J 
t,r? 

which is derived from 0.5 Mo t ,O.  J v t , p J  
. Becezvse of t he  nature o f  the relationship between the virtual viscosity 

and tdie velocity ra.t.io, Fig. 42 (Appendix), errom in t he  latter quantity of 
*I? 

distribution %ppxsa-%es that, of 

cea-taaiazty in v'. 

mrnher listed in Table T I T  are order-of-magnitude estiimates a'6 best. 

potential vortex, tne larger is the un- 

It is for this reason that the values of critical Reynolds 
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me principle ain o f  thi6 investigation was to ascertain the mtwe of 

flow in a jet-driven vortex tube with emphasis on %he measuremen% of vortex 

strengths a t  low mass flow rates. A secondary aim was the study of separa- 

Lion of a light and a heavy gas, 

experimental reeull;s pertinent to these aims: 

The following conclusions srmrize the 

l. gsbe flow field in the ou%er region, of the vortex tube (rg > 0.5)  

was highly turbulent for a11 conditions of this.study. 

laminar flow in a 0.6-in.-dia near-soni@-jet-driven tube operating at room 

temperature wou3.d not exist at mass flow rates of interest for pressures in 

excess of a f e v  tenths psia. 

practical interest for  reactor application, the tangential Reynolds nm%er 

m y  be 8s much as 10% k i m ? s  the critical va lm.  

1% is estimate8 tha t  

It is f u r t h e r  esdimted %hat, at condi%iona of 

2. Reduction in t h e  tur%ulerxt wall shear d ~ s g  was effected by heavy 

gas injection and by wall cooling;, 

3. T~irbu'Een-t vortices of strength a8equat.e for cavity reactor applica- 

t i o n  w i l l  require Je t  input. powers appreciably greater than the minimm 

value required w i t h  lminsr flow, 

required, scat method fo r  remom1 and recirculation or" the excess flow is 

necessary. 

regard e 

Becsuae of the high inlet msis flow rate 

Wnifom v a L l  an& axial bleed-off P;ec:hniques show promise in this 

4. The significant independent variables wbieh affect the vortex 

strength are: Lube diameter, jet Mach number, mass flow per unit tube 

length, and wall presswe. Goabim%iores of" variables which appear to cor- 

relate the dtata inc2kntiP 7 ?. ~.*,h, the effective jet input power, and 
'= J 
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5. Subsonic injection was more effective in generating vorticity than was 

supersonic injection for a given j e t  input power. 

6 .  Agreement of the observed concentration peak position for separa- 

tion of Cs$”na-He nixtix-es wit22 theory for laminar flow is good. This fact 

suggesta tha t ,  near the  cen te r  of the vortex tube where the peak developed, 

the  radial densi*,y (press~%1-e) grad5ent y he.ve been sufficiently strong to 

suppress t-wb&ence c 

Since the rewdlts of this experimental study have shown that the  vortex 

flow field at conditions of in%erest for reactor application probably will 

be turbulent and since the origiml analysis assmed laminar flowp it is 

apparent that the influence of turbulence on reactor feasibility must be 

evaluat.sd, 

tion. Spezificalky, i‘t is recomaended that separation studies be carried 

oiat first at a sufficiently l o w  prc5;sure and high temperature to insure 

l amim~ flow; as the F~P.SS‘~TPP is  raised and turbulent; transition “cakes place, 

any effect, or; seraration should be readily detected. 

This will require 8 s k d y  or” the effect o f  turbulence on separa- 

Re-cxamimt,ion o f  cavity reactor perforramcz shors1.d also be carried out 

am.lytically,  taking into a?courxl-, t u r b d e n c e  a n d  %he energy required for re- 

circulation of the excess mass flow, 

It x u s t  be emphasized %ha% t b e  conclusions reached here m e  based pri- 

marily on the experiments 8% room -t;emperad~xr.e with no interrnsl heat genera- 

t i o n  and w i t h  internal den5ity gradients as prodixed by the vortex motion 

alone. The possf3flity is suggested i n  ref I ‘that internal heat generation. 

combined with the proper concentration profile m f g h t  produce a sufficiently 

strong iritesml density gradient ‘to sl;abiliz,e the flow. 

evidence that  strong d e ~ s i t y  gradients in the boundary layer produce some 

mere is experinaental 



s t a b l i l i z i n g  e f fec t .  

the  center of the vortex tube where the static pressure gradient i s  high, 

There i s  also evidence t h a t  stabilization my occur near 

This experimen%al program w a s  suggested by Dr, R. V. Meghrcblian. 

Dr. J. L. Kerrebrock anade valuable suggestions regarding a method of driving 

the  vortex and of pressiare measurement. 

also the contributions of M r .  F. F. Morris for the  detailed- design of" the 

vortex tubes, Mr. J. W. Krevson for instrumentation design, and &k. J. h n e s  

f o r  ass is tance during ce r t a in  phases of the experimental work, 

conductivity gas analyzer was based on 8 circuit developed by W .  M, S. McKown 

(Oak Ridge Gaseous Diffusion Plant) ,  

T r m e l l ,  and T. E, Zava sP ORGDP contributed technical assis tance w i t h  re- 
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